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Artic{e history: The thick package of ~2.7 Ga mafic and ultramafic lavas and intrusions preserved among the Neoarchean
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Available online 25 September 2015 history. Limited exposure of these rocks results in uncertainty about their age, physical and chemical

characteristics, and stratigraphic relationships. This in turn prevents confident correlation of regional
occurrences of mafic and ultramafic successions (both intrusive and extrusive) and hinders the inter-
pretation of tectonic setting and magmatic evolution. A recent stratigraphic drilling program of the
Neoarchean stratigraphy of the Agnew Greenstone Belt in Western Australia has provided continuous
exposures through a c. 7km thick sequence of mafic and ultramafic units. In this study, we present
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Kalgoorlie Terrane a volcanological, lithogeochemical and chronological study of the Agnew Greenstone Belt, and pro-
Chronology vide the first pre-2690 Ma regional correlation across the Kalgoorlie Terrane. The Agnew Greenstone
Basin architecture Belt records ~30 m.y. of episodic ultramafic-mafic magmatism that includes two cycles, each defined

by a komatiite that is overlain by units that become more evolved and contaminated with time. The
sequence is divided into nine conformable packages, each consisting of stacked subaqueous lava flows
and comagmatic intrusions, as well as two sills without associated extrusions. Lavas, with the excep-
tion of intercalations between two units, form a layer-cake stratigraphy and were likely erupted from a
system of fissures tapping the same magma source. The komatiites are not contaminated by continental
crust ([La/Sm]py ~0.7) and are of the Al-undepleted Munro-type. Crustal contamination is evident in
many units (Songvang Basalt, Never Can Tell Basalt, Redeemer Basalt, and Turrett Dolerite), as judged
by [La/Sm]>1, negative Nb and Ti anomalies, and geochemical mixing trends towards felsic contami-
nants. Crystal fractionation was also significant, with early olivine and chromite (Mg# > 65) followed by
plagioclase and clinopyroxene removal (Mg < 65), and in the most evolved case, titanomagnetite accumu-
lation. Three new TIMS dates on granophyric zones of mafic sills and one ICP-MS date from an interflow
felsic tuff are presented and used for regional stratigraphic correlation. Cycle [ magmatism began at
~2720Ma and ended ~2705 Ma, whereas cycle [ began ~2705 Ma and ended at 2690.7 + 1.2 Ma. Regional
correlations indicate the western Kalgoorlie Terrane consists of a remarkably similar stratigraphy that
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can be recognised at Agnew, Ora Banda and Coolgardie, whereas the eastern part of the terrane (e.g.,
Kambalda Domain) does not include cycle I, but correlates well with cycle II. This research supports an
autochthonous model of greenstone formation, in which one large igneous province, represented by two
complete cycles, is constructed on sialic crust. New stratigraphic correlations for the Kalgoorlie Terrane
indicate that many units can be traced over distances >100 km, which has implications for exploration
targeting for stratigraphically hosted ultramafic Ni and VMS deposits.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Many Archean greenstone belts, including the Abitibi in Canada,
Barberton in South Africa, and Kalgoorlie Terrane in Western
Australia, consist of a lower sequence of intercalated komatiites
and tholeiites that are overlain by felsic volcanics and sediments.
The evolution, from onset to termination, of magmatism has been
the focus of several studies. A common feature of these studies is
cyclic magmatism, whereby there is an overall trend from komati-
ites at the base to more evolved rocks such as komatiitic basalts,
tholeiites, and in some cases andesites and rhyolites (e.g., Kambalda
Sequence, Yilgarn Craton: Arndt and Jenner, 1986; lower Pilbara
Supergroup: Arndt et al., 2001; Abitibi, Canada: Ayer et al., 2002;
Belingwe Greenstone Belt, Zimbabwe: Shimizu et al., 2005; Murchi-
son Domain, Yilgarn Craton: Van Kranendonk et al.,2013). There are
also many cases where cyclicity is not evident (e.g., Dundonald suc-
cession, Abitibi: Barrie et al., 1999; Taishan Greenstone Belt: Polat
etal., 2006; SW Greenland: Polat et al., 2011), and rare examples of
reverse cycles are known (e.g., Klipriviersberg Group, South Africa:
Marsh et al., 1992). This stratigraphic diversity has led to a vari-
ety of interpretations for the geodynamic setting for the Archean
terranes, ranging from intra-continental rifts, mid-ocean spread-
ing centres, back-arc basins, island arcs, oceanic plateaux, plumes,
and subduction-accretion models (Polat et al., 2011; Bédard et al.,
2013). Plume sources are generally invoked for the genesis of
komatiites (Campbell et al., 1989; McDonough and Ireland, 1993),
whereas inferred magma sources for basaltic rocks range from
plume melting of near-chondritic mantle, enriched mantle, eclog-
ites, and subduction-related melting. Crustal contamination (up to
~30%) is also widely regarded as an important process in Archean
magmatism (Sparks, 1986).

Stratigraphic and geochemical studies of Phanerozoic large
igneous provinces, which are analogues to Archean greenstone
belts, provide valuable insight into the evolution of mag-
matic systems and tectonic setting (e.g., Deccan Traps: Cox and
Hawkesworth, 1984; East African Rift: Coleman and McGuire, 1988;
Schilling et al., 1992; Siberian Traps: Lightfoot et al., 1993; SE
Greenland: Fitton et al., 2000; Ontong Java: Fitton and Godard,
2004; Columbia River Flood Basalts: Hooper et al., 2007). The study
of Archean terranes is more challenging because of deformation,
metamorphism, alteration, poor exposure, and the presence of
numerous sills. Our ability to reconstruct the evolution of Archean
greenstone belts is strongly dependent on stratigraphic reconstruc-
tions. For this reason, a multi-disciplinary approach is necessary to
establish the evolution of these successions. This approach requires
a robust understanding of the lithofacies associations of the prin-
cipal stratigraphic units, their lithogeochemical characteristics and
strong geochronological controls.

The Kalgoorlie Terrane forms the westernmost part of the East-
ern Goldfields Superterrane (Cassidy et al.,, 2006; Barley et al,,
2008) in Western Australia. It contains several thick packages of
ultramafic and mafic rocks that have been interpreted to rep-
resent the products of a single cycle of magmatism spanning
~15-20Ma (Campbell and Hill, 1988; Connors et al., 2005). For
example, at Kambalda in the southern part of the Kalgoorlie Ter-
rane, the ~2710Ma tholeiitic Lunnon Basalt with mild light-rare

earth element (LREE) depletion, (Squire et al., 1998) is overlain by
komatiite lavas (Kambalda Komatiite), which are widely regarded
as amarker horizon across the Kalgoorlie Terrane. These, in turn, are
overlain by two LREE-enriched basalts (Devon Consols and Paringa
Basalts, ~2690Ma; Clout, 1991). The sequence is interpreted by
many as being formed by plume-driven melting underneath fel-
sic crust (Campbell and Hill, 1988), and that the upper basalts are
formed through crustal contamination of the komatiite (Lesher and
Arndt, 1995; Barnes etal.,2012). Campbell et al. (1989) consider the
underlying Lunnon Basalt to be the product of melting in a cooler
mantle plume head, whereas the younger komatiite is considered
the product of melting in the hotter plume tail.

However, to apply this model of a single plume-driven volcanic
cycle across the Kalgoorlie Terrane seems problematic. In some
places multiple komatiite units are known or suggested (e.g., Cool-
gardie: Hunter, 1993; Standing, 2001; Agnew: Beardsmore, 2002;
Mt Keith: Rosengren et al., 2005; Norsemen: Barley et al., 2008).
Elsewhere, such as at Ora Banda (Witt, 1995), the basalts underly-
ing the komatiite are geochemically different to the Lunnon Basalt
at Kambalda, including some basalt with LREE-enrichment (Said
etal.,2010)similar to upper basalts at Kambalda. These features can
potentially be explained by thrusting and repetition of stratigraphy
and/or folding, although they may also represent a more complex
stratigraphic architecture.

The Agnew district, situated in the north-middle part of the
Kalgoorlie Terrane, consists of ultramafic-mafic rocks that are
overlain by felsic volcaniclastic and siliciclastic sedimentary rocks,
which are intruded by voluminous felsic plutons (Platt et al., 1978;
Beardsmore, 2002; Duuring et al., 2012). The few published ages
indicate that the basalts overlying the Agnew Komatiite are coeval
with the basalts above the komatiite at Kambalda. Basaltic units
below the Agnew Komatiite have previously been identified, but
have not been examined in detail. In this paper we present a
new stratigraphy for the Agnew district that is complemented by
new geochemistry and geochronology. The greenstone belt is well
suited for stratigraphic study because it preserves up to 7 km of con-
tinuous stratigraphy and has experienced relatively low degrees of
metamorphism (greenschist to lower amphibolite) so that primary
textures are commonly preserved, and extensive localities are rel-
atively undeformed. In addition, recent stratigraphic drilling has
provided access, for the first time, to a large part of the succession.
The results of our study show that the ultramafic-mafic dominated
succession can be divided into nine conformable extrusive units
(many of which include comagmatic intrusions) that constitute two
magmatic cycles. Each cycle displays progressive crustal contami-
nation and crystal fractionation and can be correlated with coeval
stratigraphy elsewhere in the Kalgoorlie Terrane. This study has
important implications for the evolution of the Kalgoorlie Terrane
and Neoarchean volcanic successions elsewhere in the world.

2. Geologic context

The Agnew district (Fig. 1) is located in the Kalgoorlie
Terrane of the Eastern Goldfields Superterrane of the Yilgarn
Craton, which has been divided into a number of domains
based on geological, geophysical, geochemical, isotopic, and
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Fig. 1. Location map of the Agnew Greenstone Belt (AGB). (A) Local map of Agnew geology with field traverses and drillholes indicated. Grid reference in MGA. Location of
AGB within Australia (upper inset) and the Yilgarn Craton (lower inset). NT, Naryeer Terrane; SWT, Southwest Terrane; YT, Youanmi Terrane; KT, Kalgoorlie Terrane, KuT,
Kurnalpi Terrane; BT, Burtville Terrane and YmT, Yamarna Terrane. (B) Map of the Kalgoorlie Terrane with subdomains and faults indicated; 1 =after Cassidy et al. (2006).
(C) Legend for (A) and (D). (D) Geology map of the Western Limb of the Lawlers Anticline with traverse and drillholes indicated.
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geochronological data (Fig. 1b; Cassidy et al, 2006). The
Kalgoorlie Terrane is dominated by large calc-alkaline monzo-
granites to granodiorites (Smithies and Witt, 1997) with minor
tonalites and potassic granitoids encircled by predominantly young
(2.71-2.66 Ga), and minor older (>2.73 Ga), greenstone successions
(Cassidy etal., 2006). Well-defined lithostratigraphic sequences are
restricted to areas in the Kambalda and Ora Banda Domains in the
southern Kalgoorlie Terrane (Cassidy et al., 2006). In these areas
the Kalgoorlie Terrane is subdivided into three principal lithostrati-
graphic units: the Kambalda Sequence, the Kalgoorlie Sequence
and the Late Basins (Barley et al., 2008). The Kambalda Sequence
is dominated by ~2715-2690 Ma komatiite and basalt intercalated
with interflow sediments, and ~2710-2690 TTG dacitic volcanic
and volcaniclastic rocks (Barley et al., 2008; Kositcin et al., 2008).
The conformably overlying Kalgoorlie Sequence is dominated by
deep-marine siliciclastic and volcaniclastic sediments deposited
between ~2690-2670Ma, and is in turn unconformably over-
lain by subaerial volcaniclastic and siliclastic sediments deposited
between ~2670 and 2655 (Barley et al., 2008; Krapez et al., 2008;
KrapeZ and Hand, 2008; Squire et al., 2010). This stratigraphy, best
constrained around Kambalda, has subsequently formed the model
from which other parts of the Eastern Goldfields Superterrane are
compared.

In the Agnew district, the supracrustal rocks can be divided into
a lower interlayered greenstone pile that consists of fine-grained
tholeiitic basalt, high-Mg basalt, komatiite, gabbro and gabbro-
pyroxenite-peridotite sills, with minor interbedded sedimentary
layers, and an upper clastic-dominated sequence (Platt et al., 1978;
Beardsmore, 2002). The lithostratigraphic subdivision and age of
deposition of lower greenstone sequence is poorly constrained.
The only existing age constraint is a minimum depositional age
of 2692 4+ 3 Ma, obtained from an interflow sediment near the top
of the sequence (Kositcin et al., 2008).

The lower greenstone sequence at Agnew is unconformably
overlain by two clastic-dominated packages that formed as two dis-
tinct basins separated by the Emu Fault (Fig. 1). The Mount White
Syncline consists mainly of the Vivien Formation, which is com-
posed of weakly metamorphosed polymictic conglomerate, fine- to
coarse-grained sandstone, chert, basalt and dolerite (Squire et al.,
2010; Duuring et al., 2012; Hall et al., 2014) with a maximum
depositional age of 268647 Ma (Squire et al.,, 2010). The con-
tact between the sedimentary succession and the Turret Dolerite
represents a sheared unconformity (Backhous, 2008). The Scotty
Creek Formation to the west comprises a 1500 m-thick sequence of
polymictic conglomerate and quartzo-feldspathic sandstones (Platt
et al., 1978; Beardsmore, 2002; Duuring et al., 2007) with a maxi-
mum depositional age of 2664 +5 Ma (Dunphy et al., 2003; Squire
et al, 2010). The unconformity between the ultramafic-mafic
stratigraphy and the Scotty Creek Formation was reactivated dur-
ing later deformation to form the Emu Fault (Duuring et al., 2012).
The Vivien and Scotty Creek Formations at Agnew correlate, based
on detrital zircon and lithological studies, to the Kambalda Domain
Black Flag Group and Kurrawang Group, respectively (Squire et al.,
2010).

The Kalgoorlie Terrane is dominated by a regional-scale NNW
trending structural grain, defined by lineaments and fold axes,
interpreted to have resulted from a series of deformation events
(Swager, 1997; Weinberg and van der Borgh, 2008; Blewett et al.,
2010). In the Agnew district multiple structural models have been
proposed (Platt et al., 1978; Beardsmore, 2002; Blewett et al., 2010;
Duuring et al., 2012). A commonly used nomenclature is the D1
to D4 event history proposed by Swager (1997), although recent
local structural studies have proposed up to 12 local deforma-
tion events (e.g., Duuring et al., 2012). Regardless of the structural
scheme, the bulk of the deformation recorded in the Agnew District
is related to a regional Eastern Goldfields Superterrane-wide E-W

contraction, estimated to have occurred ~2660Ma (D2 after
Swager, 1997). Folding to produce the Lawlers Antiform and Mount
White Synform was closely linked to intrusion of the 2666 + 3 Ma
Lawlers Tonalite (Fletcher et al., 1988). This pluton, which is com-
posed of quartz diorite to tonalite and granodiorite, is located in
the core of the Lawlers Anticline and variably intruded the lower
units of the stratigraphy.

3. Chemostratigraphic methods

Mapping and sampling was done during several site visits over
two years covering most of the belt (Figs. 2 and 3). We used a litho-
facies analysis approach, which has been used with success in other
greenstone belts (e.g., Baltazar and Zucchetti, 2007), to reconstruct
the volcano-sedimentary evolution of the Agnew belt, and divide
the greenstone sequence into 12 lithofacies that are summarised
in Table 1. Lithofacies and their relative proportions include: mas-
sive basalt (~40%), pillow basalt (5%), dolerite (31%), gabbro (4%),
granophyre (<1%), ultrabasic cumulate rocks (9%), spinifex tex-
tured komatiite (7%), aphyric komatiite (1%), fragmental komatiite
(0.3%), coherent felsic (2%) and fine-grained sedimentary rocks
(0.2%). Many of these lithofacies occur in common associations,
termed lithofacies associations (Table 2), and include: fine-grained
basic (extrusions) (46%), coarse-grained basic-ultrabasic (intru-
sions) (43%), and spinifex-orthocumulate (komatiite extrusions)
(8%). Photographs of key features are presented in Figs. 4 and 5.
Lithofacies analysis was necessary for distinguishing intrusions
from extrusions, determining relative ages, and reconstructing the
paleo-setting. Within this manuscript, basalt, dolerite and gabbro
are used as textural terms to describe basic rocks with crystal
sizes <2, 2-5 and >5 mm, respectively. Although all samples are
metamorphosed to greenschist facies, primary textures are com-
monly preserved, and the ‘meta’ prefix has been omitted for brevity.
Minerals identified in thin section are mostly products of metamor-
phism.

Because of textural similarities and the obscuring effects of
weathering, metamorphism and alteration, stratigraphic units
were largely defined using geochemical characteristics. Geochem-
ical classification diagrams, rare earth element (REE) plots, and
bivariate plots of least mobile trace elements were used to separate
the greenstone belt into different stratigraphic packages. Strati-
graphic relationships were first established on the western limb of
the Lawlers Anticline where there is excellent drill core coverage
and fewer faults. The stratigraphy was then checked for continu-
ity, primarily through field traverses and geochemical sampling on
the eastern limb. Thicknesses reported have been corrected to their
true thickness.

A large geochemical dataset (n=220), collected from drill core
and the freshest available outcrop, was used in this study. However,
characterisation of the different stratigraphic units was largely
based on samples collected from the western limb of the anticline
fromdrill core (n=79; Table 4). Samples were crushed after removal
of altered and weathered portions. Samples with LOI> 5 wt.% were
excluded, with the exception of komatiites. Major element con-
tents were analysed by X-ray fluorescence, while trace elements
were analysed by ICP-MS (instrument details are included in
Supplementary Appendix A). Normalising factors for trace-element
ratios are based on the primitive mantle estimate of McDonough
and Sun (1995) and Mg# (Mg/(Mg+Feror)) are calculated on a
molar basis.

4. Litho- and geochemical stratigraphy

The combined lithofacies and geochemical characterisation
reveals 11 distinct stratigraphic units (Fig. 2a; Table 3). These
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intrusion.

consist of nine conformable ultramafic-mafic extrusive packages,
including several comagmatic intrusions (based on similar geo-
chemistry to hosting extrusive rocks), and two thick mafic sills
without genetically associated volcanic rocks. There are also sev-
eral thin, locally observed felsic intrusions and mudstone intervals.
The stratigraphy can be divided into two complete cycles, each of
which has a komatiite at its base, while an older enigmatic basalt
unit underlies the first cycle. The stratigraphy is not a product of
repetition through folding as younging is consistently in the same
direction as indicated by pillows, the asymmetry of the spinifex
textured komatiite flows, and the positioning of ultrabasic cumu-
lates within mafic sills. Additionally, the sequence is not a product

of thrust duplication as several distinctive geochemical and litho-
logical units are not repeated.

Only a few stratigraphic contacts were observed because of poor
preservation of outcrops; deformation focussed along the contacts;
and lack of obvious differences in appearance between the basalt
types such that many contacts were only revealed through geo-
chemistry (e.g., the Redeemer and Burrell Well basalts). On the
other hand, several of the extrusive units are separated by thin
mudstone intervals (e.g., the Hickies Bore and Songvang basalts).
In the absence of clear evidence for unconformities between
units (e.g., conglomerates and/or angular relationships with over-
lying stratigraphy), contacts for these units are interpreted as
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being conformable. Intrusive contacts are interpreted for the Tur-
ret Dolerite, Bounty Igneous Complex and numerous comagmatic
intrusions, all of which have sharp chilled margins with their
hosts. The top of the ultramafic-mafic stratigraphy is marked by
overlying conglomerates that contain clasts from the underlying
stratigraphy and the contact is interpreted as an erosional uncon-
formity. On the east limb the Lawlers Anticline the Turret Dolerite
is unconformably overlain by the Mosquito Well Conglomerate
of the Vivien Formation, whereas on the west limb the Agnew
Komatiite, Redeemer Basalt and Burrell Well Basalt are uncon-
formably overlain by the Claudius Member of the Scotty Creek
Formation.

Stratigraphic thickness changes are evident across the Lawlers
Anticline, with thinner greenstones rocks on the western limb
(~3.1km) in comparison to the eastern limb and hinge (~7 km,
but poorly constrained). This difference is in part reflected by the
absence of the White Hope Basalt and Turret Dolerite on the west
limb of the anticline, where they have been eroded. This inter-
pretation is supported by the provenance of clasts derived from
overlying conglomeratic units above the sequence on the west limb,
although some of this loss of the upper stratigraphy may also be a
result of shearing along the Emu Fault (Nyga, 2011; Whitworth,
2012).

There is wide compositional variability for the data (Figs. 6-10).
On a Jensen diagram, samples plot mostly as komatiites, komati-
itic basalts and high-Mg and high-Fe tholeiites (Fig. 6a) and the
data fall along the tholeiitic trend towards extreme iron enrich-
ment (Fig. 6b). Thorium-titanium ratios, after Barnes et al. (2012),
define low-, intermediate- and high-Th basaltic groups (Fig. 6¢),
whereas the large range of Mg# (10-90) and major element trends
suggest crystal fractionation is significant (Fig. 7). However, REE
plots are most useful for distinguishing different stratigraphic
units (Fig. 8). A subset of the geochemical data (Fig. 9a), col-
lected mainly from four drillholes (sample locations in Fig. 2b)
where there is excellent control on the relative age of each sam-
ple, demonstrates the compositional variations through time for
the full section as well as for individual stratigraphic units. Simi-
lar trends are observed when the full geochemical dataset is used
(Fig. 9b).

The lithofacies, stratigraphic units, their characteristics,
emplacement origins and setting are briefly summarised below
(Figs. 2-10).

4.1. Mudstone, siltstone and chert: paleoenvironmental setting

Several thin intervals (0.2-4.1m), averaging 0.3m thick, of
mudstone occur throughout the ultramafic-mafic stratigraphy.
Mudstones are grey to black, finely bedded and sulphidic. One light-
coloured siltstone layer, sampled for geochronology (Section 6.2),
occurs within the Never Can Tell Basalt. Several light coloured mas-
sive cherty intervals are also found, commonly intercalated with
mudstones. Sediments are in sharp contact with the host sequence
and breccias are absent. Contact between mudstones and cherts
range from gradational to sharp. Bedding, particularly in the thicker
intervals, is often chaotically folded.

The absence of symmetrical ripples indicates deposition below
wave base from suspension fallout (Clifton and Dingler, 1984;
Boggs, 1987) or nepheloid layers (Pak et al., 1980). Black mudstone
with abundant sulphides indicates anoxic-sulphidic conditions
prevailed (Werne et al., 2002). The siltstone layer contains abun-
dant euhedral zircons and is interpreted as an airfall tuff sourced
from a distal pyroclastic eruption, similar to interpretations for
other similar Archean sediments (e.g., Claoue-Long et al., 1988).
The cherts with gradational contacts to mudstones are interpreted
as silica-replacement of a mudstone protolith (S-cherts), whereas
cherts with sharp contacts may either represent S-cherts or chemi-
cal precipitation on the sea floor (C-cherts) (Van Kranendonk, 2006;
van den Boorn et al.,, 2007). The presence of intercalated inter-
vals of mudstones and cherts indicates the paleoenvironment was
subaqueous, below wave base, and far from any landmass.

4.2. Ultramafic-mafic extrusive rocks and comagmatic intrusions
Extrusive rocks and comagmatic intrusions make up the bulk

of the stratigraphy, consisting mainly of flows of basalt, komati-
itic basalt and komatiite, with lesser coarser-grained intrusions of
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Table 1
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Description and interpretation of lithofacies.

Lithofacies

Description

Interpretation

Pillow basalt

Massive basalt

Dolerite

Gabbro

Granophyre

Spinifex

Aphyric
Komatiite

Ultrabasic
Cumulate

Fragmental
Komatiite

Coherent Felsic

Fine-Grained

Volcanic rock forming intervals typically ~10 m thick, consisting of
clusters of pillows. Individual pillows are ~50 cm across, have aphyric
to fine-grained cores, often with abundant amygdales at core margins
and with well defined aphyric chilled margins (<1 cm thick). The
interpillow space consists of calcite, and in rare cases, hyaloclastite
Coherent volcanic rock, massive aphyric to fine-grained basalt, up to
150 m thick. Ranges from pale to dark green. Some intervals organised
into massive fine-grained intervals (5-20 m thick) that are separated
by thin aphyric intervals. Plagioclase and alkali-feldspar porphyritic in
places (5-20 mm), variolitic in places, generally non-vesicular
Coherent mafic volcanic rock, generally massive and uniform, with
crystals of plagioclase and pyroxene (replaced by hornblende and/or
chlorite) 2-5 mm. Gradational into basalt and gabbro LF

Coherent mafic volcanic rock, generally massive and uniform, with
crystals >5 mm. Generally consists of plagioclase and pyroxene (largely
replaced by hornblende). Gradational into dolerite and ultrabasic
cumulate LF

Coherent felsic dykes and veins with gradational or sharp contacts
with dolerite or gabbro host. Consists of plagioclase, alkali-feldspar
and quartz with distinctive intergrowth textures. Generally <10 cm
thick, rare thicker (>5 m) intervals

Coherent volcanic rock, dark-coloured, ranging from fine-grained
random spinifex (crystals generally <5 mm) to coarse bladed spinifex
(up to 50 cm long crystals)

Coherent volcanic rock, dark-coloured, aphyric, often altered to
serpentine, talc and/or carbonate. Associated with spinifex and
ultrabasic cumulate LF

Coherent volcanic rock, dark-coloured with cumulate textures, ranging
from orthocumulate, mesocumulate to adcumulate, consisting of
olivine crystals (commonly replaced by serpentine, magnetite, talc
and/or carbonate). Found in assocation with either: spinifex and
aphyric komatiite LF; or gabbro and/or dolerite LF. Crystal sizes range
from <1 mm to ~1cm

Clast-supported highly deformed breccia-conglomerate with clasts of
komatiite in an altered talc-carbonate matrix. In most cases individual
clasts are difficult to make out due to deformation and alteration, but
where discernible, they often have whispy margins. Gradational with
aphyric komatiite

Coherent felsic rock, generally massive with porphyritic texture; sharp
contacts with host. Thickness from 0.5 to 25 m. Breccias absent

Thin intervals (0.2-4.1 m), avergaing 0.3 m thick. Grey to black, finely

Subaqueous, extrusive basalts, indicate lower magma flow rates than
for sheet flows (White et al., 2009; Fink and Griffiths, 1992; Griffiths
and Fink, 1992)

Thick intervals of massive basalt that is not gradational into gabbro or
other coarse-grained textures or granophyres, are interpreted as
pahoehoe lava sheet flows. Lack evidence for apophyses into overlying
strata. Indicates relatively high extrusion rates (Fink and Griffiths,
1992; Griffiths and Fink, 1992)

When gradational into coarser-grained lithofacies (gabbro, ultrabasic
cumulate), interpreted as part of mafic intrusion. When gradational
into massive basalt without associated gabbros or other
coarse-grained rocks and without evidence for apophyses into
overlying sequence, interperted as interior of sheet flows

Slow cooled interior of mafic intrusion

Late differentiation products (felsic component) of cooling mafic
magma

Always found in association with aphyric komatiite and ultrabasic
cumulate LF. Interpreted as A2 (random spinifex) and A3
(bladed/platy-spinifex) divisions of komatiitic lavas, as defined by
Pyke et al. (1973)

Interpreted as A1 division of komatiitic lavas, as defined by Pyke et al.
(1973)

When found as thin intervals in association with spinifex and aphyric
komatiite, interpreted as B2-B4 divisions of komatiite lava flows (Pyke
et al., 1973). Thicker intervals not in direct assocation with spinifex or
aphyric komatiite many be either cumulates associated with
intrusions (e.g., Rosengren et al., 2008) or extrusions (e.g., Gole et al.,
2013), however, clear evidence (op. cit.) to distinguish intrusive from
extrusive komatiites is not preserved. When gradational into mafic
rocks (gabbro and dolerite), interpreted as part of differentiated base
of mafic intrusion

Gradational contacts into aphyric komatiite, absence of undeformed
fragmental komatiites in region and whispy clast margins, support
origin as cataclasite

Felsic intrusions (dykes and sills) into lithified crust

Subaqueous deposition, below wave base, and far from any landmass.

Sediment bedded and sulphidic, with lesser light coloured massive siltstone and The siltstone, based on the zircon population, is interpreted as an
cherty intervals. Seven different intervals are known air-fall deposit from a distal felsic source
Table 2
Description and interpretation of Lithofacies associations.
Lithofacies Description Interpretation
association
Spinifex- Asymmetric packages (~1 m thick) of aphyric and spinifex komatiite Stacked sequence of komatiite flow lobes (Hill et al., 1995). The
Orthocumulate  and ultrabasic cumulate, with sharp top and bottom contacts. Spinifex repeating textural variations display many of the features of

Fine-grained
basic

Coarse-grained
basic-
ultrabasic

zones display consistent assymetry, grading from fine-grained random
spinifex into bladed spinifex (useful for younging). Individual packages
form stacked sequences up to ~100 m thickness

Dominated by gradational interdigitating pillow and massive basalt
that are ~10->300 m thick. Sharp contacts with other lithofacies. In
some cases massive basalt grades into dolerite. Coarser textures absent
Association of mainly of dolerite and gabbro, with coarser grainsizes
generally towards the centre of the body (ranging from 3 to 130 m
thick). In some cases these lithofacies are also associated with
ultrabasic cumulates and granophyres (total thickness ranging from 30
to 300 m thick). Internal contacts are generally gradational and,
including gradational changes into basalt at the margins, which are in
sharp contact with the host. Never gradational into pillow basalts

archetypal komatiite flows as defined by (Pyke et al., 1973). Primary
flow top breccias not developed

Extrusive basaltic lava flows

Mafic sills with chilled margins. Associations of basalt, dolerite and
gabbro interpreted as undifferentiated to weakly differentiated sills;
associations that also include ultrabasic cumulates and granophyres
interpreted as differentiated mafic sills
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Table 3
Summary of physical and compositional characteristics of the Agnew mafic-ultramafic stratigraphy.

White Hope Basalt
(WHB)

Redeemer Basalt (RB)

Burrell Well Basalt
(BWB)

Agnew Komatiite (AK)

Never Can Tell Basalt
(NCTB)

Songvang Basalt (SB)

Hickies Bore Basalt
(HBB)

Donegal Komatiite
(DK)

Butchers Well Basalt

(BtWB)

Turret Dolerite (TD)

Bounty Igneous
Complex (BIC)

Thickness and distribution: Total thickness ~300 m. Occurs in the Mt White syncline, observed in two drillholes and in the
field, absent on the Western limb of the anticline

Descriptions and interpretations: Consists of massive megacrystic basalt with 4-20 mm alkali feldspar crystals
(~10-20vol.%) as separate grains or glomerocrysts. Groundmass mineralogy of PI-Hbl-Opq. Submarine sheet flows
Geochemistry: Low-Th; cab,caa; Mg# =40-52, 46; [La/Sm]=0.8-1.9, 1.2; [Gd/Yb]=1.0-1.5, 1.1

Thickness and distribution: 100-405 m thick. Fine-grained basic LFA =70-280 m, Coarse-grained basic-ultabasic
LFA=30-125m. Observed in many drillholes on Western limb of anticline and in outcrop in the Mt White Syncline
Descriptions and interpretations: Divided into fine-gained basic (pillow and sheet flows) and coarse-grained basic-ultrabasic
(sub-volcanic intrusions). The basalt is dark-coloured and texturally indistinguishable from the BWB. Microspinifex and
cumulate textures occur in the groundmass, mineralogy includes Hbl, Srp, Chl and Tlc (Mg-rich samples), and Pl, Hbl and Qz
(Mg-poor samples). Includes two thin mudstone intervals. Submarine pillow and sheet flows and comagmatic intrusions
Geochemistry: Int-Th; kb, hmth; Mg# =47-74, 64; [La/Sm]=1.2-1.8, 1.4; [Gd/Yb]=0.9-1.2, 1.0

Thickness and distribution: Total thickness ~200 m. Occurs sporadically on western limb, common in the Mt White Syncline

Descriptions and interpretations: Fine-grained basic (massive and pillow (~5%) LF). Texturally indistinguishable from the
RB. The RB and BWB often have an interdigitating relationship. Microspinifex and olivine cumulate textures occur in the
groundmass, which consists of Hbl, Srp, Chl, Tlc and Opq. Submarine pillow and sheet flows

Geochemistry: Low-Th; kb, hmth; Mg#=52-76, 64; [La/Sm]=0.6-1.2, 0.9; [Gd/Yb] =0.8-1.2, 1.0

Thickness and distribution: Roughly 100 m thick. Spinifex dominated upper half (~50 m), cumulate lower half (~50 m), and
fragmental komatiite (<8 m). AK observed in many drillholes on Western limb of anticline, in outcrop in Mt White Syncline
Descriptions and interpretations: Upper half consists of spinifex-orthocumulate LFA (komatiitic sheet flows, each ~1 m
thick), while the lower half consists of massive ultrabasic cumulate (intrusion?), including abundant adcumulate textures.
Fragmental Komatiite commonly at top contact. Mineralogy consists of Tlc, Srp, Cb and Opq. Subaqueous komatiite flows (and
comagmatic intrusion?); fragmental komatiite interpreted as cataclasite

Geochemistry: k; Mg# =76-93, 86; [La/Sm]=0.3-3.8, 1.2; [Gd/Yb]=0.3-1.7, 0.8

Thickness and distribution: ~300 m thick. Upper basalt (~150 m), middle intrusion (~100 m) and lower basalt (~50 m).
Observed in several drillholes on the Western limb, and sporodically in outcrop across the property

Descriptions and interpretations: Divided into upper, middle and lower sections. The upper section consists of massive
basalt (minor dolerite); middle section is dominated by the coarse-grained basic-ultabasic LFA (dolerite and gabbro LF, with
only minor basalt LF); and the lower section consists of massive basalt (feldspar phyric). The NCTB is intruded by several sills
of the BIC. The mineralogy consists of Hbl, Qz and Pl. Includes several thin mudstone intervals. Submarine sheet flows (upper
and lower basalts) and comagmatic intrusion (middle)

Geochemistry: Int-Th; hfth; Mg# =12-74, 37; Fe;03 =11-20, 15.5; TiO; (~>1.25); [La/Sm]=0.9-2.0, 1.3; [Gd/Yb]=1.0-1.4, 1.2
Thickness and distribution: ~335 m thick (upper SV =225m; lower SV=110m). Observed in several drillholes on the
Western limb, and sporodically in outcrop across the property

Descriptions and interpretations: Consists of an upper massive basalt and a lower coarse-grained basic-ultrabasic LFA
(dolerite, gabbro, ultrabasic cumulate and minor basalt). The upper SV contains Chl-altered porphyroclasts (3 mm) in a
groundmass of Hbl, Qz and Fld. The lower SV contains microspinifex texture and an altered groundmass mostly of Tlc, Srp and
Opq. Includes one thin mudstone near the base of the upper SV. Submarine sheet flows and comagmatic differentiated
intrusion

Geochemistry: High-Th; k, kb, hmth; Mg# =40-84, 68; Zr/Th=25-50; [La/Sm]=1.1-4.3, 1.8; [Gd/Yb]=0.9-1.8, 1.1

Thickness and distribution: 525 m thick (upper HBB =85 m; lower HBB =350 m, intrusions = 5-100 m). Top and bottom
observed in several drillholes on the Western limb, and the HBB is observed sporodically in outcrop across the property
Descriptions and interpretations: Upper HBB consists of massive basalt; Lower HBB consists of massive and pillow basalt
(amygdaloidal in places), including coarse-grained basic-ultrabasic LFA (dolerite, gabbro, as well as ultrabasic cumulate and
basalt). Basalts consist of Hbl and Qz, while the Coarse-Grained LFA consists of Hbl, Qz, Fld, Srp and Tlc. Submarine pillow and
sheet flows and differentiated comagmatic intrusions

Geochemistry: Low-Th; hfth, hmth; Mg# =43-68, 55; [La/Sm]=0.7-3.8, 1.1; [Gd/Yb]=0.9-1.9, 1.1

Thickness and distribution: ~100 m thick. Top ~50 m observed in two drillholes and sporadic exposures on the Western limb

Descriptions and interpretations: Consists of spinifex-orthocumulate LFA (aphyric komatiite (20%), spinifex komatiite (30%)
and ultrabasic cumulate (30%), and lesser fragmental komatiite (10%) at the top. Mineralogy consists of Tlc, Srp, Cb and Opq.
Subaqueous spinifex flows and cataclasites (fragmental komatiite) at top where deformation is concentrated

Geochemistry: k; Mg# =83-85, 84; [La/Sm]=0.5-0.8, 0.6; [Gd/Yb] =0.8-0.9, 0.9

Thickness and distribution: >100 m thick? Only occurs in sporadic outcrops on Western limb. Intruded at base by granite

Descriptions and interpretations: Massive basalt. Mineralogy consists of Hbl, Qz, Pl, Mus and Chl. Submarine sheet flows?
Geochemistry: td, hfth; Mg# =20-34, 27; [La/Sm] =0.7-1.0, 0.8; [Gd/Yb]=1.0

Thickness and distribution: Total thickness =300 m. Observed in several drillholes on the E limb. Not found on the W limb
Descriptions and interpretations: Consists of coarse-grained basic-ultrabasic LFA (dolerite, gabbro, cumulate ultrabasic LF
and rare basalt and granophyre LF). Includes granophyric groundmass and variable mineralogy of mainly Hbl, Pl, Chl and Opq
(+/-Tlc and Srp). Differentiated Sill

Geochemistry: High-Th; hmth; Mg# =25-82, 57; Zr/Th=21-25; [La/Sm]=2.2-2.9, 2.6; [Gd/Yb]=1.1-1.3, 1.2

Thickness and distribution: Total thickness =~500 m. Upper sill (225 m), middle sill (>40 m) and lower sill (250 m). Observed
in several drillholes on the Western limb, and sporodically in outcrop across the property

Descriptions and interpretations: Consists of three sills of the coarse-grained basic-ultrabasic LFA (dolerite, gabbro,
cumulate ultrabasic LF and minor basalt and granophyre LF). Mineralogy varies, but includes Hbl, Qz, P1, Chl, Ca and Opq. Has
chilled margins with NCTB. Differentiated Sills

Geochemistry: Low-Th; hmth; Mg#=11-81, 59; [La/Sm]=0.7-2.7, 1.3; [Gd/Yb] =0.9-1.4-0.8

Pl, plagioclase; Cpx, clinopyroxene; Opq, opaques; Fld, feldspar; Hbl, hornblende; Srp, serpentine; Tlc, talc; Ca, carbonate; and Qz, quartz. Geochemistry values displayed as
range and average. Low-Th, int-Th and high-Th (see Fig. 6¢). cab, calc-alkaline basalt; caa, calc-alkaline andesite, kb, komatiitic basalt; hmth, high-Mg tholeiite; hfth, high-iron
tholeiite, td, tholeiitic dacite (see Fig. 6a).



Table 4

Major and trace elements of representative samples of the Agnew ultramafic-mafic suite.
Formation SamplelD Drillhole? DepthFrom® Lithology Si0, Al, 03 TiO, MgO Fe, 03 Ca0 Na,0 K,0 P,05 MnO LOI S Total
Method XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF GRAV  XRF
Unit % % % % % % % % % % % %
Vivien Dolerite VO 02 VVDD170A 220.50 Dolerite 54.16 1559  0.56 6.13 11.24 9.58  2.02 047  0.05 0.18 227  0.01 99.92
Vivien Dolerite VO 04 VVDD170A 267.00 Dolerite 50.70 1539 043 817 11.63 11.92 1.42 0.13  0.03 0.18 1.60 0.01 99.54
Vivien Dolerite VO 10 VVDD182 251.00 Dolerite 52.65 1555  0.55 6.92 10.91 11.63 1.36 0.21 0.05 0.18 1.30  0.01 99.77
Vivien Dolerite VO 35 VVDD199 134.10 Dolerite 52.01 1535 0.83 532 14.06 987  2.06 025 0.07 0.18 1.92  0.01 99.81
Vivien Dolerite VO 55 VVDD200 318.00 Dolerite 54.23 1535 0.56 6.63 10.62 952 246 039 0.07 0.16 279  0.01 100.17
Vivien Dolerite VO 24 VVDD201 135.20 Dolerite 50.21 21.83 032 6.14 6.05 13.98 1.20 0.15  0.03 0.09 226  0.01 100.06
Vivien Dolerite VO 51 VVDD202 158.50 Dolerite 55.86 1242 098 6.79 8.78 1429 059 0.07  0.08 0.13 389 0.06 99.96
Vivien Dolerite VO 52 VVDD202 165.00 Dolerite 56.00 835 058 1138 10.40 1264 0.30 0.07  0.06 0.21 203 0.01 99.54
White Hope Basalt RF#25 EMSD 887 340.20 Basalt (megacrystic) 4989  18.12 1.39 3.92 11.76 1129 287 048 0.12 0.16 133  0.11 100.00
White Hope Basalt TW 02 EMSD441 127.70 Basalt (megacrystic) 52.28 1848 0.98 3.57 9.92 11.60 2.71 022  0.08 0.16 493  0.10 99.71
White Hope Basalt RF#34 EMSD845 294.35 Basalt (megacrystic) 50.12 18.61 0.94 5.13 1091 1003  3.22 072  0.08 0.23 1.75 0.14  100.00
White Hope Basalt RF#87 EMSD919 275.60 Basalt (megacrystic) 49.41 23.00 1.13 5.68 11.54 314 572 020 0.08 0.10 3.54 100.00
Redeemer Basalt AW024 EMSD1038 482.00 Basalt (massive) 49.06 1550 0.76  11.28 12.08 885 213 0.07  0.08 0.19 270  0.02 99.41
Redeemer Basalt UB3 EMSD242B 348.50 Basalt (massive) 54.69 15.98 0.80 6.57 9.35 9.73 2.40 0.17 0.10 0.20 0.84  0.01 100.38
Redeemer Basalt UB1 EMSD398 144.70 Basalt (pillowed) 51.73 1320 050 1279 10.31 833 285 0.07  0.05 0.17 256  0.01 99.30
Redeemer Basalt PH110 SEISO1 568.00 Dolerite 53.66  14.82  0.99 6.49 1229 855 263 025 0.12 0.19 1.21 100.95
Redeemer Basalt R110 SEISO1 587.80 Dolerite 50.60 1827  0.50 9.30 9.77 782 327 026  0.06 0.14 2.64 99.78
Redeemer Basalt R111 SEISO1 598.50 Dolerite 51.60 1648  0.58 8.97 9.09 9.70 294 042  0.06 0.16 1.91 0.02 100.09
Redeemer Basalt PH108 SEISO1 654.00 Dolerite 50.70 17.89  0.56 8.87 9.08 953 2388 0.27  0.05 0.16 1.61 100.95
Redeemer Basalt PH104 SEISO1 1017.30 Basalt (pillowed) 4954 1154 046 1349 1139 11.81 1.45 0.08 0.04 0.20 1.21 100.58
Redeemer Basalt PH118 SEIS05 335.50 Basalt (massive) 50.18 1537 144 6.32 1439 989 187 023 0.14 0.17 063  0.05 99.91
Redeemer Basalt PH119 SEIS05 383.00 Basalt (massive) 4990 1323 056 1191 12.62 946  1.89 0.14  0.05 0.24 1.86  0.02 99.58
Redeemer Basalt PH120 SEIS05 416.00 Dolerite 42.12 1942  0.73 10.61 14.75 10.32 1.31 044  0.06 0.22 3.06 0.01 99.73
Redeemer Basalt SO 04 SEIS05 421.70 Gabbro 52.20 1723  0.52 7.50 9.08 1049  2.60 0.19 0.05 0.14 113 0.01 99.94
Burrell Basalt MNO006 EMSD1066W6  892.50 Basalt (massive) 4936 1287 074 1267 1297 856 249 0.07  0.08 0.17 1.63  0.05 100.40
Burrell Basalt UB4 EMSD222 122.60 Basalt (massive) 4859 1547 1.10 7.61 13.80 1026 273 0.16  0.08 0.20 0.76  0.02 99.04
Burrell Basalt AWO059 EMSD913 631.00 Dolerite 49.72 1869  0.94 5.66 10.39 1162 264 0.13  0.07 0.14 113 0.03 99.63
Burrell Basalt MN360 EMSD939 331.10 Basalt (massive) 4716 1067 059  18.72 14.01 810 038 0.15 0.03 0.20 3.61 0.02 99.30
Burrell Basalt MN239 EMSD939 361.30 Basalt (massive) 49.79 1157 0.69  15.08 13.53 819 0.86 0.06  0.02 0.21 269 0.03 99.50
Burrell Basalt PH107 SEISO1 681.30 Basalt (massive) 50.14 13.74 052 11.40 10.94 1099 1.96 0.09 0.05 0.17 1.71 0.02 99.75
Burrell Basalt PH106 SEISO1 721.00 Basalt (pillowed) 5024 1474 057 1047 10.96 1058  2.09 0.10  0.05 0.20 1.36 100.96
Burrell Basalt MN128 WDU1167 180.60 Basalt (massive) 46.17 1038 0.59 20.80 13.16 8.01 0.62 0.05 0.04 0.16 4.78 99.00
Agnew Komatiite MN178 ED145 265.00 Komatiite (spinifex) 46.47 559 035 3067 10.72 6.01 0.05 0.02 0.12 13.20  0.07 99.90
Agnew Komatiite MN163 ED147 300.40 Komatiite (spinifex) 44.71 8.17 045 2632 13.77 599 036 0.01 0.03 0.18 9.10  0.07 99.80
Agnew Komatiite AWO020 EMSD767 422.70 Komatiite (spinifex) 42.67 1048 056  26.12 15.05 467 020 0.01 0.08 0.15 7.72 044 99.34
Agnew Komatiite SO 07 SEIS05 508.20 Komatiite (spinifex) 42.88 747 049 2726 17.29 437  0.01 0.03  0.03 0.15 693  0.01 99.93
Bounty Igneous Complex PHAGO039 EMSD1032 79.00 Basalt 47.87 10.90 0.67 14.85 12.86 11.20 1.14 0.31 0.05 0.15 1.47 100.32
Bounty Igneous Complex ~ PHAG040  EMSD1032 120.80 Basalt 47.57 1124  0.63 14.65 12.74 11.70 111 0.10  0.05 0.21 1.34 100.56
Bounty Igneous Complex =~ PHAG041 EMSD1032 136.00 Basalt 48.38 993 0.62 1499 1267 12.03 097 0.16  0.04 0.20 1.03 100.32
Bounty Igneous Complex =~ PHAG043  EMSD1032 218.00 Ultrabasic cumulate 50.14 15.67 0.49 9.15 8.50 13.56 1.97 0.34 0.03 0.15 0.86 100.98
Bounty Igneous Complex ~ PHAG044  EMSD1032 306.80 Basalt (chilled margin)  48.46 10.91 0.61 16.72 13.34 863 084 024  0.05 0.20 2.65 100.27
Bounty Igneous Complex  PH125 SEIS05 877.30 Granophyre 56.54 1195 1.51 1.22 18.83 626 292 023  0.30 0.24 1.45 100.06
Bounty Igneous Complex ~ PH128 SEIS05 989.60 Dolerite 4856 2022  0.57 6.39 7.79 14.35 1.84 0.13  0.04 0.11 0.63  0.01 99.89
Bounty Igneous Complex ~ PH129 SEISO5 1040.00 Ultrabasic cumulate 43.67 13.90 0.37 18.06 14.46 8.56 0.68 0.07 0.03 0.20 4.31 99.93
Bounty Igneous Complex  PH135 SEIS06 64.00 Basalt (massive) 5236 1393 0.88 7.83 11.15 999 332 034  0.07 0.13 1.70  0.01 100.20
Bounty Igneous Complex  PH136 SEIS06 126.80 Dolerite 52.67 13.21 1.30 4.53 16.75 895 213 0.14  0.09 0.23 1.30 100.06
Bounty Igneous Complex PH137 SEIS06 156.50 Dolerite 50.80 16.99 0.49 8.09 7.80 13.38 2.12 0.16 0.03 0.13 1.35 0.03 99.94
Bounty Igneous Complex ~ PH140 SEIS06 271.20 Dolerite 5022 1464 165 6.51 14.14 9.64 2.68 0.14 0.16 0.22 056  0.01 99.64
Bounty Igneous Complex PH141 SEIS06 321.00 Ultrabasic cumulate 49.51 17.37 1.11 6.01 11.36 11.45 2.76 0.15 0.10 0.18 0.64 0.02 100.12
Never Can Tell Basalt PHAG0O45 EMSD1032 322.20 Basalt (massive) 48.82 15.45 1.46 5.95 14.47 1017  3.14 0.18 0.14 0.22 048  0.02 101.00
Never Can Tell Basalt LB3 EMSD133 279.80 Basalt (massive) 47.63 14.75 1.55 5.38 17.20 10.15  2.69 027 0.14 0.24 0.81 0.02 100.12
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Never Can Tell Basalt LB5 EMSD156 239.00 Basalt (massive) 49.71 14.69 1.53 5.81 15.05 10.04 2.52 0.27 0.14 0.23 0.33 0.02 99.14
Never Can Tell Basalt LB6 EMSD222 321.50 Basalt (massive) 51.25 14.03 1.45 6.09 14.11 9.11 331 0.27 0.13 0.24 0.36 0.01 100.25
Never Can Tell Basalt LGU1 EMSD223 272.50 Basalt (massive) 48.90 14.84 1.56 6.35 16.74 9.15 1.85 0.31 0.13 0.18 1.86 0.02 98.98
Never Can Tell Basalt LB7 A EMSD242B 479.70 Basalt (massive) 48.70 15.26 1.30 5.98 15.38 9.21 2.87 0.94 0.13 0.22 1.22 0.01 100.23
Never Can Tell Basalt LB1 EMSD398 387.90 Basalt (massive) 50.82 14.91 1.56 5.39 15.97 8.68 1.68 0.61 0.15 0.22 1.26 0.01 99.80
Never Can Tell Basalt R 165 EMSD446 1168.00 Basalt (massive) 49.33 13.68 2.05 4.01 20.44 8.21 1.57 0.27 0.21 0.23 0.93 0.05 99.83
Never Can Tell Basalt R 164 EMSD446 1171.00 Basalt (massive) 51.92 12.81 2.08 5.02 18.25 6.71 248 0.28 0.18 0.26 0.35 0.01 100.33
Never Can Tell Basalt LB4 EMSD609 149.50 Basalt (massive) 47.10 15.81 1.64 6.01 14.86 11.15 2.87 0.25 0.15 0.16 0.61 0.01 99.94
Never Can Tell Basalt PH121 SEIS05 722.20 Basalt (massive) 50.47 14.13 1.48 5.19 15.40 9.57 3.14 0.29 0.13 0.20 0.46 0.03 99.96
Never Can Tell Basalt PH123 SEIS05 793.50 Basalt (massive) 49.84 14.41 1.47 5.74 15.42 9.20 3.26 0.30 0.13 0.23 0.42 100.02
Never Can Tell Basalt PH131 SEIS05 1119.00 Dolerite 52.90 13.30 2.00 4.55 16.06 7.46 2.82 0.31 0.39 0.21 0.70 0.01 100.14
Never Can Tell Basalt PH132 SEIS05 1183.10 Dolerite 52.31 14.48 1.81 4.32 14.35 8.55 3.32 0.29 0.35 0.20 0.75 0.02 100.05
Songvang Basalt PHAGO048 EMSD1034 141.80 Basalt (massive) 49.83 9.96 0.52 17.09 11.94 9.19 0.97 0.28 0.04 0.18 229 0.03 99.74
Songvang Basalt PH142 SEIS06 377.25 Basalt (massive) 48.66 8.92 0.48 16.25 11.96 12.16 1.23 0.09 0.04 0.21 1.55 99.34
Songvang Basalt PH143 SEIS06 482.25 Basalt (massive) 49.79 9.51 0.54 18.35 11.82 8.31 1.06 0.40 0.05 0.18 3.14 0.02 99.67
Songvang Basalt PH144 SEIS06 584.00 Basalt (massive) 53.84 14.27 0.70 6.73 11.49 10.31 2.10 0.32 0.06 0.17 0.55 0.01 100.10
Songvang Basalt PH145 SEIS06 667.00 Basalt (massive) 54.05 12.62 0.65 10.25 9.19 10.09 2.88 0.09 0.04 0.14 0.54 0.01 99.79
Songvang Basalt PH146 SEIS06 682.00 Ultrabasic cumulate 48.94 7.07 0.40 25.02 12.44 5.82 0.06 0.01 0.03 0.20 5.37 0.03 100.00
Hickies Bore Basalt PHAGO50 EMSD1034 275.10 Basalt (massive) 49.44 14.47 1.26 6.90 14.41 10.63 234 0.23 0.11 0.21 0.37 0.02 100.82
Hickies Bore Basalt PHAGO53 EMSD1034 42530 Basalt (massive) 49.51 13.02 0.72 8.04 11.93 14.28 1.90 0.29 0.06 0.25 0.50 100.96
Hickies Bore Basalt PHAGO31 EMSD929 107.50 Basalt (pillowed) 52.46 13.95 0.74 7.41 10.76 11.69 2.61 0.13 0.06 0.20 0.46 0.05 100.98
Hickies Bore Basalt PHAGO056 EMSD931 49.00 Basalt (pillowed) 51.70 12.74 0.68 8.91 11.68 12.76 1.01 0.26 0.05 0.20 0.79 100.62
Hickies Bore Basalt PH148 SEIS06 731.80 Basalt (massive) 50.69 14.91 1.29 5.28 13.83 10.63 2.86 0.17 0.11 0.22 0.55 0.02 100.25
Donegal Komatiite PHAG062 EMSD931 239.60 Komatiite (aphyric) 47.45 6.94 0.30 28.51 10.81 5.66 0.10 0.02 0.20 8.01 0.28 100.02
Donegal Komatiite PHAG063 EMSD931 261.00 Ultrabasic cumulate 46.09 6.86 0.29 28.34 11.53 6.30 0.40 0.01 0.02 0.17 5.43 0.09 100.00
Donegal Komatiite PHAGO064 EMSD931 270.70 Komatiite (aphyric) 48.17 7.22 0.30 27.01 9.55 7.13 047 0.02 0.01 0.12 5.72 0.09 99.87
Butchers Basalt PH#3 254883 6888515 Basalt (massive) 60.00 12.02 0.29 2.19 17.19 4.60 1.41 0.64 0.48 0.20 3.79 0.07 100.00
Butchers Basalt PH#4 254764 6888566 Basalt (massive) 76.10 11.27 0.39 1.29 4.88 212 2.61 1.24 0.04 0.06 1.12 0.04 100.00
SamplelD Ba Be Co Cr Cs Cu Ga Hf Li Mo Nb Ni Pb Rb Sb Sc Sn Sr Ta Th
ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
VO 02 109.0 57 42 0.64 21 15.5 1.39 0.27 2.76 39 3.14 15.56 411 0.60 154 0.21 2.28
VO 04 41.2 65 212 0.09 133 14.3 0.86 0.22 1.58 80 3.00 1.01 46.0 0.16 127 0.13 1.34
VO 10 86.1 72 10 0.13 88 15.8 1.23 0.30 2.65 37 2.86 4.75 445 0.53 129 0.20 2.11
VO 35 52.3 70 33 0.11 18 17.8 1.51 0.33 2.74 9 5.25 532 44.7 0.78 177 0.20 2.67
VO 55 88.5 60 7 0.46 38 15.1 1.46 0.27 2.64 23 3.13 9.66 37.9 0.28 148 0.23 249
VO 24 74.0 36 371 0.13 86 14.6 0.78 0.15 1.39 96 2.14 3.23 223 0.37 120 0.13 1.30
VO 51 7.1 75 113 0.03 498 13.8 1.95 0.47 443 73 6.17 1.33 41.0 0.39 60 0.30 3.29
VO 52 29.6 60 279 0.06 74 103 1.67 0.18 337 133 2.35 0.97 60.2 0.73 58 0.23 2.86
RF#25 512.9 0.37 58 153 0.89 46 19.0 2.20 6.5 0.85 3.77 59 7.68 17.13 2.16 404 1.08 380 0.31 0.48
TW 02 53.1 60 206 0.99 143 16.6 0.84 0.09 2.70 114 1.89 8.86 42.6 0.65 166 0.16 0.38
RF#34 461.3 0.56 56 241 1.46 53 16.4 1.64 9.8 0.36 2.59 87 6.97 20.58 2.03 322 0.93 303 0.22 0.33
RF#87 193.8 0.45 45 239 0.43 2 15.9 1.87 37.6 0.06 2.98 108 6.55 4.31 0.56 36.9 0.59 183 0.23 0.38
AW024 46.1 0.24 63 762 0.03 7 12.7 1.46 15.5 0.20 2.32 186 2.86 0.20 0.36 16.1 1.23 125 0.17 0.48
UB3 29.3 0.46 63 286 0.30 74 16.2 1.97 7.7 0.24 3.45 67 1.24 2.96 40.0 0.72 98 0.26 0.89
UB1 20.5 0.24 62 753 0.17 112 113 0.96 16.7 0.16 1.33 230 1.01 1.56 334 0.12 89 0.11 0.45
PH110 24.2 0.32 57 56 0.49 121 15.1 247 13.2 0.54 3.64 35 1.66 5.77 0.79 393 0.79 129 0.29 1.05
R110 53.1 54 714 1.19 25 17.3 1.23 32.8 0.05 2.19 123 1.50 8.80 324 123 0.20 0.59
R111 72.5 57 577 2.57 74 14.6 1.14 223 1.90 99 1.65 17.27 353 117 0.16 0.51
PH108 63.4 0.11 43 467 1.03 31 11.6 0.93 15.7 0.14 1.48 57 0.98 6.49 0.36 26.1 0.13 99 0.13 0.38
PH104 16.1 0.13 66 1125 0.05 16 9.2 0.56 43 0.36 0.80 282 0.59 0.27 0.44 259 0.30 57 0.08 0.34
PH118 44.1 83 189 0.16 75 2.78 4.95 104 2.65 3.07 37.3 128 0.36 1.10
PH119 43.5 0.20 94 1525 0.08 26 12.0 1.08 138 0.29 1.64 514 0.93 2.15 0.44 40.6 0.07 27 0.21 0.54
PH120 103.6 0.16 68 374 0.99 2 14.1 1.42 45.0 1.14 2.15 124 0.77 14.72 0.50 63.7 0.08 63 0.23 0.66
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Table 4 (Continued)

SamplelD Ba Be Co Cr Cs Cu Ga Hf Li Mo Nb Ni Pb Rb Sb Sc Sn Sr Ta Th
ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

SO 04 414 52 204 035 48 15.2 0.95 0.08 1.52 90 0.78 2.94 34.8 0.34 111 0.10 0.47

MNO06 15.8 0.04 55 660 0.28 25 12.5 1.20 27.7 1.59 191 142 6.73 1.22 1.02 40.0 0.79 119 0.15 0.29

UB4 19.4 0.43 65 164 0.28 116 16.2 1.55 6.6 0.19 2.54 115 2.07 1.79 41.1 0.70 102 0.17 0.27

AW059 41.5 0.25 84 177 0.27 87 15.5 0.90 5.4 023 1.44 48 2.95 0.68 0.46 28.8 1.16 107 0.16 0.21

MN360 29.9 0.12 85 1525 2.52 46 9.7 0.76 40.1 0.09 1.08 506 0.71 6.05 1.66 239 1.58 32 0.09 0.07

MN239 24.2 0.16 82 818 0.49 129 10.9 0.92 36.4 0.04 1.36 315 2.88 1.60 213 30.9 4.06 173 0.10 0.10

PH107 28.2 0.14 83 1085 0.23 31 10.7 0.79 8.4 0.23 0.93 243 1.66 0.73 0.44 343 1.03 95 0.12 0.28

PH106 64.0 62 644 0.89 41 0.86 0.97 165 2.49 1.94 40.0 92 0.07 0.22

MN128 5.7 0.08 84 1979 4.20 2 9.3 0.72 473 0.13 1.02 619 0.86 2.35 0.25 32.8 0.39 14 0.09 0.09

MN178 1.8 92 2225 0.42 71 4.9 0.37 12.6 0.07 0.49 1517 1.04 0.20 0.87 19.6 0.07 62 0.05 0.04

MN163 24 0.21 94 2983 0.73 7 7.0 0.59 11.0 0.14 0.76 997 0.94 0.32 0.29 28.0 0.70 34 0.07 0.15

AW020 4.1 0.10 108 4291 2.73 89 8.4 0.66 8.1 0.05 0.76 874 0.27 0.55 0.63 35.1 3.46 17 0.06 0.16

SO 07 3.8 36 1077 5.01 2 2.2 0.15 0.01 0.25 357 0.79 1.21 139 0.45 126 0.03 0.05

PHAGO039 28.3 0.07 74 1554 1.56 26 9.0 0.79 35.4 0.05 1.33 370 0.55 15.84 0.15 31.7 2.02 22 0.11 0.21

PHAG040 5.6 81 1411 0.30 54 0.89 1.38 481 0.90 0.93 384 54 0.09 0.29

PHAG041 13.7 0.04 77 1406 0.64 48 8.1 0.70 213 0.03 1.32 321 0.80 5.04 0.16 303 0.40 14 0.12 0.23

PHAGO043 43.8 0.03 58 566 0.79 174 104 0.50 11.7 023 0.89 95 1.61 11.00 1.67 425 0.47 141 0.10 0.17

PHAG044 53.1 0.17 73 1696 1.22 9.4 0.74 29.2 0.09 1.10 401 1.88 7.40 0.07 19.6 0.62 59 0.10 0.20

PH125 70.1 0.98 49 1 25.14 6 23.3 5.10 21.2 0.79 5.97 1 1.05 8.78 034 31.3 0.14 84 0.41 1.76

PH128 28.5 0.16 50 447 0.29 180 154 0.67 3.6 0.19 1.34 102 1.24 1.96 0.39 43.2 1.36 140 0.19 0.21

PH129 6.3 0.11 110 352 0.60 8 9.6 0.42 27.6 0.08 0.83 604 0.26 1.63 0.19 15.9 0.07 7 0.11 0.10

PH135 51.1 0.23 52 112 1.76 131 113 0.85 345 0.20 1.96 95 2.07 16.21 0.15 40.2 2.29 207 0.14 0.45

PH136 29.3 0.52 78 1 0.61 21 17.8 2.34 20.2 0.27 4.40 22 1.06 3.62 0.10 46.3 1.40 84 0.46 0.85

PH137 24.6 0.16 135 130 0.96 141 11.7 0.54 6.0 0.82 0.99 102 3.47 5.87 0.47 46.8 1.11 148 0.37 0.18

PH140 344 0.53 96 170 0.08 3 17.2 2.53 12.6 0.35 3.69 54 1.99 2.00 0.08 34.6 1.95 96 0.24 0.86

PH141 46.0 0.37 66 350 0.36 126 16.7 1.96 7.5 0.42 3.99 75 1.74 1.98 0.17 46.4 1.29 114 0.42 0.74

PHAGO045 44.5 0.48 60 185 0.19 46 16.1 2.40 10.8 0.46 4.28 73 4.25 1.97 0.14 36.4 1.03 134 0.32 0.86

LB3 39.3 0.76 62 90 0.30 83 19.7 2.76 322 0.30 4.46 65 422 3.76 413 1.32 116 0.30 0.94

LB5 52.0 0.64 58 89 0.56 64 19.9 2.85 13.4 0.32 4.92 65 1.12 4.03 40.8 0.78 141 0.35 0.99

LB6 89.5 0.70 66 86 0.62 14 17.7 2.63 18.7 0.30 437 67 1.66 6.82 38.8 0.47 124 0.27 0.95

LGU1 53.7 0.73 60 92 4.24 177 193 2.69 73.7 0.41 4.92 64 3.04 12.64 40.7 1.63 107 0.35 0.95

LB7 A 236.2 0.72 61 76 1.79 199 203 2.44 35.2 0.59 4.28 76 8.68 49.68 35.3 1.94 163 0.29 0.84

LB1 96.0 0.70 59 91 6.56 96 20.2 2.74 60.6 0.16 4.30 59 75.34 39.64 41.9 0.61 96 0.24 0.96

R 165 26.0 0.76 84 0 0.68 130 249 443 66.3 1.23 6.87 12 247 4.79 44.0 88 0.50 1.67

R164 50.6 0.72 70 1 2.73 91 21.9 3.70 47.5 0.36 3.39 17 2.76 6.83 43.2 154 0.22 1.39

LB4 36.0 1.02 87 97 0.19 63 19.8 2.75 37.0 3.21 4.93 71 5.96 3.45 429 1.67 159 0.28 0.92

PH121 62.5 84 89 031 75 2.89 433 81 1.29 4.60 41.7 114 0.32 0.89

PH123 80.3 0.47 68 86 2.08 24 14.8 2.50 219 0.39 4.98 79 1.33 18.00 0.56 44.9 0.15 90 0.49 0.92

PH131 81.7 0.76 61 81 1.67 28 19.0 4.24 38.8 1.12 8.37 11 1.25 11.99 0.32 34.8 0.11 138 0.75 1.76

PH132 77.9 0.65 64 131 1.00 60 19.8 3.76 31.7 1.00 8.47 48 1.24 10.32 0.48 353 1.58 152 0.78 1.59

PHAG048 69.8 0.27 94 2062 4.90 38 8.5 1.02 313 0.37 1.86 479 1.39 13.02 0.26 28.5 0.33 53 0.18 0.86

PH142 7.2 0.27 93 2369 0.23 1 8.3 1.04 115 0.20 2.61 619 0.61 1.25 0.36 33.7 1.51 25 0.28 0.93

PH143 73.7 0.34 86 2260 5.90 7 9.5 1.75 32.6 0.47 4.02 656 1.04 20.79 0.17 303 1.91 52 043 1.95

PH144 134.8 0.65 63 108 0.30 102 13.6 1.66 115 0.31 2.46 65 2.67 6.91 0.12 29.8 1.45 125 0.20 2.04

PH145 35.6 52 543 0.17 25 1.98 3.58 150 1.34 0.91 39.7 117 0.26 2.02

PH146 1.2 0.18 115 3397 0.55 6 6.8 1.11 2.8 0.24 2.56 1014 0.50 0.28 0.13 234 1.19 13 0.31 1.18

PHAGO050 50.2 0.31 65 170 0.17 99 15.1 1.92 26.0 0.33 3.16 69 1.05 5.26 0.07 38.8 0.95 105 0.25 0.35

PHAGO053 40.7 0.31 65 529 0.09 12.2 0.77 13.8 0.70 1.60 134 3.38 3.93 0.51 35.1 0.22 85 0.14 023

PHAGO031 57.4 0.25 65 557 033 79 111 1.12 3.1 1.70 165 0.61 2.50 0.14 39.7 0.41 94 0.12 0.24

PHAGO056 91.5 0.23 66 548 3.02 73 13.2 1.16 6.9 1.71 163 0.55 18.19 0.10 37.1 0.46 154 0.13 024

PH148 48.8 76 175 0.10 90 2.19 332 109 1.68 2.74 46.2 97 0.24 0.39

PHAGO062 1.5 93 2454 1.84 102 0.42 0.49 1448 0.35 0.53 26.0 35 0.03 0.03

PHAGO063 1.2 0.08 97 2677 0.71 43 6.0 0.41 8.8 0.46 1211 0.29 0.51 0.10 22.5 0.18 43 0.04 0.03

PHAGO064 3.7 0.08 87 2624 2.04 45 6.0 0.44 7.5 0.51 1204 0.46 1.90 0.14 239 0.18 40 0.03 0.06

PH#3 3.2 97 2503 0.33 94 0.40 1.39 1266 0.32 0.96 25.7 25 0.04 0.09

PH#4 284.6 0.34 62 353 0.16 76 131 1.29 383 0.24 2.89 75 1.58 4.41 0.14 44.6 0.46 92 0.24 0.57
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Table 4 (Continued)

SamplelD 8] \% Y Zn Zr La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

VO 02 0.62 214 15.7 66 53.6 8.35 16.53 2.04 8.28 2.02 0.72 2.32 0.40 2.54 0.55 1.63 0.24 1.53 0.23

VO 04 0.36 208 11.8 75 33.2 4.85 9.96 1.26 5.27 1.36 0.53 1.61 0.29 1.88 0.41 1.22 0.18 1.16 0.18

VO 10 0.53 223 14.6 67 52.5 7.71 15.18 1.83 7.35 1.79 0.63 2.04 0.35 2.24 0.49 1.44 0.21 1.36 0.20

VO 35 0.68 565 16.7 90 60.4 9.25 18.58 2.27 9.19 2.20 0.70 247 0.42 2.67 0.58 1.69 0.25 1.59 0.24

VO 55 0.64 209 154 61 55.3 8.99 17.77 2.14 8.66 2.04 0.67 2.31 0.39 247 0.54 1.57 0.23 1.46 0.22

VO 24 0.33 105 79 36 27.7 4.39 8.66 1.06 4.30 1.03 0.41 1.19 0.21 1.30 0.28 0.84 0.12 0.79 0.12

VO 51 0.84 257 20.9 49 80.4 11.09 21.70 2.63 10.65 2.56 0.75 2.98 0.51 3.27 0.71 2.06 030 1.92 0.29

VO 52 0.70 256 19.5 55 69.3 9.71 1947 235 9.57 2.35 0.64 2.70 0.46 297 0.65 1.90 0.28 1.76 0.26

RF#25 0.12 322 28.8 59 76.1 3.90 11.05 1.79 9.23 3.19 1.06 3.87 0.75 5.01 1.18 3.32 0.47 3.13 0.48

TW 02 0.10 293 219 82 329 3.93 9.78 1.44 6.99 2.18 0.65 2.78 0.50 3.24 0.72 2.11 030 1.94 0.28

RF#34 0.08 240 21.1 75 57.1 6.63 12.64 1.61 7.19 2.17 0.64 2.63 0.51 339 0.80 2.26 0.32 2.16 0.33

RF#87 0.15 293 23.1 90 65.4 5.43 12.81 1.89 9.24 3.06 0.95 3.59 0.65 4.05 0.91 241 0.32 1.95 0.28

AW024 0.17 217 14.8 66 51.7 3.29 7.70 1.12 5.29 1.68 0.53 2.05 0.40 2.66 0.64 1.77 0.25 1.61 0.24

UB3 0.24 239 23.1 56 77.2 5.59 13.08 1.84 8.41 2.47 0.77 3.05 0.56 3.56 0.79 2.32 0.34 2.19 033

UB1 0.12 185 12.7 42 374 241 5.55 0.78 3.59 1.11 0.45 1.49 0.28 1.88 0.43 1.29 0.19 1.24 0.19

PH110 0.30 276 28.5 89 89.9 7.27 16.20 2.24 10.22 3.10 0.91 3.59 0.71 4.67 1.10 3.10 0.43 2.88 0.45

R 110 0.15 154 16.8 69 431 3.74 8.85 1.18 5.84 1.72 0.54 2.08 0.41 2.78 0.60 1.79 0.28 1.82 0.28

R111 0.13 188 15.2 63 38.9 3.19 7.67 1.03 5.14 1.54 0.54 1.86 0.38 2.55 0.55 1.65 0.25 1.67 0.26

PH108 0.10 155 12.2 39 335 2.58 5.84 0.82 3.86 1.23 0.41 1.46 0.29 1.97 0.47 1.31 0.19 1.23 0.19

PH104 0.09 159 9.1 44 17.6 1.95 4,09 0.57 2.62 0.85 0.36 1.06 0.22 1.49 0.36 1.01 0.14 0.94 0.14

PH118 0.30 300 28.8 108 102.7 8.05 19.21 2.65 12.92 3.54 1.15 4.34 0.76 491 1.06 3.19 0.44 3.14 0.44

PH119 0.12 227 12.6 75 39.2 2.87 6.22 0.86 3.92 1.23 0.48 1.53 0.30 2.03 0.47 1.36 0.19 1.28 0.19

PH120 0.16 306 19.0 88 51.3 3.83 8.29 1.15 5.29 1.72 0.51 2.20 0.44 2.98 0.70 2.01 0.28 1.86 0.28

SO 04 0.12 202 14.2 57 39.6 2.82 6.57 0.90 415 1.26 0.49 1.70 0.32 2.12 0.48 1.40 0.21 1.33 0.20

MNO006 0.09 233 16.7 109 43.9 1.51 4.50 0.77 4.15 1.56 0.44 2.09 0.40 2.59 0.59 1.74 0.25 1.64 0.25

UB4 0.07 281 233 66 59.0 3.12 8.38 135 6.90 2.28 0.87 2.97 0.55 3.56 0.80 2.33 0.34 2.20 0.34

AWO059 0.05 146 16.9 50 28.4 235 6.20 1.01 5.19 1.84 0.67 224 0.44 2.96 0.70 1.95 0.27 1.81 0.28

MN360 0.02 197 109 128 274 0.97 2.85 0.51 2.77 1.04 0.48 1.40 0.27 1.78 0.40 1.16 0.17 1.07 0.16

MN239 0.03 226 14.4 67 349 1.86 4.66 0.78 4.10 1.42 0.52 1.81 0.34 224 0.50 1.46 0.21 1.38 0.21

PH107 0.05 205 12.1 57 25.6 1.36 3.31 0.51 2.55 0.95 0.40 1.31 0.28 1.93 0.47 1.35 0.19 1.29 0.20

PH106 0.06 215 13.0 64 31.2 1.72 4.20 0.58 3.15 0.99 0.40 1.57 0.31 2.18 0.49 1.43 0.20 1.42 0.22

MN128 0.03 185 109 63 25.1 1.01 3.05 0.55 3.03 1.08 0.38 1.39 0.26 1.72 0.38 1.12 0.16 1.05 0.16

MN178 0.01 105 53 72 134 0.49 1.38 0.25 1.35 0.50 0.17 0.66 0.13 0.82 0.18 0.54 0.08 0.50 0.08

MN163 0.04 156 9.4 68 213 0.80 2.49 0.45 241 0.89 0.54 1.18 0.23 1.49 0.34 0.97 0.14 0.93 0.14

AWO020 0.04 207 8.7 70 20.7 0.81 222 0.40 2.28 0.91 0.17 1.20 0.24 1.59 0.37 0.98 0.13 0.85 0.13

SO 07 0.09 77 3.3 38 4.9 0.32 0.82 0.14 0.79 0.30 0.07 0.40 0.08 0.52 0.11 0.34 0.05 0.33 0.05

PHAGO039 0.09 192 10.0 81 26.4 1.23 3.88 0.67 3.42 1.18 0.43 1.36 0.27 1.74 0.40 1.09 0.15 0.97 0.15

PHAGO040 0.08 224 12.7 91 323 232 6.04 0.90 4.54 1.38 0.43 1.89 0.31 2.16 0.48 1.44 0.18 1.42 0.18

PHAGO041 0.06 197 9.5 51 22.0 1.60 4.33 0.69 3.54 1.18 0.40 1.35 0.26 1.70 0.39 1.03 0.14 0.89 0.13

PHAGO043 0.05 205 9.2 54 15.1 1.47 3.61 0.56 2.86 1.00 0.39 1.21 0.24 1.57 0.36 1.00 0.14 0.89 0.13

PHAG044 0.06 198 10.2 81 243 2.31 4.74 0.72 3.57 1.21 0.35 1.41 0.28 1.81 0.42 1.15 0.16 1.04 0.16

PH125 0.49 0 76.6 83 181.9 12.75 31.24 4.92 24.47 8.05 2.55 9.70 1.85 12.09 2.77 7.89 1.11 7.29 1.10

PH128 0.06 217 12.2 47 20.9 1.77 4.38 0.69 3.59 1.27 0.58 1.56 0.31 2.01 0.46 1.30 0.18 1.19 0.18

PH129 0.03 89 6.6 100 14.7 0.96 2.63 0.42 2.13 0.71 0.33 0.84 0.16 1.04 0.24 0.70 0.10 0.66 0.10

PH135 0.12 195 16.6 87 27.6 241 6.44 1.06 5.37 1.86 0.59 2.18 0.42 2.78 0.64 1.80 0.25 1.66 0.26

PH136 0.20 406 30.0 104 81.8 5.37 14.19 2.22 10.83 3.50 1.16 4.03 0.77 4,98 1.13 3.16 0.44 2.92 0.44

PH137 0.03 220 8.9 45 171 1.20 3.16 0.52 2.70 0.99 0.46 1.18 0.23 1.50 0.34 0.94 0.13 0.85 0.13

PH140 0.29 245 34.4 83 83.2 5.86 15.29 243 12.11 3.99 1.13 4.69 0.92 6.05 1.40 3.99 0.56 3.72 0.57

PH141 0.18 282 25.5 103 71.0 4.78 11.82 1.79 8.79 2.83 0.92 3.31 0.64 4.13 0.95 2.68 0.38 248 0.38

PHAGO045 0.23 301 30.5 136 85.0 6.55 14.85 2.19 10.56 3.47 1.18 3.95 0.77 5.06 1.19 3.32 0.46 3.07 047

LB3 0.26 374 36.0 111 107.6 6.78 16.43 2.43 11.55 3.56 1.12 4.45 0.82 5.42 1.23 3.64 0.53 343 0.52

LB5 0.25 324 34.7 85 111.5 6.64 16.53 247 11.75 3.61 1.05 4.55 0.83 5.32 1.19 348 0.51 3.29 0.51

LB6 0.26 314 34.9 83 104.0 7.17 17.68 2.60 12.27 3.67 1.15 4.55 0.82 5.27 1.17 3.46 0.50 3.28 0.51

LGU1 0.26 267 30.8 49 109.0 6.77 15.93 2.27 10.70 3.19 1.07 4.00 0.72 4.64 1.04 3.05 0.44 2.90 0.45
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Table 4 (Continued)

SamplelD 8] \% Y Zn Zr La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS ICPMS
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

LB7 A 0.23 293 309 154 97.3 6.13 15.01 2.23 10.60 3.25 1.15 4.04 0.73 4.65 1.04 3.05 0.45 2.92 0.45

LB1 0.27 307 36.4 56 1114 6.96 16.65 247 11.84 3.59 1.27 4.51 0.82 5.31 1.19 3.53 0.52 341 0.52

R 165 0.51 340 52.1 120 171.3 10.73 26.20 3.87 18.66 5.74 1.57 7.03 1.26 8.16 1.81 5.37 0.79 5.21 0.79

R 164 0.40 305 46.0 149 141.5 9.53 22.90 3.45 16.75 5.14 1.56 6.28 1.14 7.28 1.62 4.76 0.70 451 0.68

LB4 0.34 339 37.8 67 116.3 7.00 17.43 2.62 12.53 3.84 1.32 4.72 0.86 5.52 1.22 3.58 0.52 3.39 0.53

PH121 0.25 315 30.2 95 100.7 6.48 16.15 231 11.28 345 1.15 4.77 0.79 529 1.12 341 0.46 3.25 047

PH123 0.23 321 32.1 108 91.8 6.51 15.28 227 11.00 3.50 1.16 4.15 0.79 5.16 1.18 3.34 0.47 3.07 0.46

PH131 0.43 195 48.1 103 168.9 13.71 31.02 4.44 20.69 6.00 1.90 6.82 1.23 7.80 1.77 4.97 0.69 4.58 0.70

PH132 0.37 222 437 121 150.4 11.83 27.25 3.93 18.58 5.46 1.90 6.12 1.11 7.04 1.59 4.46 0.62 412 0.63

PHAG048 0.24 171 119 61 353 411 8.53 1.13 4.98 1.46 0.48 1.59 0.30 1.99 0.46 1.30 0.18 1.20 0.19

PH142 0.24 188 14.2 71 34.6 3.24 7.65 1.09 5.05 1.57 0.49 1.83 0.35 2.32 0.53 1.52 0.22 1.42 0.22

PH143 0.48 172 18.9 71 60.6 6.70 14.86 1.98 8.61 239 0.60 2.59 0.48 3.07 0.70 2.00 0.29 1.90 0.29

PH144 0.61 161 22.9 80 54.9 9.39 19.67 2.60 11.15 3.01 0.83 3.29 0.61 3.94 0.90 2.55 0.36 2.37 0.35

PH145 0.34 207 19.7 87 70.8 7.59 16.49 2.24 9.56 2.71 0.69 3.01 0.52 3.54 0.77 217 033 2.20 0.31

PH146 0.27 132 113 81 38.1 5.03 9.66 1.23 5.23 1.41 0.27 1.56 0.29 1.87 0.43 1.22 0.18 1.16 0.18

PHAGO050 0.10 301 27.0 73 67.6 3.97 10.14 1.61 8.09 2.79 0.93 3.34 0.66 4.46 1.05 2.93 0.41 2.73 0.42

PHAGO053 0.07 234 15.0 58 23.5 2.36 5.69 0.88 439 1.52 0.48 1.80 0.36 244 0.58 1.65 0.23 1.54 0.23

PHAGO31 0.07 219 14.7 74 40.1 2.79 7.12 1.09 5.39 1.69 0.69 2.26 0.40 2.62 0.58 1.69 0.26 1.65 0.25

PHAGO056 0.06 207 14.0 67 41.8 249 6.60 1.02 5.05 1.60 0.67 2.15 0.38 2.54 0.56 1.62 0.25 1.59 0.24

PH148 0.10 316 26.8 112 78.1 4.50 11.44 1.79 9.39 2.76 0.96 3.93 0.68 4.60 1.00 3.04 0.44 3.04 0.43

PHAGO062 0.01 129 5.9 75 14.9 0.67 1.84 0.26 1.33 0.43 0.11 0.71 0.13 0.91 0.20 0.69 0.10 0.64 0.10

PHAGO063 0.01 114 6.7 55 13.9 0.59 1.85 0.32 1.80 0.64 0.26 0.94 0.17 1.15 0.26 0.76 0.12 0.76 0.12

PHAGO064 0.02 129 7.7 49 14.7 0.53 1.66 0.31 1.75 0.69 0.29 1.01 0.20 1.35 0.31 0.92 0.15 0.98 0.15

PH#3 0.05 125 7.8 89 154 1.11 3.45 0.55 2.66 0.73 0.42 1.04 0.24 1.31 0.28 0.83 0.10 0.80 0.12

PH#4 0.34 257 19.5 64 43.3 3.11 9.65 1.30 6.43 2.07 0.71 2.48 0.48 3.15 0.64 2.08 0.29 1.97 0.30

A Drillhole collar coordinates are listed in Supplementary Appendix B. Number listed for Butchers Basalt samples represent Easting Coordinate (MGA).
B Number listed for Butchers Basalt samples represent Northing Coordinate (MGA)
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basalt

Fig. 4. Representative photos of drillcore and microphotographs of mafic lithofacies and interflow sediments. (A) Pillow basalt lithofacies (Hickies Bore Basalt; EMSD-
931 47 m), (B) Massive basalt with feldspar megacrysts (White Hope Basalt; EMSD-919 300 m), (C) Dolerite lithofacies (Bounty Igneous Complex; EMSD1032 210 m), (D)
Gabbro lithofacies (Never Can Tell Basalt comagmatic intrusion; SEIS-05 1144.2), (E) Mudstone lithofacies (interflow sediment with basalt at contact between Songvang and
Hickies Bore Basalts; EMSD1034 242), (F) Photomicrograph of quartz-hornblende altered groundmass, common to basalts (Never Can Tell Basalt; EMSD222 321.5) and (G)
Photomicrograph of feldspar crystal surrounded by granophyric groundmass (Turret Dolerite; VVDD187 359.1 m).

similar composition to their hosts, which are interpreted as comag-
matic. The stratigraphic units, from oldest to youngest, include:

4.2.1. Butchers Well Basalt

The Butchers Well Basalt is the lowermost greenstone unit and is
intruded by granite at its base. It was only observed in subcrop and a
few outcrops, and was not intersected by drilling. It consists of light
green, massive basalt. There were no features suggestive of pillows,
although recognition of such features in outcrop is challenging in
this district. The mineralogy consists of hornblende, quartz, plagio-
clase, muscovite and chlorite.

The Butchers Well Basalt has amongst the lowest Mg# (21-35)
of the Agnew section, and is a high-Fe tholeiite to tholeiitic dacite.
It is 2-4x more enriched than primitive mantle, slightly depleted

in LREEs ([La/Sm]py =0.7-1.0) and with a flat heavy REE (HREE)
pattern ([Gd/Yb]pym = 1.0)).

In summary, although there is limited data, the Butchers Well
Basalt is a subaqueous extrusive tholeiitic basalt that is highly frac-
tionated (low-Mg#) and moderately enriched.

4.2.2. Donegal Komatiite

The Donegal Komatiite is light grey to green, undeformed to
highly deformed, and altered. It consists of several komatiitic
flows, with individual sheets 0.8-1.2 m thick, and lesser fragmental
komatiite. Flow unit tops are marked by aphyric or spinifex tex-
tures. The fragmental facies (5-10m in thickness) is interpreted
as bedding parallel cataclasites and are only found at the top con-
tact with the Hickies Bore Basalt. The mineralogy consists of talc,
serpentine, carbonate and opaque minerals.
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Fig. 5. Representative photos of drillcore and microphotographs of ultramafic lithofacies. (A) Spinifex-orthocumulate lithofacies association, with well-developed spinifex
size grading indicating way-up (marked by younging symbol) (Agnew Komatiite; SEIS-05 479 m), (B) Fragmental ultramafic lithofacies interpreted as cataclasite (see text)
(Donegal Komatiite; EMSD931 232 m); (C) Cumulate ultramafic lithofacies, olivine adcumulate texture in komatiite (Agnew Komatiite; EMSD951 387 m); (D) Cumulate
ultramafic, pyroxene crystals (Bounty Igneous Complex; SEIS-06 182 m), (E) Microspinifex texture common in komatiitic basalts (Songvang Basalt; SEIS-06 667 m), and (F)
Cumulate texture, characterised by olivine crystals contained in pyroxene, in a layered mafic intrusion (Bounty Igneous Complex; SEIS-06 230 m).

Samples of the aphyric and spinifex komatiite (n=3) are geo-
chemically indistinguishable from the Agnew Komatiite, which
forms the basal unit of cycle II. They have high Mg# (~84) and
contain low aluminium values (~7wt.% Al,03) with depleted
[La/Sm]ppm (0.5-1.0) and [Gd/YDb]pp (0.9-1.1).

In summary, the Donegal Komatiite consists of extrusive sub-
aqueous komatiite flows, although alteration and deformation
was focussed along the upper contact to produce cataclasites.
Compositionally, the Donegal Komatiite is an uncontaminated Al-
undepleted (Munro-type) komatiite (Arndt et al., 2008).

4.2.3. Hickies Bore Basalt

This stratigraphic unit is divided geochemically into upper and
lower sections, separated by a thin sulphidic mudstone. The lower
section consists mainly of light green massive and pillowed basalt
with abundant amygdales. Several mafic sills (one 40-50 m thick,
and at least three others that are 3-5m thick) are recognised in
the lower section. Most are undifferentiated sills, although the
thickest sill is differentiated and includes an ultrabasic cumu-
late base. The upper section is composed of light green, aphyric
to medium-grained, massive basalt. Basalt consists of a mosaic
of mainly fine-grained (<200 wm) euhedral hornblende (75%) and
quartz (25%) and rare plagioclase.

The Hickies Bore Basalt is a low-Th basalt that falls within
the high-Mg- and high-Fe tholeiite fields of the Jensen diagram
(Fig. 6a). It has relatively restricted and moderate Mg# (43-68,
averaging 55), low contents of incompatible elements, and a rela-
tively flat REE-profile ([La/Sm]py = ~1.1 and [Gd/Yb]pp =~1.1). Up
sequence trends include an overall decrease in Mg# and concomi-
tant increase in [La/Sm]py and [Gd/Yb]n. The upper Hickies Bore
Basalt, relative to the lower Hickes Bore Basalt, is more enriched
in incompatible elements (~2x) and has higher Zr/Y (>1.9), TiO,
(>1.2wt.%) and lower Mg# (<50), whereas comagmatic intrusions
in the lower Hickies Bore Basalt are similar to the hosting basalts.

In summary, the Hickies Bore Basalt consists mainly of subaque-
ous extrusions and comagmatic intrusions of high-Mg tholeiitic
composition that are slightly enriched in REEs. The sequence
becomes progressively more fractionated with time.

4.2.4. Songvang Basalt

The Songvang Basalt is divided into two sections based on grain
size: a lower layered section and an upper massive section. The
lower section, from base to top, grades from basalt to dolerite,
gabbro, ultrabasic cumulate, gabbro, dolerite and basalt, and is
interpreted as a layered comagmatic intrusion to the upper sec-
tion. The upper section is dark green, massive and mostly aphyric
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basalt, and is interpreted to be stacked lava sheet flows. The fine-
grained altered groundmass of the upper section consists mainly
of fibrous talc and serpentine and minor opaque minerals, and
is porphyritic in places with dispersed chlorite-replaced euhedral
shapes (~0.5-3 mm), suggestive of olivine. Micro-spinifex textures
(only observable in thin section), consisting of branching aggre-
gates of <2 mm-long serpentine and talc altered blades (Fig. 5e),
occur locally near the base of the upper section. A thin mud-
stone interval occurs within the lower portion of the upper section
(Fig. 2a).

The Songvang Basalt mainly plots as a komatiitic and high-Mg
tholeiitic basalt (Fig. 6a), although there is considerable com-
positional diversity. It is also one of only two siliceous high
magnesium basalts at Agnew, containing elevated silica (47-55,
averaging 53 wt.% SiO,) for such high overall Mg# (40-84, averag-
ing 68). The Songvang Basalt also has pronounced LREE enrichment
([La/Sm]py = ~1.8) and minor HREE enrichment ([Gd/Yb]pp =~1.2).
The upper massive basalt is geochemically indistinguishable from
the lower intrusion, with the exception of ultrabasic cumulate sam-
ples, which have higher Mg# (78-84). The Songvang Basalt can be
distinguished from other stratigraphic units because it has a unique
range for Zr/Th (25-50). It also has a pronounced negative Nb and
Ti anomaly (Fig. 8).

In summary, the Songvang Basalt consists of extrusive subaque-
ous lava sheet flows intruded by a comagmatic layered mafic sill at
the base. Compositionally, the Songvang Basalt is a komatiitic basalt
with pronounced LREE enrichment.

4.2.5. Never Can Tell Basalt

The Never Can Tell Basalt is divided, based on geochemistry and
grain size, into upper and lower sections of mostly massive basalt
and a middle gabbro- and dolerite-rich section. The lower section
consists of massive plagioclase porphyritic (crystals up to 5mm)
basalt while the upper section consists mainly of light green aphyric
to fine-grained massive basalt with minor amounts of dolerite.
The groundmass mineralogy of the lower and upper sections con-
sists of a mosaic of hornblende and quartz (<200 p.m). The lower
and upper sections are interpreted as lava flows. The dominantly
coarser-grained middle section has a mineralogy consisting mainly
of hornblende, quartz and feldspar, as minor apatite, sphene and
opaque minerals. The middle section is interpreted as a comag-
matic intrusion. Up to three thin mudstone intervals occur within
the unit.

The Never Can Tell Basalt is classified as a high-Fe tholeiite
(Fig. 6a) and falls within both low- and intermediate-Th groups
(Fig. 6¢).It has low Mg# (12-74, averaging 37), high Fe (11-20, aver-
aging 15.5wt.% Fe,03), high Ti (0.5-2.8, average=1.6 wt.% TiO;),
and moderate enrichment in LREEs ([La/Sm]py =~1-2) and HREEs
([Gd/Yb]pm = 1-1.4). Such high contents of Fe classify the unit as a
ferrobasalt, making it unique in this respect at Agnew. It also has
relatively high contents of incompatible elements including REE,
Zr, Nb, U, Y and Hf (~8-20x primitive mantle). Another differ-
ence between the Never Can Tell Basalt and the rest of the Agnew
section is in terms of TiO,/V (Fig. 10b), where all samples but
those from the Never Can Tell Basalt form a rough linear trend.
This discordant trend is interpreted to reflect accumulated titano-
magnetite. The lower and upper basalts are geochemically similar,
whereas the intrusion can be distinguished based on its higher
enrichment in incompatible elements (Fig. 8) and lower Mg# (<36)
(Fig. 9).

In summary, the Never Can Tell Basalt consists largely of
subaqueous extrusive high-Fe tholeiitic basalts that are highly frac-
tionated and enriched in incompatible elements. The extrusive pile
is intruded by a late, even more fractionated and enriched, comag-
matic sill.

4.2.6. Agnew Komatiite

The Agnew Komatiite consists of a lower sequence dominated
by ultrabasic cumulate, and an upper sequence of compound lavas
comprising multiple differentiated flow lobes each ~1m thick.
There are few drillholes through contacts of the cumulate and
thus there is not enough data to determine whether the mode
of emplacement was extrusive or intrusive. The upper contact of
the upper sequence is either gradational with the overlying Burrell
Well Basalt, or marked by bedding-parallel tectonic cataclasites.
All samples have been altered largely to talc, serpentine and car-
bonate, and lesser chlorite and opaque minerals, however, relict
spinifex and cumulate textures are generally preserved.

Compositions are variable, with a range of Mg# (76-93, aver-
aging 86) and high LOI (5-26 wt.%), both of which are a result
of the range of lithofacies types and alteration. Cumulates have
Mg# (>86), Al,03 (<6 wt.%) TiO, (<0.27 wt. %), with flat REE pro-
files (1 x primitive mantle), although with considerable scatter
because results are close to the limits of detection. Aphyric and
spinifex-textured komatiite (upper sequence), which represent
better approximations of the parent liquid composition, is charac-
terised by low Ti (0.3-0.6 wt.% TiO,) and Al (5.6-10.5 wt.% Al;03),
high Mg# (76-85), Mg (26-31 wt.% MgO) and Al,03/TiO; (15-30),
[La/Sm]pyp (0.6-0.7), [Gd/Yb]pym (0.8-1.2) with flat LREE-depleted
profiles ~1-1.5x primitive mantle. Compositions for the upper
lavas grade into those for the overlying Burrell Well Basalt, with
a cut-off chosen at the divide between komatiite and komatiitic
basalt on the Jensen plot (>22 wt.% MgO) (Fig. 6a).

The Agnew Komatiite, in summary, consists of a thick cumulate
lower sequence and an overlying stacked sequence of subaqueous
komatiite flows. Compositional characteristics are most similar to
uncontaminated Al-undepleted (Munro-type) komatiites that are
typical of the Neoarchean (Arndt et al., 2008).

4.2.7. Burrell Well Basalt

The Burrell Well Basalt consists of black to dark green and
aphyric to fine-grained massive basalt, which forms sheet flows
that are ~6-18 m thick, and rare pillow basalt. Darker inter-
vals (Mg-rich) are mostly altered to talc, serpentine, chlorite and
carbonate with minor amounts of opaque minerals. Some inter-
vals display microspinifex and cumulate textures. Lighter-coloured
ineravals (Mg-poor) comprise hornblende, plagioclase and quartz.

The Burrell Well Basalt is a low-Th basalt with a systematic
spread of compositions from komatiitic basalt at the base to high-
Mg basalt at the top (Fig. 6a). These compositional variations are
reflected in Mg# (52-76) as well as LREEs ([La/Sm]py = 0.6-1.2) and
HREEs ([Gd/Yb]pym = 0.8-1.2).

In summary, the Burrell Well Basalt represents subaqueous
basalts that are compositionally gradational from the underly-
ing Agnew Komatiite and become progressively more fractionated
through time, starting in the komatiitic basalt field on the Jensen
plot and finishing in the high-Mg tholeiite field. The Burrell Well
Basalt is contemporaneous with, and has an interdigitating rela-
tionship to, the texturally identical Redeemer Basalt, which also
locally overlies the Agnew Komatiite. However, the two units can be
distinguished based on compositional differences. This relationship
suggests that there were two localised, overlapping, composition-
ally distinct volcanic centres.

4.2.8. Redeemer Basalt

The Redeemer Basalt is divided into lavas and one intrusion. The
lavas consist of dark-coloured massive basalt that is made up of
mainly sheet flows (~4-16 m thick) and minor pillow basalts, and
are intercalated with at least one thin mudstone interval (Fig. 2).
The intrusion consists mainly of dolerite with lesser basalt and
gabbro, and has sharp chilled margins with the lavas, and in one
case, the Agnew Komatiite. Finer-grained intervals consist of talc,
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serpentine, carbonate and chlorite with relict textures including
microspinifex, while the doleritic and gabbroic intervals consist
mainly of larger crystals of plagioclase, hornblende and rare potas-
sium feldspar in a quartz-feldspar groundmass, including minor
opaque minerals.

The Redeemer Basalt is the only basalt in the study area
that falls exclusively within the intermediate-Th group,
and consists of komatiitic and high-Mg basalts (Fig. 6). The
Redeemer Basalt has relatively high Mg# (47-74) with enriched
LREE ([La/Sm]py=0.8-1.9) and relatively undepleted HREE
([Gd/Yb]pm = 0.9-1.2). Based on similar geochemistry to the lavas,
the intrusion is interpreted as being related (i.e.,, comagmatic).
The intrusion is generally more fractionated (Mg# <65) and has
elevated Al, 03, REE and other incompatible elements. Up sequence
trends within the lavas show a systematic decrease in Mg# and
increase in both LREE and REE.

Barnes et al. (2014) identified an interval of low-Th tholeiitic
mafic rocks lying within the Redeemer Basalt package on the east-
ern limb of the Lawlers Anticline (north-east of Traverse D; Fig. 1a).
This interval was not sampled in this study. Data of Barnes et al.
(2014) imply that a section of Redeemer Basalt stratigraphy is
present here that is not preserved on the more attenuated western
limb of the anticline. Examination of percussion chips in the field
indicates that the low-Th unit is a mixture of basalt and dolerite
that cannot be reliably assigned to an intrusive or extrusive origin.
Further investigation is needed to resolve the issue, but it remains
possible that the Redeemer Basalt also contains a component of
low-Th group basalts not recognised in this study. Alternatively,
this interval may be intercalated Burrell Well Basalt.

In summary, the intermediate-Th Redeemer Basalt consists of
subaqueous extrusive basalts (komatiitic basalt) intruded by a more
evolved comagmatic (high-Mg tholeiite) sill. Amore complex inter-
nal stratigraphy may exist, but remains unresolved pending future
sampling.

4.2.9. White Hope Basalt

The White Hope Basalt is a porphyritic (megacrystic), dark-
coloured massive basalt, interpreted as sheet flows, with distinctive
euhedral plagioclase megacrysts (up to ~20%), ranging in size
up to ~2cm. Intervals are massive and without signs of internal
organisation or pillows. Megacrysts are set in a crystalline altered
groundmass of plagioclase, clinopyroxene and opaque minerals and
very fine-grained unresolvable interstitial minerals.

The White Hope Basalt has the highest average aluminium con-
tent (19 wt.% Al,03) and some of the most evolved compositions,
with low Mg# (40-52). It is a low-Th, calc-alkaline basalt/andesite.

In summary, the White Hope Basalt is a subaqueous extrusive,
megacrystic, highly fractionated and Al- and Fe-rich basalt.

4.3. Ultramafic-mafic intrusive rocks

The stratigraphy includes two ultramafic-mafic sills, the Bounty
Igneous Complex and the Turret Dolerite. These sills are described
separately here, in comparison to sills described in Section 4.2,
because they are not genetically related (i.e., comagmatic) to any
lavas in the sequence.

4.3.1. Bounty Igneous Complex

The Bounty Igneous Complex intrudes the Never Can Tell Basalt
and comprises three mafic sills that are separated by thin screens of
the host rock. Each of the sills comprise basalt and ultrabasic cumu-
late at the base, gabbro and dolerite interiors with granophyric
domains, and basalt at the top margin. Chilled margins with the
Never Can Tell Basalt are observed on the top and bottom con-
tacts, making the Bounty Igneous Complex younger than the host.
Mafic intervals consist dominantly of hornblende and quartz while

ultrabasic layers consist of talc-carbonate-serpentine replacing
original olivine and pyroxene.

Most samples of the Bounty Igneous Complex have com-
positions corresponding to low-Th, high-Mg tholeiitic basalts
with an average Mg#=59. They have relatively flat REE pro-
files ([La/Sm]py =~1.1; Gd/Yb]pp =~1.1) that are 4-6x enriched
relative to primitive mantle. They are geochemically similar to
the White Hope Basalt, but lack the characteristic plagioclase
megacrysts.

In summary, the Bounty Igneous Complex represents at
least three tholeiitic differentiated ultramafic-mafic sills that are
enriched, relative to primitive mantle. Lavas of similar composi-
tion are not found anywhere in the sequence. Because the relative
timing of the intrusion in relation to cycles I and II is poorly con-
strained, the Bounty Igneous Complex is tentatively excluded from
the cycles.

4.3.2. Turret Dolerite

The Turret Dolerite (referred to as the Vivien Dolerite in some
previous publications, e.g., Barnes et al., 2014) is a differentiated
mafic sill comprising, from base to top, basalt, ultrabasic cumulate,
gabbro, dolerite, granophyre and basalt. It intrudes the youngest
extrusive stratigraphic unit (the White Hope Basalt) and thus repre-
sents the youngest stratigraphic unit in this study. The sill consists
mainly of equigranular hornblende and plagioclase, which is locally
surrounded by a granophyric groundmass. Olivine-rich cumulates
now consist entirely of talc and carbonate, although remnant out-
lines of olivine grains are evident.

The high-Th Turret Dolerite plots mostly as a high-Mg tholei-
itic basalt (Fig. 6a). It is of siliceous high-Mg basalt parentage
(cf. Songvang Basalt) and displays significant enrichment in the
LREEs ([La/Sm]py =2.2-2.9) and moderate enrichment in HREEs
([Gd/Yb]pm = 1.1-1.3). It also has pronounced negative Nb and Ti,
and minor Ta, anomalies (Fig. 8). It is compositionally very differ-
ent to the other units at Agnew and can be distinguished using a
variety of ratios, including Zr/Th (<25) and [La/Sm]y (>2.2).

In summary, the Turret Dolerite is a differentiated high-Th mafic
sill with extreme LREE enrichment and represents the youngest
preserved major magmatic event of the section. Although the Tur-
rett Dolerite is not comagmatic with any extrusions, it is grouped
into cycle Il because its timing relative to all other magmatic events
is well constrained, in contrast to the Bounty Igneous Complex.

5. Geochemistry

Many studies have used trace element compositions to iden-
tify magma sources, determine the effects of crystal fractionation,
and constrain contamination for Phanerozoic (e.g., Shervais, 1982;
Rollinson, 1993; Fitton et al., 2000; Pearce, 2008; Jowitt and Ernst,
2013), and to a lesser degree, Archean successions (Huppert and
Sparks, 1985; Arndt and Jenner, 1986; Lesher and Arndt, 1995;
Smithies et al., 2005). The Agnew geochemical data will be exam-
ined to provide insight into the formation of the ultramafic-mafic
rocks, including the temporal evolution of the system.

5.1. Crustal contamination, magma source and crystal
fractionation

The hallmarks of crustal contamination (e.g., negative Nb and Ti
anomalies: Fig. 8; [La/Sm]py > 1: Fig. 9) (Pearce, 2008; van Hunen
and Moyen, 2012) are evident in the Songvang Basalt, Never Can
Tell Basalt, Redeemer Basalt and Turrett Dolerite; the remaining
units display little to no signs of contamination. The basal Butch-
ers Well Basalt is uncontaminated, but without timing constraints,
its relationship to the overlying sequence remains unclear. The
Donegal Komatiite, forming the base of cycle I, is uncontaminated
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([La/Sm]py (~0.7)) and primitive (high Mg#). The overlying Hick-
ies Bore Basalt displays intermediate compositional characteristics
(e.g.,interms of [La/Sm]pp and Mg#) to the overlying contaminated
Songvang and Never Can Tell Basalts. This intermediate character
may reflect very small amounts of contamination and record part
of a general progression in the degree of contamination through
time. Cycle Il comprises the basal uncontaminated and primitive
Agnew Komatiite, contaminated Redeemer and Turrett Dolerite,
and two units that are intermediate in character, the Burrell Well
and White Hope Basalts, which may also display small amount of
contamination, again recording a general increase in contamination
through time. The Bounty Igneous Complex, with low [La/Sm]py, is
also uncontaminated.

We constrain the nature of the contaminant(s) by comparing
trends between the Agnew geochemical data with point data for
different contaminants (Figs. 9b and 10a). This is well illustrated in
Fig. 10, forexample, where the data spreads out between komatiites
(uncontaminated magmas) and average felsic Archean crust (point
2), local andesite (3) and/or local felsic intrusion (point 1). Com-
positions for upper, bulk and lower continental crust are unlikely
contaminants, although we cannot reject the possibility of mixing
between multiple contaminants.

Magma source is constrained by the uncontaminated units; the
Donegal Komatiite, Agnew Komatiite and the Bounty Igneous Com-
plex. Both komatiites have mantle sources similar in composition to
modern depleted mantle (Fig. 9b), while a more enriched source,
relative to primitive mantle, is identified for the Bounty Igneous
Complex. Magma source compositions may vary for other units, but
our preferred explanation, based on the trends in Figs. 9b and 10a,
is that units of cycles I and II all have one source (similar to modern
depleted mantle) that was contaminated to varying degrees. The
Bounty Igneous Complex, for reasons explained in section 4.3.1, is
excluded from cycles I and II.

Geochemical trends are consistent with crystal fractiona-
tion being significant for the Agnew mafic-ultramafic rocks
(Figs.7,9 and 10). Positive correlations between Mg# and Ni (Fig. 7)
and MgO (not shown) are consistent with olivine being an impor-
tant fractionating phase for the more primitive samples (Mg# > 65),
the komatiites and komatiitic basalts. For more evolved magmas
(Mg# < 65), plagioclase and clinopyroxene are the main fractionat-
ing phases. For example, trends between Mg# vs. Al,03 and CaO
(positive slopes in Fig. 7), Mg# vs. Fe,03 (negative slope Fig. 7),
and Eu/Eu* (=Euy/(Smy x Gdy)?°)< 1 (Fig. 10d) indicate plagioclase
fractionation for samples with Mg# <65. As well, clinopyroxene
fractionation is suggested by decreasing contents of CaO/Al,03
with decreasing Mg# over the range of ~35-75 (Fig. 10c). In terms
of accessory phases, chromite is an early crystallising phase for
Mg# > 65, whereas titanomagnetite accumulation is important only
for the Never Can Tell Basalt, where samples plot off the main trend
in Ti-V space (Fig. 10b). This overall sequence of crystal fractiona-
tion for major phases (ol-pl-cpx) is evident in each complete cycle
(Fig. 9).

Attempting to quantify crystal fractionation using major and
minor elements of the Agnew suite without accounting for the
effects of contamination would provide spurious results. Never-
theless, the general order of crystallisation is similar to what is
expected of komatiites contaminated by granite at low pressures
(ol-opx-pl-cpx; Sparks, 1986).

In summary, crystal fractionation and crustal contamination
explains much of the geochemical variation in the Agnew dataset.
Cycles I and II were generated from one magma source, exclud-
ing the Butchers Well Basalt and Bounty Igneous Complex, with
each cycle becoming overall more evolved (fractionated) and
crustally contaminated (Figs. 9 and 10b). Indeed, oblique trends
in Th/Yb vs. Nb/Yb space (Fig. 10a), typical of many Archean
ultramafic-mafic successions, are interpreted as evidence for
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Fig. 7. Major element bivariate plots of the Agnew suite plotted against Mg#
(molar). Trends are consistent with the Agnew mafic-ultramafic being genetically
related, and that crystal fractionation is a significant process. Symbol legend in Fig. 6.

assimilation and fractional crystallisation processes (Pearce, 2008;
Bédard, 2013).

6. Geochronology

A major difficulty in lithostratigraphic correlation of Archean
greenstone belts composed of mainly mafic successions is the rar-
ity of dateable minerals. Typically, the best way to determine the
age of a mafic-ultramafic succession is by its crosscutting relations
with dateable felsic or intermediate rocks, or from detrital zircon
ages derived from intercalated sediments. Until now, the age of the
Agnew Greenstone Belt was constrained from a single U/Pb zircon
age from an interflow sediment (2692 4 3; Kositcin et al., 2008).
Four new samples were dated by this present study and permit a
more precise characterisation of the timing of emplacement of the
magmatism through direct dating of its comagmatic intrusions and
interflow sediments.

Samples were collected in outcrop and from drill-core from gra-
nophyric intervals of mafic sills and from one thin siltstone interval.
Granophyres were analysed at the Australian National University
(ANU) while the siltstone was analysed at Curtin University, West-
ern Australia. After removing weathered surfaces and inclusions,

each sample (2-4kg) was processed at either the ANU mineral
separation lab, or at the Minsep Laboratories in Denmark, West-
ern Australia at the Geological Survey of Western Australia Carlisle
Laboratory. Samples were crushed using a jaw crusher, powdered
using a ring mill, and sieved. Zircons were then concentrated using
conventional density and magnetic methods, and isolated by hand-
picking. Analytical results for each of the samples are presented
hereafter.

6.1. TIMS dating

Three samples of granophyre, collected from mafic sills in the
Agnew region, were dated by isotope dilution thermal ionization
mass spectrometry (ID-TIMS) U-Pb analysis of zircons at ANU.
Each sample yielded 35-50 zircon grains, which were annealed at
850°C and leached in hydrofluoric acid at 180°C in a procedure
known as chemical abrasion (Mattinson, 2005, 2011) to remove
parts of the grains damaged by radiation. Some grains from each
sample were partially or completely disintegrated during chemi-
cal abrasion. This suggests that the radiation dose accumulated by
these grains, or their parts, exceeded the threshold of the dose that
causes damage of the zircon crystal lattice that can be cured by
annealing. Between five and fifteen grains that survived chemical
abrasion were analysed at the ANU SPIDEZR lab using dissolution,
chemical separation and data reduction similar to procedures of
Amelinetal.(1999),and mass spectrometry, including spiking with
a 202pp_205ph_233-236, mixed tracer for accurate fractionation
correction for both Pb and U, similar to the procedures of Amelin
et al. (2010). Preference was given to the grains with euhedral
to subhedral shape, minimum fracturing, and no visible turbid-
ity. The data were reduced using the algorithm of Schmitz and
Schoene (2007). The grains were not weighted before analysis, and
their weights could not be reliably estimated from the dimensions
because partial dissolution during chemical abrasion makes their
shapes complex, therefore the U and Pb concentrations were not
determined. Instead, we report the quantities of U and total and
non-radiogenic Pb for each analysed grain calculated from isotope
dilution equations.

The ID-TIMS U-Pb data are presented in Table 5 and shown
in concordia plots in Fig. 11. Zircons from all three samples have
high model Th/U ratios between 0.6 and 3.6, consistent with an
igneous origin. On the other hand, the content of non-radiogenic
Pb, discordance of the U-Pb system, and the 207Pb/206Pb dates
vary considerably between the grains in each sample, requiring a
detailed data evaluation for each sample to decipher the patterns of
the secondary processes. The data for the three granophyre samples
are discussed in detail below.

No. 48 (VVDD178, 427-429 m) — granophyre from Turret Dolerite
(collar location=MGA Zone 51, 261510, 6903260, 515).

Collected near the top of the Turret Dolerite, this rock consists of
coarse-grained interlocking pyroxene and plagioclase crystals with
interstitial quartz-feldspar granophyric intergrowths and lesser
magnetite. It has since been modified through partial recrystal-
lization, replacement of pyroxenes by hornblende and chlorite and
calcite overprinting. The rock is classified as an upper greenschist
to amphibolite facies granophyric meta-gabbro.

Analyses of 14 zircon grains form a linear array with substantial
excess scatter in the concordia diagram (Fig. 11a). The lower inter-
cept of this array of 219 + 44 Ma, which significantly differs from
the present day (zero) point, indicates that the zircons experienced
Pbloss at present (during recent weathering and, possibly, chemical
abrasion) and at a much earlier time. For such data, the upper con-
cordiaintercept of 2670 & 15 Ma cannot be considered areliable age
estimate. A more reliable, and more precise, age of 2690.7 + 1.2 Ma
is given by a regression (Fig. 11b) through three concordant and
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nearly concordant data points for grains 13-15. This is interpreted
as the crystallisation age of the Turret Dolerite.

No. 45 (EMSD910, 464-487 m) - granophyre from Redeemer Basalt
(collar location = MGA Zone 51, 256277, 6903060, 512).

A composite sample from a range of depths was collected from
near the top of a mafic sill 100-400 m thick. The samples con-
sist of coarse-grained interlocking pyroxene and plagioclase with
lesser magnetite and patches of quartz-feldspar granophyric inter-
growths. Pyroxenes have been completely replaced by hornblende
and chlorite. The rock is interpreted as an upper greenschist to
amphibolite facies meta-granophyric gabbro.

Three moderately discordant and one concordant zircon analy-
ses (#2, 4, 5, 6) plot along a discordia line with a lower intercept of
650 & 120 Ma and an upper intercept of 2686.8 +3.0 Ma (Fig. 11c).
The latter value is considered the best age estimate for this sample.
The 207Pb/2%6Pb date of 2685.3 & 2.0 Ma of the concordant grain #6
is consistent with the upper intercept age. Analyses of the grains #1
and 3 (not shown in concordia diagram) have younger 207 Pb/206ph
dates at the same level of discordance than the other four grains
suggesting additional ancient alteration that caused loss of radio-
genic Pb. The analyses of these two grains are not included in the
age calculation.

The crystallisation age of this comagmatic intrusion to the
Redeemer Basalt is interpreted as 2686.8 +3.0 Ma. However,
because the lavas, based on field and geochemical constraints,
must be older than the Turret Dolerite (2690.7 1.2 Ma), the age
is interpreted as being closer to the older end of the error bracket
(~2690 Ma).

AGO028 (SEIS-05, 874 m) — granophyre from Bounty Igneous Com-
plex (MGA Zone 51, 252195, 6891312, -172).

This sample, collected 50 m below the top contact of a 260 m
thick mafic sill, consists of patches (2-3 mm) of dark fine-grained
hornblende (+magnetite) and light fine-grained quartz and plagio-
clase. The original rock consisted of coarse-grained pyroxene and
plagioclase with minor granophyre, but has since been extensively
recrystallised and the pyroxenes have been replaced by hornblende
and chlorite.

U-Pb data for 15 grains show a rather complex pattern. All
grains contained highly radiogenic Pb and yielded precise analyses,
most of which show only moderate (<10%) amount of discor-
dance, but in the concordia diagram (Fig. 11d) the data form an
array with considerable scatter (MSWD =82), and lower and upper
intercepts of 220 + 100 Ma and 2698.9 + 5.8 Ma, respectively. How-
ever, 7 of 15 data points (#2, 5, 8-12) form a tight linear array
with no excess scattering (MSWD=1.3) and concordia intercepts
at 221+ 15Ma and 2698.14 £+ 0.95 Ma. These intercepts are con-
sistent, within uncertainty, with the intercepts array defined by all
data, but are much more precise. The nature of the apparent age dis-
persion in this sample is unclear. It is likely that the data that plot
on the left side of the 7-point best-data array experienced more
extensive ancient Pb loss, such as observed in the other samples.
The origin of the higher 207Pb/206Pb dates of the grains #13-15 is
less certain. They might have contained cores inherited from older
crustal sources and assimilated by the dolerite. Another possibility
is redistribution of radiogenic Pb within the zircon grains during
an ancient metamorphic event, and that during chemical abrasion,
grain domains depleted in radiogenic Pb where preferentially dis-
solved in comparison to grain domains enriched in radiogenic Pb.
In any case, coincidental alignment of 7 precise zircon analyses in
a concordia diagram, such as observed here, is highly improbable.



Table 5
TIMS analysis of zircons from granophyric zones of mafic sills from the Agnew Greenstone Belt.

9G¢

Grain Includedin pgU pgtotal pgnon- Th/U 297Pb/2%4Pb 207Pb/235U % uncert. 205Pb/238U %uncert Rho  207Pb/206UPb % uncert. 206Pb/238U 207pb/235U 207Pp/206UPb 207Pb/296UPb Discordance

number age calc? Pb rad.
Pb
(corr.) (rad.) (rad.) (rad.) date (Ma) Age(Ma) Age(Ma) age uncert. %
(b) (b) (b) (© (@ (d) (d) (d) (d) (e) (d) (d) (0 () af) () (8)
Sample no. 48: VVDD178-427 m: Turret Dolerite
1 no 68 9 1.15 1.31 59 1.906 0.74 0.09335 0.688 0.941 0.14806 0.25 575.3 1083.1 2323.6 43 75.2
2 no 139 30 0.93 086 245 3.931 0.31 0.17483 0.296 0.953 0.16308 0.09 1038.7 1620.1 2487.9 1.6 58.3
3 no 87 33 0.46 0.77 562 7.423 0.25 0.31121 0.237 0.955 0.17298 0.07 1746.6 2163.7 2586.7 1.2 325
4 no 81 32 5.85 1.25 51 6.683 0.34 0.27564 0.303 0.898 0.17584 0.15 1569.4 2070.3 2614.0 2.5 40.0
5 no 218 88 0.21 0.71 3501 8.345 0.31 0.34375 0.282 0.924 0.17608 0.12 1904.7 2269.3 2616.3 1.9 27.2
6 no 242 116 0.11 0.71 8366 9.886 0.32 0.40516 0317 0.978 0.17697 0.07 2192.8 24242 2624.7 1.1 16.5
7 no 170 78 0.29 0.70 2224 9.478 0.23 0.38665 0.222 0.960 0.17778 0.06 2107.3 2385.4 2632.3 1.1 19.9
8 no 40 24 5.43 1.48 42 9.434 0.38 0.38439 0.335 0.903 0.17800 0.16 2096.7 2381.1 2634.4 2.7 204
9 no 184 107 11.25 1.05 84 10.876 0.23 0.43696 0.207 0.927 0.18053 0.08 2337.0 2512.6 2657.7 14 121
10 no 62 36 0.63 0.63 497 12.491 0.41 0.49360 0.402 0.980 0.18353 0.08 2586.2 2642.0 2685.1 1.4 3.7
11 no 82 49 0.76 064 557 12.803 0.23 0.50492 0.221 0.947 0.18390 0.07 2634.9 2665.3 2688.4 1.2 2.0
12 yes 41 27 2.20 090 111 13.191 0.37 0.51960 0.358 0.966 0.18412 0.10 2697.5 2693.4 2690.3 1.6 -0.3
13 yes 30 31 12.24 2.19 27 13.015 1.87 0.51226 1.84 0.986 0.18426 0.31 2666.3 2680.7 2691.6 5.1 0.9
14 yes 33 23 2.67 0.99 78 13.033 0.34 0.51285 0.322 0.944 0.18431 0.11 2668.8 2682.1 2692.1 1.9 0.9
Sample no. 45: ED910-464 m: Redeemer Basalt
1 no 9 5 0.21 068 239 11.236 1.24 0.45945 1.22 0.990 0.17736 0.17 2437.1 25429 2628.3 29 73
2 yes 4 4 0.60 3.67 50 11.169 2.25 0.45140 2.18 0.977 0.17945 0.48 2401.5 2537.3 2647.8 8.0 9.3
3 no 14 10 1.46 1.14 70 12.635 0.71 0.50564 0.679 0.964 0.18123 0.19 2638.0 2652.8 2664.2 3.2 1.0
4 yes 4 4 2.26 2.65 25 12.168 2.03 0.48559 1.79 0.919 0.18174 0.80 2551.6 26174 2668.8 13.2 4.4
5 yes 14 13 0.40 325 225 12.358 0.65 0.49233 0.627 0.972 0.18205 0.15 2580.7 2632.0 2671.7 2.5 34
6 yes 14 13 0.39 275 234 12.998 0.63 0.51358 0.61 0.982 0.18356 0.12 2671.9 2679.5 2685.3 2.0 0.5
Sample: AG028, SEIS05-874 m: Bounty Igneous Complex
1 no 53 37 1.17 1.77 271 12.183 0.26 0.48424 0.245 0.935 0.18247 0.09 2545.7 2618.6 2675.5 1.5 4.9
2 yes 186 113 1.07 1.83 857 10.476 0.55 0.41608 0.546 0.993 0.18261 0.06 2242.7 2477.8 2676.7 1.1 16.2
3 no 187 115 1.11 1.81 846 10.593 0.37 0.41937 0.362 0.984 0.18319 0.07 2257.6 2488.1 2682.0 1.1 15.8
4 no 10 7 0.17 115 359 12.968 0.94 0.51230 0.92 0.983 0.18358 0.17 2666.4 2677.3 2685.5 29 0.7
5 yes 41 26 0.20 1.61 1099 11.557 0.44 0.45655 0.428 0.984 0.18359 0.08 24243 2569.2 2685.5 1.3 9.7
6 no 17 11 0.13 1.01 788 12.728 0.65 0.50185 0.639 0.983 0.18395 0.12 2621.7 2659.7 2688.8 2.0 2.5
7 no 24 17 0.36 1.70 404 12.912 0.45 0.50865 0.435 0.973 0.18411 0.10 2650.9 2673.3 2690.3 1.7 1.5
8 yes 14 9 0.06 1.40 1426 12.132 0.89 0.47744 0.875 0.989 0.18429 0.13 2516.1 2614.6 2691.9 2.2 6.5
9 yes 8 6 0.06 139 912 12.987 1.21 0.51028 1.19 0.988 0.18458 0.19 2657.8 2678.7 2694.5 3.1 1.4
10 yes 29 19 0.06 112 3118 13.014 0.38 0.51085 0374 0.977 0.18476 0.08 2660.2 2680.7 2696.1 13 13
11 yes 12 8 0.10 1.01 740 13.167 0.74 0.51632 0.727 0.982 0.18495 0.14 2683.6 2691.7 2697.8 23 0.5
12 yes 41 28 0.96 115 279 13.152 0.35 0.51548 0.331 0.956 0.18505 0.10 2680.0 2690.6 2698.6 1.7 0.7
13 no 23 15 0.05 1.25 2707 12.894 0.47 0.50476 0.454 0.981 0.18526 0.09 2634.2 2671.9 2700.6 1.5 2.5
14 no 294 198 0.15 1.49 11,252 12.554 0.60 0.49066 0.59 0.991 0.18557 0.08 2573.5 2646.8 2703.3 13 4.8
15 no 40 28 0.07 1.56 3607 13.234 0.49 0.51642 0.488 0.989 0.18586 0.07 2684.0 2696.5 2705.9 1.2 0.8
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(a) Analyses are arranged by increasing 2%’ Pb/2°°Pb dates.

(b) Quantities of U, total Pb and non-radiogenic Pb calculated from isotope dilution data. The grains were not weighted, therefore the concentrations cannot be calculated.
(c) Model Th/U ratio calculated from radiogenic 2°8Pb/206Pb and 297 Pb/296Pb age.

(d) Atomic ratios corrected for blank, spike, fractionation and initial non-radiogenic Pb.

(e) Uncertainty correlation between 2°6Pb/238U and 2°7 Pb/?3°U radiogenic ratios.

(f) Model dates calculated from radiogenic atomic ratios shown in columns (d), assuming 238U/235U =137.88

(g) Discordance of the U-Pb system. The values are positive if 27 Pb/296Pb model date is older than 233U/2%6Pb model date.



P.C. Hayman et al. / Precambrian Research 270 (2015) 334-368 357

A.  No.48-Turrett Dolerite
0.6
26005
,'.,'/’
> 04 2200 s
s 1800, g
. »
& e
1400 ’
2 T 4000 o
All data
doo _ 219444 & 2670+15 Ma
- MSWD = 670
0.0
0 4 8 12 16
207Pbl235u
0.54 data-point error, eIIiEses(a)re 20
C No. 45 - Redeemer 2740
052 Basalt 27005
0.50

206p 238y
o
&

0.46
Intercepts at
04t 6504120 & 2686.8+3.0 Ma
MSWD = 0.32
0.42
10 11 12 13 14

207pp/235y

0.526

B.  No. 48 - Turrett Dolerite

0.522

0.518

a? 0.514
]
AL
o
& o510
g
0.506
Concordant and nearly concordant:
0.502 -375+580 & 2690.7+1.2 Ma
MSWD = 0.044
0.498
12.6 12.8 13.0 13.2 13.4
207pp/235Y
0.55 data-point errornﬂ&esare 20
D AGO028 - Bounty
053 F . ,'2740
Igneous Complex 27qg, -
051
0.49
2
o
{
3 0.47
a
g
N 045 All data (n=15)
2204100 & 2698.9+5.8 Ma
4 MSWD = 82
0.43
/ Best linear regression (n=7)
0.41 221115 & 2698.14£0.95 Ma
MSWD =1.3
0.39
9.5 10.5 11.5 12.5 13.5

207Pb/235u

Fig. 11. 206pb 238 ys. 207Ph/2381 plots of TIMS data for mafic sills: (A) plot of all 14 zircons for Turrett Dolerite, (B) plot of three concordant and nearly concordant data points
for Turrett Dolerite, (C) plot of three moderately discordant and one concordant zircon analyses of the Redeemer Basalt, and (D) plot of all 15 analyses with calculated age,
and linear regression through seven points that form a tight linear array with no excess scattering, for the Bounty Igneous Complex (see text for more explanation).

Hence we interpret these grains as the least altered by the sec-
ondary processes, and the upper intercept age of 2698.14 +0.95 Ma
as the best age estimate for crystallisation of the Bounty Igneous
Complex.

6.2. SHRIMP dating

One siltstone sample was analysed using the sensitive high-
resolution ion microprobe (SHRIMP II) at Curtin University. Zircons
were mounted in 25 mm diameter epoxy-resin disks with chips
of U/Pb zircon standard BR266 (559 Ma, 903 ppm U; Stern, 2001),
crystals of zircon 207Pb/206pPb standard OGC1 (3465 Ma; OG1 of
Stern et al., 2009), and NBS610 glass. Cathodoluminescence (CL)
and backscattered electron (BSE) imaging on gold-coated mounts
were performed using a Philips XL30 scanning electron microscope
(SEM) at the Department of Imaging and Applied Physics at Curtin
University in Perth, Western Australia, and a JEOL 6400 SEM at
the Centre for Microscopy and Microanalysis at the University of
Western Australia.

Analysis was conducted using standard operating procedures
similar to those described by Compston et al. (1992) and Wingate
and Kirkland (2014). The diameter of the primary ion probe used
during all sessions was about 20 m. Six data collection cycles
(scans) were performed per analysis, and count times (per scan)

were 10s for the 204Pb, 206pPh, and 298Pb mass peaks and back-
ground, and 30s for the 297Pb mass peak. Analyses of unknown
zircons were referenced to multiple analyses of the BR266 standard
for U/Pb calibration. Calibration and reproducibility uncertainties
are included in the errors of 238U/296pPb ratios and dates listed in
supplementary papers. Data reduction was carried out using the
software SQUID v2.2 and 2.5 and ISOPLOT v3.0 (MS Excel add-ins
by Ludwig, 2003, 2009). Corrections for common Pb were based on
measured 204Pb, assuming an average crustal composition (Stacey
and Kramers, 1975) appropriate to the age of the mineral. Mean
ages are quoted below with 95% uncertainties (MSWD; Ludwig,
2003).

The SHRIMP data are listed in Table 6 and illustrated in concordia
diagrams (Fig. 12). The data for the siltstone sample are discussed
in detail below.

Sample PHAG020-siltstone (MGA Zone 51, 274419, 6880993)

This siltstone layer within the Never Can Tell Basalt consists
of a microcrystalline quartz and albite (70%), well-aligned foli-
ated sericite (25%) and fine-grained to medium-grained muscovite
micro-porphyroblasts (5%) overgrowing foliation. Zircon forms a
trace component. The rock is classified as an upper greenschist
to amphibolite facies meta-siltstone, which underwent late stage
post-kinematic metamorphism. Zircons are clear and colourless to
dark brown, and up to 200 wm long. Most of the zircons isolated



Table 6
SHRIMP II results for zircons from siltstone sample PHAG020 from the Agnew Greenstone Belt.
GroupID  Spotno.  f204(%) 238U (ppm)  232Th(ppm)  232Th/238U  206pp*/238Qy 207pp*[206ph* date  238U[206Pb + 10 207pp/206Ph + 1o 238J/206pb* + 1o 207pp*[206Ph* + 16 Disc (%)
date (Ma)+ 1o (Ma)+ 1o
(a) (b) (©) (d) (e)
A A-15-1 —-0.037 77 32 0.426 2762 67 2700 10 1.87 3 0.1848 0.57 1.87 3.1 0.1852 1.04 -3
A a-1-1 0.407 128 70 0.565 2759 37 2713 9 1.865 1.7 0.19036 0.44 1.872 1.9 0.18671 1.03 -2
A A-18-1 —-0.094 55 25 0.464 2744 68 2706 11 1.886 31 0.185 0.64 1.885 32 0.1858 1.1 -2
A A-19-1 0.085 62 26 0.424 2751 68 2728 11 1.877 3 0.1891 0.62 1.879 3.1 0.1883 1.08 -1
A A-12-1 0.052 102 68 0.69 2711 64 2701 8 1.912 2.9 0.1858 0.48 1.913 3 0.1853 1 0
A A-20-1 0.047 121 90 0.765 2708 63 2700 8 1.915 2.9 0.1856 0.46 1.915 3 0.1852 0.98 0
A A-7-1 -0.1 120 55 0.471 2704 63 2717 8 1.921 2.9 0.1862 0.47 1.919 3 0.1871 0.99 1
A A-16-1 0.095 72 28 0.395 2682 65 2698 10 1.936 3 0.1858 0.58 1.938 3.1 0.185 1.06 1
A A-6-1 0.01 170 102 0.618 2693 62 2714 7 1.928 2.8 0.1869 0.42 1.928 3 0.1868 0.96 1
A A-14-1 -0.014 88 42 0.491 2696 64 2720 8 1.926 2.9 0.1873 0.5 1.926 3 0.1874 1 1
A A-2-1 -0.07 90 43 0.491 2681 64 2716 10 1.94 2.9 0.1864 0.56 1.939 3.1 0.187 1.04 2
A A-5-1 0.304 148 83 0.575 2684 63 2721 9 1.93 29 0.1902 047 1.936 3 0.1875 1.02 2
A a-2-1 —0.041 85 41 0.496 2695 38 2736 12 1.928 1.7 0.18893 0.55 1.927 1.9 0.1893 1.11 2
A a-5-1 0.073 161 85 0.544 2644 35 2711 8 1.971 1.6 0.18713 0.44 1.972 1.8 0.18649 0.96 3
A A-1-1 0.031 104 46 0.46 2636 63 2710 9 1.979 2.9 0.1866 0.52 1.979 3 0.1863 1.01 3
A A-8-1 0.026 159 149 0.968 2625 61 2709 7 1.989 2.8 0.1864 0.4 1.989 29 0.1862 0.95 4
A a-6-1 0.1 162 90 0.574 2622 37 2709 14 1.99 1.7 0.18709 0.66 1.992 1.9 0.18622 1.22 4
A a-7-1 0.123 91 55 0.616 2622 38 2714 12 1.99 1.8 0.18792 0.71 1.992 2 0.18683 1.13 4
D a-4-2 0.098 299 231 0.798 2899 38 2708 6 1.76 1.6 0.18703 0.3 1.761 1.8 0.18613 0.92 -9
D a-2-2 0.036 257 187 0.75 2895 37 2706 6 1.763 1.6 0.18625 0.31 1.764 1.8 0.18592 0.92 -9
D a-3-1 0.072 99 53 0.554 2833 39 2710 9 1.811 1.7 0.18701 0.52 1.812 1.9 0.18635 1 -6
D a-4-1 0.406 63 27 0.446 2826 40 2714 21 1.81 1.8 0.19042 0.65 1.817 2 0.18676 1.51 -5
D A-17-1 0.047 90 71 0.82 2551 61 2693 9 2.059 2.9 0.1849 0.53 2.06 3 0.1844 1.02 6
D a-8-1 0.029 82 71 0.893 2575 36 2719 10 2.036 1.7 0.18765 0.55 2.037 1.9 0.18739 1.05 6
D A-13-1 -0.036 80 65 0.841 2550 62 2697 10 2.062 29 0.1846 0.56 2.061 3.1 0.1849 1.03 7
D A-4-1 0.013 146 99 0.7 2517 59 2710 8 2.093 2.8 0.1865 0.48 2.094 3 0.1863 0.99 9
D a-3-2 -0.173 58 38 0.671 2478 36 2687 16 2.137 1.8 0.18221 0.76 2.133 2 0.18371 13 9
D A-3-1 -0.172 94 48 0.527 2188 54 2669 12 2.479 2.9 0.1802 0.68 2.475 3.1 0.1818 1.14 21

(a) A=concordant or slightly discordant grains included in age calculations, D = grains >5% discordant, excluded from calculations.

(b) f204 is the fraction of common 2%6Pb in total 2°6Pb, estimated using 204Pb.
(c) Analyses are listed by increasing 2’ Pb*/?°6Pb* date.
(d) Pb* = radiogenic Pb.

(e) Disc=discordance (%), calculated as 100 x [1 — (238U/206Pb* date)/(2°7 Pb/296Pb* date)].
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Fig. 12. SHRIMP results for siltstone sample PH020. (A) 207Pb/2%Pb vs. 238U/2%Pb plot of 28 zircons, and (B) cathodoluminescence image of representative grains (see text

for more explanation).

display subhedral to euhedral crystal forms shapes with aspect
ratios of up to 3:1. In cathodoluminescence (CL) images, concen-
tric growth zoning is found in the majority of zircon. Some of
the zircons were partially to complexly metamict displaying high-
uraniuam zones and mottled textures. Twenty-eight analyses were
obtained from 28 zircons (Fig. 12). Ten analyses >5% discordant
were not included in the age calculation. The remaining 18 analy-
ses are concordant to slightly discordant and yield a weighted mean
207pp*[206pb* date of 2711+4Ma (MSWD=0.95). This is inter-
preted as the depositional age of the sediment, interpreted as an
air-fall deposit from a distal felsic pyroclastic eruption.

7. Discussion
7.1. Reconstruction of events

7.1.1. One large igneous province (~30 Ma) represented by two
cycles of magmatism

The ultramafic-mafic stratigraphy at Agnew represents a ~7 km
succession of subaqueous lavas and comagmatic intrusions, as well
as mafic sills without associated extrusions, all of which form a
stacked flow field. The lateral continuity of the extrusive units,
absence of coarse-grained sediments or re-sedimented succes-
sions, as well as the predicted low magma viscosity, suggest there
was little topographic relief. Magma volume calculations are poorly
constrained, but considering the belt extends for 100s of kilometres
(Section 7.2); SHRIMP, TIMS and detrital zircon data indicate vol-
canism spanned ~30 m.y. without major time breaks (see below);
and there are no unconformities to suggest major time breaks, the
greenstone belt can be considered a large igneous province (Bryan
and Ernst, 2008; Ernst et al., 2013). Other studies provide con-
vincing evidence that some, if not all, of the Kalgoorlie Terrane
is underlain by older (>3 Ga) basement (Oversby, 1975; Compston
et al.,, 1986; Campbell and Hill, 1988; Hill et al., 1989; Champion
and Cassidy, 2007; Mole et al., 2012; Wyche et al., 2012), and thus
the sequence was built on felsic rather than oceanic crust.

The eruption source(s) for the flow field is unknown, but by
inference from other large igneous provinces (White et al., 2009),
magmas were likely erupted through a network of fissures. Aside
from the inter-fingering relationship between the Burrell Well
and Redeemer Basalts, all other extrusive units form a layer cake
stratigraphy, indicating that each magma batch was erupted before
eruption of the next batch.

The base of the exposed sequence is made of the Butchers Well
Basalt. Without further timing constraints, it is unclear if it is part of
the same magmatic event as the overlying cycle I, or part of older
basement. Insight into rock forming events is provided by detri-
tal zircon data of the Agnew region (Dunphy et al., 2003; Squire
et al., 2010). These data provide ages of exposed rocks during sed-
imentation, and demonstrate a large spread of ages from ~2650 to
~2720Ma, with a gap of ~50m.y., and then another well-defined
group of age data from ~2770 to 2830 Ma, which is best interpreted
as part of the old basement (Fig. 13). The Butchers Well Basalt may
be part of the same thermal event as cycles [ and II, or it may belong
to an older >~2770-2830 Ma event. We tentatively assign this unit
to cycle 0.

The onset of cycle | magmatism is constrained by the oldest date
inthecycle (2711 £ 4 Ma), which is from an interflow sediment near
the top of cycle I. This age indicates that cycle I volcanism is asso-
ciated with the ~2650-2720 Ma thermal event highlighted by the
detrital zircon dataset. We suggest the onset of cycle  magmatism
is ~2720 Ma, although it could be older if the oldest rocks were not
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Fig. 13. Kernel density plot (blue shaded region) and histogram (light grey rectan-
gles) for detrital zircons (Dunphy et al., 2003; Squire et al., 2010) recovered from
sediments overlying the ultramafic-mafic stratigraphy at Agnew. The lone con-
straint from this study places cycle I in the younger group of the bimodal dataset.
Data plotted using DensityPlotter (Vermeesch, 2012) (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of
this article.).
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Fig. 14. Stratigraphic relationships of the principal mafic-ultramafic units of the Kalgoorlie Terrane based on comparing geochronology as well as the order and geochemistry
of stratigraphic units in this study with published geochronology, stratigraphy and geochemistry. Vertical positions are an approximation of their relative stratigraphic
positions. See text for further explanation. A, stratigraphic column modified after Barley et al. (2008), B, granophyric interval of mafic intrusion (Hill et al., 1992), C, detrial
zircons, maximum depositional age, U-Pb SHRIMP (Nelson, 1995), D, granophyre, U-Pb zircon SHRIMP (Carey, 1994), E, Defiance Dolerite (Clout, 1991), F, Interflow sediment,
U-Pb zircon SHRIMP (Claoue-Long et al., 1988), G, Interflow sediment near base on Kambalda Komatiite U-Pb zircon SHRIMP (Campbell and Hill, 1988); H, granophyre, U-Pb
zirconolite and xenotime SHRIMP (Rasmussen et al., 2009). I, granophyre, U-Pb SHRIMP (Fletcher et al., 2001), ], granophyre, U-Pb zircon (L.H. Campbell, 1988 unpublished,
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(Fiorentini et al., 2012), M, Tonalite from Kathleen Valley Gabbro, U-Pb zircon, SHRIMP (Black et al., 2002), and N, Dacite intrusion, U-Pb zircon (Claoue-Long et al., 1988).
Minimum and maximum stratigraphic thickness listed below each column, calculated by summing the thickness variations listed for each stratigraphic column from the

references provided at top.

exposed during sedimentation. For example, around the Cosmos
Nickel Mine, 25 km north of Agnew, ages up to ~2736 Ma are known
(Blacketal.,2002; de Joux et al.,2013)and could be related to cyclel.
The ~2800 Ma event is the next older major known crustal forming
event in the Yilgarn (e.g., Pawley et al., 2012; Wyche et al., 2012).
However, linking this with the cycle I would require magmatism
to span >90 m.y., which we think is unlikely given that the lifes-
pan of most large igneous provinces is <50 m.y. (Bryan and Ernst,
2008), and is more difficult to reconcile with the large gap in detri-
tal zircon ages. Because there is no inter-fingering of the Never Can
Tell Basalt and Agnew Komatiite, cycle I ended before the onset of
cycle II. Termination of cycle I magmatism is constrained by the
youngest date from cycle I (<2711 +4Ma) and the oldest cycle II
date (>2692 + 3; Kositcin et al., 2008). The Agnew Komatiite her-
alds the beginning of cycle II, and is estimated, based on regional
correlations, to be ~2705 Ma (Fig. 14, Section 7.2.5). Termination of
cycle I magmatism is well constrained from this study by dating
the youngest mafic unit in the sequence at 2690.7 4 1.2 Ma.

Constraints on the average duration of each individual volcanic
event (i.e., stratigraphic unit) are provided by the total duration of
cyclesIand Il (interpreted here as 30 m.y.), and the number of indi-
vidual events (9); this gives a maximum average duration of 3.3 m.y.
However, this does not account for the fact that individual lava
flows were likely emplaced rapidly, whereas the time to accumu-
late the thin sediment intervals would have been extremely long.
When considering Phanerozoic large-igneous provinces, which are
characterised by pulses of magmatism spanning 0.5-1 m.y. (Bryan
and Ernst, 2008), it is reasonable to presume similar lengths of time
for the individual volcanic events at Agnew, and that sedimentation
took longer to accumulate than the entire volcanic sequence. The
~30m.y. lifespan for the ultramafic-mafic event is longer than that
of most Phanerozoic large igneous provinces, but well within the
typical range (generally 5-15 m.y., up to 50 m.y.; Bryan and Ernst,
2008).

The Agnew section is most easily explained as the product of
one large igneous province, rather than two overlapping provinces,
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which would require a number of special circumstances. Firstly, the
spread of detrital zircon ages, from ~2650 to ~2720 Ma, suggest one
thermal event, rather than two (Fig. 13). Secondly, both cycles are
sourced from magmas of similar composition (Figs. 9b and 10a).
And lastly, there is no interfingering of cycles I and II, which
indicates there was no time overlap between cycle emplace-
ment. Although we cannot exclude the possibility of two separate
large igneous provinces, the data is more easily explained by one
province formed by two cycles.

Another aspect we considered is the magma'’s pathway through
the crust. Archean thermal events heat the crust through magmatic
intraplating, magmatic underplating, conduction and thermal blan-
keting such that partial melting generates voluminous granitic
domes (Campbell and Hill, 1988; Rey et al., 2003). In the Kalgo-
orlie Terrane, crustal melting is initiated at ~2700 Ma, with peak
granitic magmatism at ~2665 Ma (Champion and Sheraton, 1997).
The time-lag between the arrival of the thermal event and crustal
melting ranges from ~20 to 40 m.y., with peak granitic magma-
tism at ~40m.y. after the onset of the thermal event (Rey et al.,
2003). Although the estimated timescales at Agnew are shorter,
after ~15 m.y. of conductive heating and transfer of melt from the
mantle to the crust, it is likely that some degree of partial melting
in the crust had already begun. As a result, it is not clear how the
first magmatic products of cycle II could have erupted through the
same hot conduits as cycle I without displaying any signs of crustal
contamination. An explanation is also required for the uncontami-
nated Bounty Igneous Complex. One model is that the second cycle
exploited a different, not yet heated, conduit through the crust.
This may reflect progressive eastward migration of rifting of the
Kalgoorlie Terrane and magma ascent paths (Fig. 16). An alterna-
tive ‘single-conduit’ model, proposed by others to explain similar
relationships elsewhere, is that thermal erosion of wall rocks only
occurs during turbulent flow, and once flow rates wane, chilled
margins develop and consequently, late erupting magmas remain
uncontaminated (Lesher and Arndt, 1995; Hollings and Kerrich,
1999).

In summary, based on lithostratigraphy, geochemistry and
geochronology, and by comparison with other large igneous
provinces, the Agnew section is interpreted as one large igneous
province having formed by several punctuated mafic-ultramafic
volcanic events over ~30m.y. that can be grouped into two
~15m.y. cycles.

7.1.2. Sub- and intra-crustal magma chambers

Geochemical data are consistent with cycles I and Il forming
by the pooling and stalling of komatiitic melts in crustal magma
chambers where, to various degrees, the parent magmas assimi-
lated wall rock and underwent crystal fractionation. Intermediate
storage chambers are invoked for several reasons. Firstly, ele-
ment ratios within many individual stratigraphic units are uniform,
which indicates that each erupting magma batch was relatively
homogeneous, yet distinct from the overlying conformable strati-
graphic unit (e.g., see TiO,/Th; Fig. 9). This observation is best
explained through assimilation and fractional crystallisation fol-
lowed by convection and mixing in a magma chamber, before
eruption (e.g., Barnes et al., 2012). If all of the assimilation hap-
pened during magma ascent one would expect to find gradational
compositional changes in successively younger extrusive units.
Also, the large degrees of crystal fractionation we infer occur
on time scales more consistent with residence in magma cham-
bers (Hawksworth et al., 2000), than during uninterrupted magma
ascent (Rutherford, 2008). Lastly, the thin sediment intervals indi-
cate time breaks in volcanism, and provide the necessary time
for assimilation, fractionation and homogenisation. Although each
cycle displays an overall progression, in detail, the cycles do not fol-
low a strict progression from primitive melts to progressively more

fractionated and contaminated melts (Fig. 9). We explain this by
invoking multiple magma chambers and suggest that fractionation
and assimilation of crust occurred at different rates. Similar sub-
crustal and intra-crustal magma chambers have been invoked for a
number of Phanerozoic large igneous provinces (East African Rift:
Coleman and McGuire, 1988; southeast Greenland: Fitton et al.,
2000).

7.2. Correlations in the Eastern Goldfields Superterrane

The Kalgoorlie Terrane (KT) has been previously subdivided,
based on lithology, geochemistry and geochronology, into a
number of domains that are separated from each other by NNW-
trending regional faults (Fig. 1b) (Nelson, 1997; Swager, 1997;
Cassidy et al., 2006; Barley et al., 2008). We mainly use the scheme
of Cassidy et al. (2006), which identifies 10 domains within the
Kalgoorlie Terrane. Well constrained stratigraphy is restricted to
the Ora Banda and Kambalda Domains in the southern Kalgoorlie
Terrane, and less well defined stratigraphic columns exist for the
Coolgardie, Norseman and Boorara Domains. For our correlations,
we compare our Agnew data with all available published geochemi-
cal and geochronological data for the defined stratigraphic columns
across the Kalgoorlie Terrane (Fig. 14).

7.2.1. Ora Banda Domain

The Agnew greenstone belt occurs in the northern Ora Banda
Domain, which can be traced from Agnew to the south for ~260 km
(Fig. 1b) (Wyche and Witt, 1991; Witt, 1993, 1995; Tranthem, 2004;
Cassidy et al., 2006; Barley et al., 2008; Said et al., 2010). The strati-
graphic, geochemical and geochronological data from Ora Banda
correlates well with the Agnew area (Figs. 14 and 15). The Wongi
Basalt makes up the lowermost unit and is an excellent geochemi-
cal match with the Hickies Bore Basalt (Fig. 15). There is no defined
unit at Ora Banda that relates to the Songvang Basalt, however,
the Wongi Basalt has also been described as Mg-rich basalt (Witt,
1995) and ‘Paringa-like’ (Barley et al.,2008); descriptions that could
also describe the Songvang Basalt. Overlying the Wongi Basalt is
the Missouri Basalt, which is an excellent geochemical match with
the Never Can Tell Basalt. The Missouri Basalt is geochemically dis-
tinct (Mg# <50 and high contents of incompatible elements) from
other basalts at Ora Banda and is absent from the well-defined
Kambalda sequence. The next overlying units are the ultramafic
Walter Williams Formation and then the Siberia Komatiite, which
correlate with the Agnew Komatiite cumulate and spinifex flows,
respectively. The overlying Big Dick Basalt and Bent Tree Basalt
match the chemistry of the Burrell Well and Redeemer Basalts,
respectively (Fig. 15). The Mount Pleasant Sill (2687 +5 Ma, Kent
and McDougall, 1995), hosted in the Bent Tree Basalt, correlates to
the comagmatic intrusion within the Redeemer Basalt, dated in this
study at 2687.4 + 3.6 Ma. Witt (1993) linked the Mount Pleasant Sill
to the Devon Consols Basalt in the Kambalda Domain, which is con-
sistent with our correlations. Overlying this is the Victorious Basalt,
a feldspar megacrystic basalt that is texturally and geochemically
similar to the White Hope Basalt (Fig. 15). The Ora Banda Sill, which
occurs at the top of the sequence and below the Black Flag Group
Sediments, has no published geochemistry, but is described as a
strongly enriched komatiitic basalt similar in composition to the
Paringa Basalt (Barley et al., 2008), and thus a reasonable correlate
to the Turret Dolerite (Fig. 15).

7.2.2. Kambalda Domain

The Kambalda Domain (Lesher and Arndt, 1995; Cassidy et al.,
2006) extends south-southeast from Kalgoorlie to the southern
boundary of the Kalgoorlie Terrane (similar to the Kalgoorlie
Domain of Woodall, 1965), and comprises a relatively simple
stratigraphy. The lowermost unit is the tholeiitic Lunnon Basalt.
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Fig. 16. Spatial distribution of 2720-2690 Ma mafic-ultramafic rocks in the Kalgoorlie Terrane, grouped into cycles I and II.

This unit contains variable proportions of massive, pillowed and
breccia lithofacies, and can be subdivided into lower Mg-rich and
upper Mg-poor components, which are separated by a thin mud-
stone (Squire et al., 1998). In many respects the Lunnon Basalt is
similar to the Hickies Bore Basalt, however, it is more depleted in
LREEs and has a higher ratio of Nb/Th (Fig. 15). The overlying Sil-
ver Lake Peridotite is a lithological match to the thick cumulates
of the Agnew Komatiite, while the overlying Tripod Hill Komatiite
is a good compositional match to the Burrell Well Basalt (Fig. 15).
Overlying this is the Devon Consols Basalt and the composition-
ally similar Victory Dolerite intrusion. These units correlate well
with the Redeemer Basalt and its comagmatic intrusion (Fig. 15).
Overlying this is the Paringa Basalt and the compositionally similar
Defiance Dolerite intrusion (2690 + 5 Ma; Clout, 1991). The Defi-
ance Dolerite is a compositional and temporal match to the Turret
Dolerite (2690.7 & 1.2 Ma), although there are no known extrusive
correlates at Agnew. The Williamstown Peridotite at Kalgoorlie
(2696 + 5 Ma; Fletcher et al., 2001) appears to correlate to the Tur-
rett Dolerite, although geochemistry is lacking. Correlates for the
White Hope, Never Can Tell, Songvang, Hickies Bore Basalts, and

Donegal Komatiite are not known from the Kambalda Domain,
although the base of the Lunnon Basalt is not exposed, and so what
underlies it is unknown.

7.2.3. Coolgardie Domain

The most detailed stratigraphic and geochemical study of the
Coolgardie Domain is by Standing (2001) (Fig. 14), which builds on
the work by Hunter (1993). The stratigraphy is a good match with
the sequence at Agnew, although there is not enough geochemistry
to confidently finger-print some unit. The lowermost unit is the
Burbanks Basalt, a massive and pillowed basalt intercalated with
thin mafic intrusions, and correlates geochemically and lithologi-
cally with the Hickies Bore Basalt lavas and comagmatic intrusions
(Figs. 14 and 15). The Burbanks Basalt is separated from an overly-
ing basaltic komatiite unit, known as the Brilliant Ultramafic, and
in places by the Greenmont Sill (high-Mg basaltic rocks), by a thin
sedimentary interval. The high-Mg character and lithologies of the
Brilliant Ultramafic and Greenmong Sill match the Songvang Basalt
and its comagmatic intrusion well, although detailed geochem-
istry is lacking. Overlying this is the Lindsay Basalt, a dominantly
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pillowed high-Fe tholeiite. The lithology and distinctive geochem-
istry (e.g., Th vs. TiOy; Fig. 15) of this unit match well with the
Never Can Tell Basalt. The Lindsay Basalt is intercalated with sev-
eral thin sediment intervals and intruded by the Three Mile Sill, a
150-800 m thick differentiated mafic intrusion that may correlate
with the Bounty Igneous Complex, but trace element geochemistry
is lacking. The Lindsay Basalt is overlain by the Hampton Forma-
tion, which has spinifex texture in places, and displays a range of
compositions, from komatiite, through komatiitic basalt to high-Mg
basalt, which in turn is overlain by the basaltic and high-Mg basaltic
Gleeson Basalt. These units correlate lithologically with the Agnew
Komatiite and the overlying Burrell Well and Redeemer Basalts.
There is no overlying unit that correlates stratigraphically with the
White Hope Basalt, however, megacrystic basalts (e.g., ‘cat-rock’)
have been reported in the Coolgardie area (Hunter, 1993; Morris,
1993), where they occur below the Hampton Formation, although
itis unclear if these are extrusive or intrusive rocks (Hunter, 1993).

7.2.4. Boorara Domain

The Boorara Domain, as proposed by Cassidy et al. (2006), can
be traced for over 300 km, from near Black Swan in the south, to
north of Mount Keith. To the south of Agnew, the Boorara Domain is
located along the eastern margin of the Kalgoorlie Terrane, whereas
the domain occurs along the western edge of the terrane to the
north of Agnew. Comagmatic komatiitic and dacitic volcanism are
common in the Boorara Domain.

Around Black Swan (~280 km S-SE of Agnew), a simple stratigra-
phy hasbeen developed by Trofimovs et al. (2004 ), building on work
by Swager (1997). The lowermost basalt, the Scotia Basalt, is mas-
sive and pillowed and has geochemistry that matches well with the
Lunnon Basalt of the Kambalda Domain, and matches poorly with
any basalts at Agnew (Fig. 15). Overlying the basalt are primary
intercalations of dacite and spinifex-textured (unnamed) komati-
ite. These units are conformably overlain by an Upper Basalt. There
is no published geochemical data on the komatiite or upper basalts.

The Mount Keith (~60km N of Agnew) nickel mine is hosted
in Boorara Domain greenstones and is characterised by three
komatiites, comagmatic dacitic volcanism, and intercalated basalt
(Beresford et al., 2004; Rosengren et al., 2008; Fiorentini et al.,
2012) (Fig. 14). However, without geochemistry on the basalts,
it is difficult to test correlations. The basal unit, the McFarlanes
Basalt, is a poorly preserved pillowed unit, and overlying this is
the Mount Keith Ultramafic, which is characterised by adcumulate
textures, high MgO (25-30%; Fiorentini et al., 2010) and [La/Sm]
>1.5 (Fiorentini et al., 2010; Gole et al., 2013). Overlying this unit is
the Centenary Bore Basalt, a massive and pillowed high-Mg and
high-Fe unit. The next overlying unit is the Cliffs Ultramafic, a
spinifex-textured komatiite with 25-30 wt.% MgO and [La/Sm] <1
that includes comagmatic dacite intrusions (Fiorentini et al., 2010).
Overlying this is another basalt unit, which is turn is overlain by
the spinifex-textured Monument Ultramafic. The top of the mafic-
ultramafic sequence is another unnamed basalt unit. The Mount
Keith Ultramafic has been interpreted as a comagmatic intrusion
to the extrusive Cliffs Ultramafic, and its higher [La/Sm] content
an indicator of contamination by syn-intrusive dacites (Fiorentini
et al., 2010). We propose an alternative origin for the Mount
Keith Ultramafic that is consistent with both geochemistry and
geochronology (~2707-2712 Ma) of Fiorentini et al. (2010), and the
faulted upper contact interpretation of Gole et al. (2013), and which
fits well with the Agnew stratigraphy. We correlate the McFarlanes
Basalt, Mount Keith Ultramafic, Centenary Bore and Cliffs Ultra-
mafic with the Hickies Bore Basalt, Songvang Basalt, Never Can Tell
Basalt and Agnew Komatiite, respectively. In this correlation, the
absence of extrusive rocks at Mount Keith (correlatives to the Song-
vang Basalt sheet flows) could be a result of faulting or that they

have not been recognised. There is not enough data on the overlying
basalts and Monument Ultramafic to suggest correlations.

The Cosmos (~25km N of Agnew) nickel mine is characterised
by three ultramafic horizons, coherent and fragmental extru-
sive lithologies, and compositions ranging from andesitic-basalt
through to rhyolite (de Joux et al.,, 2013). The oldest komatiitic
event at Cosmos is ~2736-2730 Ma, while the two younger komati-
itic events at Cosmos are ~2724-2685 Ma and ~2685-2670 Ma (de
Joux et al., 2013). The ages of the komatiites and the dominantly
intermediate to felsic character of the sequence cannot be corre-
lated with the Agnew section.

7.2.5. Norseman Domain

The Norseman Domain (470 km south of Agnew) is located at the
southern edge of the Kalgoorlie Terrane. Although structurally com-
plicated, the domain is generally considered to consist of a two-part
stratigraphy. The lower part includes the poorly understood Pen-
neshaw Formation, which includes some of the oldest ages known
for the Eastern Goldfields Superterrane, including detrital ages
generally in the ~2865-2985 range, but extending to ~3650 Ma
(Campbell and Hill, 1988; Barley et al., 2008). The upper part of the
sequence is composed of three sequences: the basal Noganyer (sed-
imentary rocks, banded iron formation, mafic and ultramafic rocks),
Woolyeenyer (pillow lavas, minor mudstone and felsic rocks) and
upper Mount Kirk (felsic, mafic to ultramafic rocks, including sed-
iments) formations (Doepel, 1973). A mafic intrusion within the
Woolyeenyer Formation has been dated at 271445 (Hill et al,,
1992), suggesting that part of the sequence at Norseman is a similar
age to the lower mafic rocks elsewhere in the Kalgoorlie Terrane.
The relationship between the dated sample and the basalts ana-
lysed for geochemistry by Said et al. (2010) is unclear, however,
there are compositional similarities with the Lunnon (Kambalda)
and Scotia (Boorara) Basalts, and differences to the lower tholei-
iitic basalts of the other domains (Coolgardie and Ora Banda), in
terms of Nb/Th, [La/Sm] and Th content (Fig. 15).

7.2.6. Komatiites

This study highlights the presence of two separate komati-
ites at Agnew, each characterised by well-developed layered
spinifex-textured compound flows, with primitive uncontami-
nated compositions and similarities to Munro-type komatiites.
We found no suitable correlates in the Kalgoorlie Terrane for the
lower komatiite (Donegal Komatiite), however, the upper komati-
ite (Agnew Komatiite) is correlated across the Kambalda, Ora
Banda and Coolgardie Domains because of the compositional and
geochemical similarities with the overlying basalts (Agnew cycle
Il basalts, with the exception of the less regionally widespread
megacrystic White Hope Basalt). Correlations are extended, albeit
with less confidence, to the Norseman and Boorara Domains
because of similarities between the basalts immediately below the
komatiite to the Lunnon Basalt (Kambalda Domain). There is uncer-
tainty as to the age of the upper komatiite, which we explore in
detail below.

The age of the Kambalda Komatiite has been dated from
interflow sediments at Kambalda and is ~2705 Ma (2702 +4 Ma:
Campbell and Hill, 1988; 2709 +£4Ma; Connors et al.,, 2005).
The other approach to constrain its age has been to date syn-
depositional dacites and felsic clasts derived from interlayered
fragmental rocks, both of which are only common in the Boorara
Domain. Dacites from Black Swan (southern Boorara Domain) have
yielded ages of 2708 +7 Ma (Ballarat Last Chance, Nelson, 1997),
while clasts have yielded an age of 2707 +4Ma (Kositcin et al.,
2008). However, there is considerable controversy as to whether
the dacites are indeed syn-depositional (e.g., Gole et al., 2013),
and in any case, this approach fails to directly date the strati-
graphically well constrained komatiites from the Kambalda and
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Ora Banda Domains. In the northern Boorara Domain (e.g., Mt Keith
and Cosmos) syn-depositional dacites yield some slightly older ages
to those reported from Kambalda and southern Boorara, although
they are within error: 2713 + 6 Ma and 2706 + 6 Ma (footwall and
hangingwall dacites, respectively, to the Mt Keith Ultramafic;
Fiorentini et al., 2005) and 2711 4+ 6 Ma (Albion Downs; Fiorentini
et al., 2005). We have outlined our arguments for correlating the
Mount Keith Dunite to the Songvang Basalt (Section 7.2.4). If this
interpretation is correct, the 2706-2713 Ma ages date the emplace-
ment of the Songvang Basalt during cycle 1.

Younger komatiitic events have also been proposed. Coeval
dacites at Golden Ridge (southern Boorara) yield a 2697 4+ 4 Ma age
(Krapez and Pickard, 2010), and an extrusive rhyolite and late felsic
intrusion bracket the age of komatiitic volcanism at Cosmos (north-
ern Boorara) between ~2685 and 2670 Ma (de Joux et al.,2013). The
older age is permissible with the existing stratigraphic correlations
and age constraints, or it may indeed represent a younger komati-
itic event; however, the youngest age does not correlate with any
known events elsewhere in the Kalgoorlie Terrane.

7.3. Implications for the geodynamic setting and mineral
exploration

An important result of this study is our demonstration that
the supracrustal stratigraphy of the Kalgoorlie Terrane can be
confidently traced for hundreds of kilometres across the domain
boundaries proposed by Cassidy et al. (2006). Furthermore, we have
shown that the differences in the stratigraphy below the regional
komatiite are not the result of variable preservation or exposure.
Instead, two distinct stratigraphic groups can be recognised below
the regional komatiite. One group (cycle I), which includes the
Ora Banda, Agnew, Coolgardie and tentatively the Mount Keith
greenstone belts, is characterised by an older komatiite, overlain
by crustally contaminated units, including the distinctive high-Fe
Never Can Tell and Missouri Basalts. In addition to having high Fe,
these basalts are also weakly LREE enriched and have negative Eu
anomalies (Fig. 15). The basalts from the other group, at the same
age and stratigraphic level, are the Lunnon, Woolyeenyer and Scotia
Basalts. These differ from the Never Can Tell and Missouri Basalts
in having lower Fe, no Eu anomaly, LREE depletion and lower total
REE (Fig. 15). The former can be derived from the later by fractional
crystallisation; Fe-enrichment being a characteristic of fractional
crystallisation of tholeiitic magmas.

The two >2705 Ma groups are separated by the Bardoc Fault Sys-
tem, a <12 km wide deformed zone with tight to isoclinal folding
(Morey et al., 2007), which is composed of the Bardoc Fault and
the Abattoir and Zuleika Shear Zones (Cassidy et al., 2006). The
Never Can Tell-type volcanism occurs to the west of the fault sys-
tem, whereas the Lunnon-type is present to the east. We suggest
that there is a fundamental difference between the lower crust to
the east and west of the fault system, such that magma chambers
could form to the west of the Bardoc Fault System but not to the east.
Thus, the Bardoc Fault System represents a tectonically important
bounding structure.

Autochthonous basement underlies at least some of the Kam-
balda and Norseman Domains, as inferred from both Pb isotope
studies of granites (Oversby, 1975) and the presence of very old
inherited zircons (Compston et al., 1986; Hill et al., 1989). Although
there are no similar datasets to for the Ora Banda and Coolgardie
Domains, whole-rock Sm-Nd and Lu-Hf in zircon isotopic studies
are consistent with an autochthonous model and argue against an
origin for the Kalgoorlie Terrane basement by amalgamation of
exotic terranes (Wyche et al., 2012). Studies in the northeast of
the Yilgarn craton have found rocks of similar lithology and age to
those in the Youannmi Terrane (immediately west of the Kalgoor-
lie Terrane) and suggest ~2720 Ma extension resulting in crustal

thinning, but not rifting and widespread formation of oceanic crust
(Pawley et al., 2012).

The ~2705 Ma komatiite eruption, which produced the Agnew
Komatiite, Siberia Komatiite, Hampton Formation, Hannan’s Lake
Serpentinite, Kambalda Komatiite and Cliffs Ultramafic, is a
regional event that can be correlated across the whole Kalgoor-
lie Terrane, and this is also the case for most of the upper basalts,
suggesting a common magmatic history after ~2705 Ma (i.e., cycle
Il) (Fig. 14).

The observation that the basaltic units, which make up the bulk
of the Kalgoorlie Terrane, can be traced over hundreds of kilo-
metres is consistent with them being the Archean equivalent of
flood basalts and therefore the melting product of a mantle plume
(Campbell and Hill, 1988). They cannot be the product of calc-
alkaline volcanism, which is dominated by pyroclastic eruption and
units that cannot normally be correlated over distances of more
than tens of kilometres (Campbell, 2001). However, calc-alkaline
volcanism is important in the adjacent Kurnalpi Terrane.

The principal exploration implications of being able to trace
stratigraphic units over great distances (>100km) is that the
regional ~2705Ma komatiite is prospective for nickel wherever
its lower contact offers a source of S. If the Mount Keith Dunite
correlates with the Songvang Basalt, then local and regional explo-
ration should also consider this stratigraphic level prospective for
Ni-sulphide mineralisation. Stratigraphic horizons hosting other
base metal occurrences, such as the Zn-Ag-Ag Nimbus VMS deposit
(Hollis et al., 2014), are similarly prospective.

8. Conclusions

The principal findings of this study on the mafic-ultramafic
stratigraphy of the Agnew Greenstone Belt, Kalgoorlie Terrane,
Western Australia, include:

e The greenstone stratigraphy at Agnew consists of nine con-
formable subaqueous extrusions (and comagmatic intrusions), as
well two layered mafic intrusive units.

The stratigraphy can be divided into two cycles, each of which
has a komatiite at the beginning of the cycle.

Geochronological constraints provided from mafic intrusions and
interflow sediments indicate that most of the stratigraphy was
emplaced in ~20 m.y. (~2710-2690 Ma), but detrital zircon data
from previous studies indicate the onset of magmatism may have
been closer to 2720 Ma. Combined with regional datasets, the
voluminous ultramafic-mafic magmatism associated with the
Agnew thermal event thus spanned ~30m.y., with each cycle
lasting ~15 m.y.

Magmatism was derived primarily from one source similar in
composition to the modern Depleted Mantle.

Crustal contamination is evident in most other units, as judged
by [La/Sm]>1, negative Nb and Ti anomalies, and geochemical
mixing trends towards felsic contaminants.

The range of melt compositions formed when a komatiitic magma
pooled within the crust in magma chambers where they frac-
tionated crystals, assimilated crust and homogenised, before
eruption.

The shift from cycle I to cycle Il magmatism at ~2705Ma may
reflect a change in the crustal pathways, as a new unheated path-
way is exploited for the eruption of cycle Il magma.

Cycle I volcanism (~2720-2705Ma) occurred on the western
margin of the Kalgoorlie Terrane, encompassing Ora Banda
(including the Agnew greenstone belt) and Coolgardie Domains.
Cycle Il volcanism (~2705-2690 Ma) was more widespread, cov-
ering at least Ora Banda, Coolgardie and Kambalda Domains,
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indicating a common history across much of the Kalgoorlie Ter-
rane.
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