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2.8 Ga Subduction-related magmatism in the Youanmi Terrane and a revised geodynamic

model for the Yilgarn Craton
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Abstract

New studies in the central and southern parts of the Murchison Domain in the Youanmi
Terrane, western Yilgarn Craton, reveal previously unidentified igneous rock types in
addition to boninitic occurrences similar to those found in the northern part of the domain.
New results also allow for a re-assessment of a volcanic suite previously described as
examples of a “Karasjok type” of komatiite. The rocks are most plausibly examples of arc
picrites, specifically of the type found in ophiolite settings. In addition to boninitic rocks and
picrites, this study identified remobilized olivine-cumulate rich lavas that resemble
examples found in the Troodos and Othris ophiolites. Examples of REE enriched high
magnesium andesites exhibit pronounced high field strength element depletions on
normalized plots combined with mantle-like Nb/Zr ratios. The rocks chemically resemble
Phanerozoic examples of enriched boninites and their signatures are distinct from those
typically attributed to crustal contamination of mantle plume magmas. Intrusions of the ~
2792 Ma Warriedar Suite have compositions analogous to those of post-Archean Alaskan
Intrusive complexes and were likely derived from subduction-modified sub-cratonic mantle.
The new observations can be accounted for in a geodynamic scenario involving subduction
along the western Yilgarn margin at ~ 2800 Ma. Similarities with the contemporaneous
Superior Province raise the possibility that the nuclei of the two cratons were closely

associated at this time.
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1. Introduction

The western Yilgarn Craton has historically received less attention than the well-known Eastern
Goldfields, despite its distinct crustal architecture, isotopic characteristics and metal inventory
(Champion and Cassidy, 2007). This imbalance has begun to change in recent years. Van Kranendonk
et al. (2013) redefined the Archean stratigraphic sequence of the northern Murchison Domain and
continued mapping efforts have extended this stratigraphy to the south (e.g., Zibra, 2015; Ivanic,
2018). Other studies of volcanic rocks include Wyman and Kerrich (2012), which described the
geochemical characteristics of boninitic and other volcanic rocks and Lowrey et al. (2017) that
reported on the first documented occurrence anywhere of platy pyroxene spinifex texture. Archean
layered intrusive complexes, collectively the most voluminous in the world, occur in the Murchison
Domain and were the subject of geochemical and isotopic studies by Nebel et al. (2103) and Ivanic et
al. (2015). Granitic rocks and their sources have been discussed by Ivanic et al. (2012) and Ameen

and Wilde (2018) and structural studies include those of Zibra et al. (2014).

The present study reports on Meso-Archean volcanic and shallow intrusive rocks from the southern
part of the Murchison Domain of the Youanmi Terrane. It extends the known range of boninitic rocks
in the Domain but also identifies other previously unknown rock types such as high-magnesium
andesites and an Alaskan-style intrusive suite. The new results have important implications for the
geodynamic evolution of the entire Yilgarn Craton because some of these rock types suggest a
subduction-like process but are not readily explained by a mantle plume or by plume-induced crustal
re-working, which is the most common scenario applied to the Meso-Archean Yilgarn in recent years
(e.g., Van Kranendonk et al. 2013; Mole et al, 2014). We have also identified rocks that share
compositional and textural features with a suite found in the Gabanintha area of the northern
Murchison that Barley et al (2000) inferred were a variety of komatiite, based on apparent magma
liguid compositions with > 22 wt% MgO. They named them “Karasjok-type”, which derives from a
komatiite locality in Finnish Lapland in the Paleoproterozoic Karasjok greenstone belt (Barnes and
Often 1990; Hanski et al. 2001). The key features of the Karasjok-type komatiites according to Barley
et al (2000) are their volcaniclastic mode of eruption and similar Ti- and incompatible-element-rich,
Al-depleted compositions. They inferred that the compositional features required interaction of
deeply sourced mantle plumes with hydrated, subduction-modified and diamond-bearing
lithosphere, a scenario that was not entirely consistent with most recent plume-only models applied
to the Mesoarchean craton. The Karasjok classification appears to have been largely accepted and is
included in Arndt and co-workers’ (2008) textbook on komatiites, despite the absence of olivine

spinifex texture as acknowledged by Barley et al. (2000). The Gabanintha suite is re-assessed here
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based on a larger database for the suite and expanded knowledge of contemporary magmatism in
the Murchison Domain; it is concluded they are not komatiites. In combination with the recognition
of other subduction-style magmas, this reassessment of the Gabanintha suite requires a major
revision to previous models, which commonly required the presence of a ~ 2.83 Ga mantle plume

(Wyman and Kerrich, 2012; Van Kranendonk et al., 2013).

2. The Yilgarn Craton and Regional to Local Geology

The tectonic subdivisions of the Yilgarn have been revised and updated by numerous workers such
as Czarnota et al. (2010), but the boundaries are increasingly considered to be mainly, or entirely,
late features imposed upon a pre-existing craton (e.g., Smithies et al., 2018). The four main
components are the Eastern Goldfields Superterrane (or Eastern Yilgarn Craton), the South-West
terrane, the Narryer terrane and the Youanmi terrane. The latter is presently divided into the
Southern Cross Domain in the east and the Murchison Domain in the west. The new Geological
Survey of Western Australia (GSWA) lithostratigraphic framework for the Murchison Domain was
first reported by Van Kranendonk and Ivanic (2009) and is based on regional mapping, geophysical
data, remote sensing, and additional geochronological results. The structurally dismembered mafic-
ultramafic layered intrusions in the northern and central Murchison Domain of the Youanmi Terrane
are estimated to comprise approximately 40% by volume of the greenstones (Ivanic et al., 2000;

2015).

Four main volcano-sedimentary groups are recognized in the western Youanmi Terrane (Van
Kranendonk and lvanic 2009; Van Kranendonk et al. 2013; Ivanic, 2018). The occurrence of the
2960-2935Ma Mount Gibson Group in the south represents the most obvious difference compared
to the northern Murchison Domain. Volcanic units in these older units in the Golden Grove and
Mount Gibson areas are intermediate and felsic types intercalated with chemical sedimentary rocks
and overlain by volcaniclastic mass-flow units and banded iron formation. Van Kranendonk et al.
(2013) noted that there was a hiatus in magmatism between ~ 2930 Ma and 2830 Ma in the
Murchison Domain (Fig. 2). The hiatus ended with deposition of the Singleton Formation of the
Norie Group that includes the informal Gabanintha Suite (‘GA’) of Barley et al. (2000) and the Quinns
Basalt Member that consists mainly of basaltic to andesitic Fe-rich tholeiitic rocks and smaller
volumes of more evolved rock types. The Singleton Formation is overlain by felsic volcanic and
volcaniclastic rocks and banded iron formation (BIF) of the Yaloginda Formation. Intercalated
quartzite and BIF at the top of the formation are locally preserved. Given that the Yalgoginda

Formation has been dated at about 2815 Ma to 2806 Ma (Van Kranendonk et al., 2013 and
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references therein), the Singleton Formation is likely to be all > 2815 Ma and is estimated to be up to

2825 Ma in age (lvanic, 2018).

The Meekatharra Formation of the Polelle Group conformably overlies the Norie Group and consists
of tholeiitic basalts, pyroxene spinifex-textured Siliceous High Magnesium Basalts (SHMB) and
boninites, locally inter-bedded with minor felsic volcanic and volcaniclastic units (Wyman and
Kerrich, 2012; Lowrey et al., 2017). A 2799 +/-2Ma rhyolite volcaniclastic in the Polelle Syncline, is
interpreted to be the end of the Norie and start of Polelle and a dolerite sill in the underlying Norie
Group, which may be a feeder to Polelle mafic magmas, has an age of 2792 + 5 (Van Kranendonk and
Ivanic, 2009). The conformably overlying Greensleeves Formation consists of andesitic to rhyolitic
volcanic and volcaniclastic rocks and is in turn conformably overlain by BIF and felsic volcaniclastic
rocks of the Wilgie Mia Formation. The overlying c. 2735 - 2700 Ma Glen Group includes coarse
clastic and finer grained felsic volcaniclastic rocks. A thick lower unit of pyroxene spinifex-textured
basalt and pillowed basalt, locally interbedded with andesitic to rhyolitic volcanic rocks, conformably
overlies these sedimentary units, or overlies rocks of the Greensleeves Formation (Van Kranendonk

et al 2013).

A notable feature of the western Yilgarn Craton, and the Murchison Domain specifically, is the
presence of an isotopically juvenile crustal zone defined on the basis of granitoid whole rock Sm-Nd
compositions, originally documented by Champion and Cassidy 2007 (Fig 1b). The distribution of

relatively juvenile crust corresponds closely to that of greenstone belts and layered intrusions.

The Singleton Formation is well exposed at Mt. Singleton where a local stratigraphic succession was
established in detail (Lipple et al., 1983; lvanic, 2018; Fig. 3a). The Singleton syncline has a shallow
plunge of 5- 10 degrees near Mt Singleton. Dips are moderate to steep and way up directions are
defined by mafic pillows, flow tops, grading within intrusions, and sedimentary features. A U-Pb
zircon age of 2805 + 5 Ma from near the top of Mt Singleton, corresponding to the “agglomerate” of
Lipple et al. (1983; Fig. 3a), is interpreted as a maximum depositional age for that unit (Wingate et

al., 2013).

The geology of the Mt Magnet area has most recently been summarised by Zibra (2015). Sampling in
this study focussed on the Singleton Formation employing drill core from the Saturn Pit in the Galaxy
Mining area of Ramelius Resources Ltd, previously described by Thompson et al. (1990), and samples
collected at surface in the area (Fig. 3b). The stratigraphy in the Saturn Pit area is dominated by

mafic flows and iron formation with lesser intercalated felsic tuffs and carbonate-altered ultramafic
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units. Thompson et al. (1990) interpreted these as flows but they also include shallow-level intrusive

bodies.

3 Results

Analytical techniques and previously unpublished whole rock major and trace element data are
given in Supplementary File 1 and Table S1. A variety of texturally distinct volcanic rock types occur
at the Mt. Magnet and Mt. Singleton localities and include fragmental volcaniclastic and hyaloclastic
units, pillowed, variolitic and massive mafic to ultramafic lava flows and tubes, with and without
acicular or spinifex pyroxene textures in mafic to intermediate rocks as described below (Fig. 4).
Various mafic to ultramafic intrusions ranging up to 100’s of meters in thickness are noted in
published descriptions by Lipple et al. (1983), Thompson et al. (1990), and others. Metamorphic
grade is generally greenschist facies, meaning that preservation of primary mineral phases does not
correspond to the exceptional levels observed locally in the northern Murchison (Wyman and
Kerrich, 2012; Lowrey et al., 2017). Nonetheless, textural details are commonly well-preserved and

occasional relict primary minerals are observed.

3.1 Geochemical Results

New whole rock data for samples from the Mt Magnet (MM) and Mount Singleton (MS) areas are
compared with those of the “Karasjok-type” suite and associated volcanic units in the Gabanintha
area (collectively referred to here as “GA”). Data in Table S1 are reported as presently in the
WACHEM database or not yet included in WACHEM at the time of writing. In some cases, data from
the larger GSWA Murchison geochemical database of volcanic rocks (WACHEM, 2018) are also
plotted for comparison (Fig. 9, 10A, 12A). The plots include shallow-level intrusive samples that can
be correlated with volcanic rock types within the MM and MS sections or elsewhere in the southern

Murchison, as described below.

3.1.1 Major Elements

Harker diagrams are given in Figure 5. The trend to the upper left of the MgO plot (higher MgO at
lower SiO,) suggests that accumulation of olivine may have occurred in samples with MgO greater
than about 16 wt% MgO. The diagrams also highlight MM and MS subsets marked by high TiO, (>
1.5 wt%) and P,Os (> 0.24 wt %), which do not fall on the respective main trends defined by the
majority of samples and suggest a distinct magma evolutionary path. They correspond to samples
with relatively high SiO, (50 to 60 wt%), rather than in mafic-ultramafic samples, and represent the

Quinns Basalt member discussed below or shallow gabbroic intrusions (see also Fig. 9).
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A plot of Al,O,/TiO, versus TiO, and Al,O3 is shown in Figure 6a and 6b. The curve defined by
maximum TiO, contents at any Al,05/TiO, value represents a common fractionation feature similar
to those of many greenstone belt sequences (e.g., Wyman and Hollings, 2006). At least 2 sub-trends
can be identified extending to lower TiO, contents away from the main trend. In general, the further
these samples plot off of this trend, the higher their MgO content, consistent with accumulation of
olivine and pyroxenes and the “dilution” of TiO,. The trend at Al,O5/TiO,~ 15 to 18 mainly includes
many (S)HMB samples from MM. The trend at Al,O4/TiO, = 11 to 8 includes the Gabanintha
“Karaskjok-type” samples given by Barley et al. (2000), similar rocks from the same area reported by
Wyman and Kerrich (2012) and MS samples with similar trace element attributes (e.g., normalised
plots: Fig.s 9i, 10b). These rocks are Al-depleted and many have Al,O; contents between 7 and 4
wt%. Most of the MM samples in this low Al,O5/TiO, trend are examples of later (c. 2790) Alaskan-
type intrusions (typically with Al,O; = 10 wt%) not found in the Gabanintha area but which have

important trace element features as discussed in the following section.

3.1.2 Trace Elements

Whole rock Th, Nb and Zr abundances are shown on x-y plots in Figure 7 and highlight multiple
trends in the more evolved rocks of each area. These are most readily distinguished on the Zr vs Th
plot (Fig 7b) where the highly incompatible elements define five trends and provide an indication of
the minimum number of magma systems represented by the studied samples. The U vs Th plot
shows that the two elements co-vary in most suites, except for a small number of high-Th samples

from Mt Magnet (Fig. 7d).

No REE x-y plot provides arrays that correspond to the multiple trends on the Zr vs Th plot, likely
because some of the magma suites have similar initial REE abundances and distributions and
because the range of compatibilities of the light to heavy REE during magma evolution does not
preserve REE x/y ratios. Nonetheless, it is evident that the MS samples overlap the mafic-ultramafic
members of the GA suite whereas the MM samples also overlap but extend to much higher La/Sm
ratios that are accompanied by systematically lower Zr/Zr* values (Fig. 8), where Zr* is derived from

the primitive mantle normalized abundance given by: (Ndppm)®° X (Smpm)%>.

3.2 Mount Magnet
Normalized multi-element plots help to distinguish the various magmatic sub-groups and illustrate

the chemostratigraphy of the two study areas (Fig. 9). Samples from MM drill core are described in
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their inferred stratigraphic order. Samples collected to the east of the mine occur in the Singleton
Formation or represent the overlying Yaloginda Formation, based Geological Survey of Western
Australia mapping of the district (Zibra, 2015). A group of drill hole samples from small intrusions are
correlated with the ~ 2792 Ma Warriedar intrusive suite, based on their abundant coarse amphibole

content (Fig.s 4e; 9d).

The deepest sample in the sequence is a boninitic high-Mg andesite (GX10-530) that has 53 wt%
SiO,, 8.1 wt% Mg0, 0.41 wt% TiO, and an Al,O4/TiO, ratio of 41. Normalized plots (Fig. 9) display a
concave upward pattern for the REE’s and minor negative Eu and Ti anomalies in some samples
combined with a prominent Nb trough and a high Th/Nb ratio (Fig. 9c). Although sampled only once

in drill core, similar rocks were sampled in the Mount Magnet area and are also shown in Figure 9c.

The overlying unit consists of variably carbonate- and sulphide-altered basaltic andesite flows (LOI =
3 - 11 wt%) with Au mineralization-related carbonate and pyrite + sericite, as shown in drill logs and
assays of Ramelius Resources Ltd. Based on their similarity to previously published data (Watkins
and Hickman, 1990), these rocks are tentatively assigned to the Quinns Basalt unit, which now has
Member status within the Singleton Formation. Their major element contents (recalculated volatile-
free), however, are relatively uniform with ~ 51 - 53% wt SiO,, ~ 17 wt% Fe,03, 5 to 6 wt% MgO, 2.2
wt% TiO, and low Al,O5/TiO, ratios of 5.5 to 6. Their multi-element patterns are consistently flat,
with only minor Nb troughs, slight negative Ti anomalies and no Th enrichment (Fig. 9b). A few
samples display very minor positive Zr-Hf anomalies that could be a primary feature of the liquid, or
may reflect REE loss. The patterns consistently display high HREE/AIl and high V/Sc ratios that
preclude significant magnetite fractionation. Typical Zr/Y ratios are ~ 3. Archean and Proterozoic
examples of these rock types are relatively common in both mantle plume and subduction-related
environments and have previously been described as Icelandites or Icelanditic (e.g., Wyman et al.,
1999; Gibson et al., 2007), although the type examples are now recognized as “Fe-Ti rich tholeiitic
andesites” (Sigmarsson and Steinthérsson, 2007). They are ascribed to near-solidus fractionation of
tholeiitic magmas and (or) remelting of tholeiitic mafic crust (Jonasson, 2005; Kuritani et al., 2011).
The basaltic andesite sequence contains an intercalated, highly carbonate-altered interval (Sample
GX12-471; LOI = 12.8 wt%) that appears to be an example of the overlying sequence of rocks,
although it may be asill.

The Fe-Ti rich tholeiitic basaltic andesites are overlain by volcanic rocks that display a wide range of

Si0, and MgO contents but exhibit consistent trace element signatures (Fig. 9a). Ultramafic



241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275

examples (MgO = 20 to 31.5 wt %) immediately overlie the second volcanic suite in one drill hole.
They have SiO, between 46 and 48 wt%, TiO, between 0.4 and 0.6 wt%. Although they broadly
resemble the GA suite (Fig. 10) on normalized plots, their Al,04/TiO, ratios (mainly ~ 16) are higher
than the Gabanintha occurrences. Their normalized patterns exhibit moderate LREE enrichment
([La/Yb]en = 1.6 to 2.5) and slightly fractionated MREE-HREE ([Gd/Yb]cy = 1.2 - 1.5). These rocks
transition upward to lower Mg counterparts (MgO ~ 10 wt %) that are free of an obvious
mineralization-related metasomatic overprint but have similar trace element patterns. In some
cases, the rocks contain cm-scale amphibole (partially chloritized), possibly after acicular pyroxenes.
Although the trace element patterns are similar in terms of deep Nb anomalies and normalised REE
abundances that increase toward the LREE, the presence of minor positive Zr-Hf anomalies in some
samples may again be an artefact of alteration-induced REE loss. For example, the anomalies are not
present in the least altered samples (e.g., MMD 12-182 vs MMD 12-204B) and small negative
anomalies occur in other samples. The [Th/U]p\ ratios remain quite consistent at ~ 1 over a wide

range of Mg contents.

Small intrusions are abundant at the Mount Magnet deposit in the Hill 50 area and those sampled in
core are amphibole rich, commonly ~ 75% coarse euhedral amphibole that has been variably
overprinted by carbonate minerals. Chemically, they share some features with volcanic rocks in the
immediate Mt Magnet area (e.g., the Hy Brazil farmstead occurrences), such as distinct Nb (Ta) and
Zr-Hf depletions combined with moderate REE fractionation and LREE enrichment. In detail,
however, they most closely resemble gabbros in the Warriedar area (WR 17 in Fig 9d) and therefore
are assigned here to the ~2792 Ma Warriedar suite (Ivanic, 2018). The combination of low Al,04/TiO,
ratios (10-12), enriched LREE, prominent Zr-Hf negative anomalies and high [La/Nb]pw combined
with much lower [Th/Nb]py ratios are relatively uncommon in Archean greenstone belts but their
normalized patterns very closely resemble Paleoproterozoic examples of Alaskan intrusive suites
from the North China Craton (Yuan et al., 2010) and the Alaskan suites themselves. The latter
include hornblendites among a wide range of rock types in fully developed post-Archean complexes
derived from hydrous saturated basaltic magmas (Himmelberg and Loney, 1995). Alaskan complex
rock types that match the MM suite in terms of SiO, and MgO contents also display similar
Al,04/TiO, ratios.

Outside of the Saturn Pit and to the east, several rock types were identified. These include Norie
Group rocks that resemble the northern Murchison Domain Siliceous High Magnesium Basalts
(SHMB) of the Polelle Group discussed by Lowrey et al. (2017). The SHMB (Fig. 9f) typically have SiO,
contents of 53-54 wt% combined with MgO of 10 - 14 wt%, TiO, between 0.6 and 1.0 wt%, and
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Fe,0; and AlLO both mainly ~ 11 wt%. Their LREE are slightly enriched with [La/Sm]c\ generally
between 1.5 and 2.0 and the HREE are slightly depleted in most samples ([Gd/Yb].y = 1.2 - 2.0).
Minor normalized Zr-Hf depletions relative REE are usually present (Zr/Zr* ~ 0.8) but Nb troughs are
more pronounced (Nb/Nb* ~ 0.3 - 0.5). Slightly more evolved rocks are also assigned to the
Singleton Formation by Zibra (2015), which in this area was termed the Murrouli Basalt prior to
revision of stratigraphic nomenclature. Samples of these rocks have higher SiO, contents (53 - 58
wt%) and Al,O; (~ 14.5 wt%) but lower MgO (4 - 6.5 wt%) and Fe, 05 (6.7 - 11.3 wt%). Their LREE are
more enriched than in the SHMB ([La/Sm]cy = 2.3 - 4.5) and the HREE display less relative depletion
([Gd/Yblen = 1.2 - 1.5). Both the SHMB and the more evolved samples are locally carbonate-altered
but secondary amphiboles faithfully pseudomorph pyroxene, including zoning in acicular spinifex

pyroxenes and common cruciform textures.

Other rocks east of Mt. Magnet occur in a map unit that consists of metamorphosed mafic to
ultramafic volcanic flows and cumulates (Zibra, 2015). They have not been assigned a place within
the stratigraphic sequence but are intruded by a gabbro of the ~ 2792 Ma Warriedar suite. These
rocks are tentatively assigned to the Yalgoginda Formation based on the fact that the most
compositionally distinct examples lack coarse spinifex or acicular textures and are only weakly
porphyritic and amygdular. These rocks are unlike any others previously reported in the Murchison
Domain. In order to distinguish them from the previously described Singleton Formation examples
and based on typical SiO, of ~ 56 and MgO contents of mainly ~8 wt% (one sample has 11 wt%),
respectively, they are collectively referred to here as High-Magnesium Andesites (HMA). They have
low TiO, contents (generally < 0.4 wt%) and high Al,O5/TiO, ratios. Their normalized trace element
patterns exhibit pronounced REE fractionation, mainly from relative LREE enrichment. They display
more pronounced Nb and Zr-Hf anomalies than other MM rock types and some have high [Th/Nb]pm
ratios that correspond to the off-trend samples on the U vs Th plot of Figure 7d and extend the
correlation of [La/Sm]cy to low Zr/Zr* values in Figure 8b. The rocks resemble the “enriched
boninites” associated with rifting of the northern Tonga Ridge (Falloon et al., 2007). Both suites have
Zr/Y ratios near mantle values but the MM rocks display stronger REE enrichments relative to the

HFSE.

3.3 Mount Singleton

The MS volcanic samples all belong to the Singleton Formation, which is more fully developed than
in the Mt. Magnet Saturn Pit area (Fig. 9), but does not include any examples of the Quinns Basalt
Member, which is not exposed here. Boninitic signatures occur in the lowermost MS samples (TiO, <

0.20 wt%; Al,04/TiO, 25 - 33). They are distinguished by low overall incompatible element contents
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(mainly = primitive mantle) and concave-up normalized multi-element patterns. They are a
petrographically distinctive suite of cumulate-rich rocks (MgO ~ 36 wt%) where even the walls of
lava tubes or magma conduits contain abundant olivine phenocrysts. Analogous rocks are relatively
rare in the geological record but compositionally and texturally similar occurrences are known from
the Upper Pillow Lavas from the Margi area of the Troodos ophiolite (Taylor, 1990; Bailey et al.,
1991). A sample of the Margi picritic unit is plotted for comparison (Fig 9j).

Above these olivine cumulate flows, a suite of mafic differentiated flows (Mg0 = 5 to 16 wt%) share
common normalised patterns. Those with the highest MgO contents have Al,O; of ~ 5 wt% and TiO,
contents of ~ 0.6 wt%. Key features of their multi-element patterns closely match those of the GA
suite. They have similar Al-V-Sc patterns and slightly rising REE patterns with [La/Sm]cy mainly ~ 1.2
and [Gd/Yb]cy mainly 1.3 to 1.8. As a group, they also display minor Zr-Hf depletions versus the
MREE, as is the case for the Gabanintha mafic to ultramafic rocks. Both suites also display moderate

Nb depletions versus La and Th and primitive mantle normalised Th/U generally less than 1.

Thin ultramafic agglomerates occur within the basalts (MgO = 23-26 wt%). These have relatively flat
normalised patterns but slightly humped REE ([La/Sm]cy = 0.60 - 0.75; [Gd/Yb]cy = 1.47 -1.64).
Basalts and gabbros higher in the sequence tend to display less MREE/HREE fractionation and
basalts have progressively less V enrichment versus Al or Sc. The multi-element patterns of the
uppermost flows, tuffs and agglomerates also lack pronounced positive V anomalies and some of the
upper basaltic rocks have [Gd/Yb]py < 1 and weakly concave upward REE patterns. Although the
rocks have SiO, contents of 51 to 53 wt% and MgO contents of about 8 wt%, their TiO, contents of ~
0.59 wt% places them slightly outside of the boninites field on discrimination diagrams (e.g., Cooper

et al., 2010).

4 . Discussion

4.1 Crustal Contamination

Given the isotopic evidence for older crust recognized in the western Yilgarn (Cassidy et al., 2006;
Champion and Huston,2016), the possibility that particular MM, MS or Ga volcanic suites may be
hybrid products generated by crustal contamination of mantle magmas must be considered. A
regional-scale isotopic study for the southern Murchison is presently underway and results will be
compared to those of Wyman and Kerrich (2012) and papers in preparation for the northern
Murchison. For the present study, the objective is only to establish that crustal contamination was
not severe in the MM and MS sample sets and was not responsible for the development of any of

the main volcanic suites.

10
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It is clear that the MM examples of the Quinn’s Basalt tholeiitic suite (Fig. 9B) cannot have been
strongly modified by a crustal component. They display very low primitive mantle normalized Th/Nb
and Th/La ratios, lack Ti or Eu anomalies and have flat multi-element patterns that preclude a
significant contribution from evolved crustal sources. Similarly, the olivine-phyric boninitic flows
display Th/Nb ratios comparable to those of their Troodos counterpart from the Margi area (Fig. 9I),
despite being the most likely of all MM and MS rock types to have been modified by crustal
assimilation in a crustal magma chamber. They also display low MREE/HREE ratios that do not
permit whole-sale assimilation of shallow crust. Wyman and Kerrich (2012) reported isotopic data
for an extremely well preserved boninite, with classic acicular pyroxene texture, from the northern
Murchison Domain that falls within the range of the boninites reported here. Its eéNd,gqo pma Of -1.6
might be interpreted as indicative of crustal contamination but would also be consistent with a
petrogenetic scenario involving a subduction setting. For comparison, Lesher and Arndt (1995)
considered the Paringa basalts of the Kambalda area to be highly contaminated komatiites and they
also have gNdy of about -1.2 to -2.4. Their trace element compositions as summarised on mantle-
normalised plots feature high normalised LREE/MREE ratios that Said and Kerrich (2009) argued
showed no correlation with eNdy, implying these were all features of a heterogeneous source.
Irrespective of that debate, the trace element features of the Paringa basalts illustrate how different
a boninite and contaminated komatiite signature are likely to be, based on commonly applied crustal
assimilation models (Lesher and Arndt, 1995; Mole et al, 2018). Some tholeiitic Norie Group flows
near Cue (north of Mt Magnet) exhibit stronger incompatible element depletion than seen in the
boninites (Wyman and Kerrich, 2012). They might be considered to represent potential parental
magmas in a contamination scenario. However, they lack the positive Zr/Zr*observed in the
boninitic rocks and so this feature would need to be attributed to the contaminant. The positive Zr-
Hf anomalies in boninites are generally ascribed to slab melt metasomatism in boninites (e.g.,
Woelki et al., 2018 and references therein) but no potential Yilgarn crustal component can generate
such positive anomalies via contamination of the Cue depleted basalts and match other features of
the boninites. For example, the Cue rocks have Th-Nb-La relative abundances that are similar to
those of the boninites but their MgO contents (6-9 wt% MgO: Wyman and Kerrich, 2012) are lower
than the boninites. Conversely, the association of depleted basalts and boninites in the Murchison
Domain is readily accounted for without a crustal contamination scenario, given their common

association in Phanerozoic settings.

Barley et al. (2000) considered the possibility of crustal contamination in the formation of

Gabanintha suite. They noted that normalized Nb depletions occurred in the suite but argued that

11



381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415

any shallow level contaminant of ultramafic samples would require relatively low SiO, contents
combined with Al,O;/TiO, much less than 20 in order to generate the characteristic features of the
suite from contamination of either “Al-depleted” or “Al-undepleted” komatiites. On this basis, they
ruled out continental contamination and advocated a scenario involving mantle plume ascent
beneath subduction-modified continental margin lithosphere. It will be argued below that the
parental magma liquid compositions of the Gabanintha “Karasjok” suite were actually close to 16
wt% MgO, but the Barley et al (2000) arguments against crustal contamination in a “plume only”
scenario remain applicable. Wyman and Kerrich (2012) reported Sm-Nd isotopic data for four Norrie
Group samples from the Gabanintha area (MgO = 14.4 to 2.5 wt % with corresponding eNd,gooma =
0.9 to -0.5) where the highest-MgO sample had eNdgooma = 0.3 along with [La/Yb]cy = 2.6 and
Nb/Nb* = 0.54 (Nb* extrapolated from mantle-normalized Th and La). On this evidence, we also
conclude that the variable incompatible enrichment observed in the Gabanintha ultramafic rocks
(e.g., [La/Sm]cy typically 0.8 to 1.0 in cumulate-rich rocks but 1.3 - 1.7 at MgO ~ 16 wt%) must be

sub-crustal in origin.

The multi-element signatures of Alaskan intrusion-style MM samples display negative Zr anomalies
versus the MREE and low enrichments of Th versus Nb and LREE that are typical of these intrusive
suites through the Proterozoic and Phanerozoic (Himmleberg and Loney, 1995; Wang et al., 2010). In
addition, contamination-sensitive trace element ratios for these rocks and most other MM and MS
suites do not evolve with indices of fractionation. The MM East HMA surface samples (Fig. 9e) also
display very strong Zr-Hf troughs and MREE-LREE enrichments. They are distinguished from the
Alaskan suite by high but variable Th/Nb ratios and lower Zr/Y ratios (Fig. 9d). Notably, their relative
Nb-Ta-Zr-Hf abundances are similar to those of magmas derived from depleted mantle sources. This
combination of features cannot reasonably be accounted for by contamination of non-arc mantle
magmas with evolved Murchison crust. They are distinct from Yilgarn lithologies that may plausibly
have been derived via crustal contamination, which have high Zr/Y and lack the mantle-normalised
Zr-Hf depletions, because the proposed TTG crustal contaminant does not possess this feature (e.g.,
Said and Kerrich, 2010; Barnes and Van Kranendonk, 2014). In post-Archean subduction-related
rocks, the presence of Zr-Hf depletions is generally attributed to sediment melting under conditions
where residual zircon remains behind (Elliott et al., 1997; Hermann and Rubatto, 2009). It is worth
noting that Archean diamond-bearing lamprophyric shoshonite diatremes of the southern Superior
Province display similar trace element patterns, SiO, and MgO contents and the low Al,O4/TiO, ratios
of the Saturn pit amphibole-rich gabbros and Alaskan suites. Both the “late tectonic” Alaskan suite
and the lamprophyres are ascribed to melting of subduction-metasomatised lithospheric mantle

(Yuan et al., 2017; Wyman et al., 2008).
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The geochemical and isotopic compositions of the contemporaneous (c. 2800 Ma) Narndee Igneous
Complex, located between Mt Magnet and Mt Singleton are also relevant. Most units in the complex
display low Nb/Nb* (typically 0.2 to 0.4) and negative normalized Zr-MREE anomalies as observed in
several MM and MS rock types and commonly found in subduction-related magmas (Hirai et al.,
2018). These anomalies are combined with low mantle-normalized Th/La ratios, generally less than
one (as in the original “Alaskan” suite), and moderate LREE enrichment, most commonly with
[La/Yb]cy between 1.2 and 2.5 (WACHEM, 2018). Ivanic et al. (2015) showed that the zircon Hf,
whole-rock Hf and Nd isotopes, along with H and O isotopes amphibole and O isotopes in zircon
from the complex, indicated only very minor crustal contamination and a mantle origin for the HFSE-
REE features found in the complex and probably other ~2800 Ma rocks of this study. The multi-
element pattern of the Narndee Igneous Complex gabbro from which Ivanic et al. (2015) obtained
their mantle-like zircon gHf results is shown in Figure 9a and it resembles the patterns of many

samples included in this study.

4.2 Wet Magmas

As noted by Falloon et al. (2000, p. 698), Phanerozoic "boninites are an important ‘end-member’
supra-subduction zone magmatic suite as they have the highest H,0 contents and require the most
refractory of mantle wedge sources” and it is generally accepted that boninite major element
compositions require an origin in the shallow mantle and a contribution from a water-rich fluid
(Reagan et al, 2010). Although inferences concerning the geodynamic significance of Archean
boninites based on much younger occurrences must be made with care, petrologic considerations
imply that the Archean examples were also likely derived from “wet” magmas. For example,
depletion of the MREE versus the HREE, combined with LREE enrichment and concave normalized
REE patterns, establishes similar requirements for source depletion and re-enrichment for young
and old boninites, as does the common suppression of feldspar phenocryst formation and the high-
Mg nature of the magmas (Taylor et al., 1994). Based on younger boninites examples, the variable
development of positive Zr-Hf anomalies versus the MREE does, however, suggest a contribution
from melts to their source as previously noted (e.g., Woelki et al., 2018). Pearce and Robinson
(2010) summarise the findings of numerous studies (e.g., Langmuir et al., 2006; Portnyagin et al.,
1997) for a wide range of mantle potential temperatures (Tp) associated with Phanerozoic boninites
localities, including Tp = 1400° C. As is the case for some Archean boninites (Abitibi belt: Wyman and
Kerrich, 2009), the higher Tp values may in some instances have been associated with mantle plume
material, although Pearce and Robinson (2010) favour a slab edge mantle flow model to account for

the Tp ~ 1400° C associated with the Troodos Lower Lavas. Estimates of Archean ambient upper
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mantle Tp vary depending on inferred redox states, but Ganne and Feng (2017) suggest that at ~ 2.7
- 2.8 Ga the lower value was ~ 1430° C. Thus, mantle plumes were not required to form all Archean

boninitic suites but hydrous fluids probably were.

Barnes and Often (1990) originally inferred that magmas in the early Proterozoic Karasjok
greenstone belt (Norway) erupted under shallow water conditions that favoured phreatomagmatic
eruptions. Given the commonly volcaniclastic nature of the Karasjok suite world-wide, however,
Barley et al (2000) later inferred that Karasjok type magmas were inherently volatile rich. Other
Archean and post-Archean high-Mg volcaniclastic rock types, interpreted as either komatiites or
picrites, have been accounted for as inherently hydrous magmas in recent years. For example,
Triassic ultramafic arc picrites (liquid compositions with ~ 16. wt MgO but displaying up to 33 wt%
Mg via accumulated olivine) comprising tuff breccia and lapilli and ash tuffs are interpreted by

Milidragovic et al. (2016, 2018) as water-rich magmas that ascended rapidly through the mantle.

As discussed below, it is possible that phreatic processes did contribute to the production of
fragmental GA lavas in the southern Murchison Domain, but it is clear that inherently volatile-rich
magmas were being produced from mantle sources at about 2800 Ma. Ivanic et al.’s (2015) study of
the dry c. 2813 Ma Windimurra Intrusive Complex and the hornblende-rich wet 2800 Ma Narndee
Intrusive Complex demonstrated that the mantle beneath the Murchison was heterogeneously
hydrated. Given the proximity of the two complexes, the relationship is most readily explained by a
temporal heterogeneity where water was introduced into the upper mantle between the
emplacement of the two complexes. Compositional similarities between some MM rocks and post-
Archean Alaskan-type intrusions derived from hydrous arc magmas (e.g., Yuan et al., 2017) further

suggests that wet mantle sources were common in the region.

4.3 Magma Mixing and Liquid Compositions

In addition to extensive large-scale Archean Intrusive Complexes such as the Windimurra and
Narndee, smaller-scale intrusions are locally abundant in the Murchison, as in the Gabanintha area
(Hallberg, 2000), and in the Mt Magnet and Mt Singleton areas (Lipple et al., 1983; Ivanic, 2018).
Many of these smaller intrusions include olivine cumulate-rich horizons and the presence of
ultramafic (MgO = 37 wt%) lava tubes at Mt. Singleton demonstrates that these cumulates were
locally remobilized, as occurred with the “liquid/crystal mush” responsible for Troodos ultramafic
pillows (Bailey et al., 1991). Similar ultramafic lavas of the Othris Ophiolite have MgO contents up to
33 wt% but, based on olivine compositions, are calculated to have had liquid compositions with only

~ 17 wt % MgO (Baziotis, 2017). As shown in Figure 10, the range of trace element compositions
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generated by olivine accumulation in the Othris Ophiolite closely matches that defined by the GA
“Karasjok-type” rocks first reported by Barley et al. (2000). Such patterns are also found in other
Archean and post-Archean picrites, as noted by Polat and Kerrich (2006).

The small intrusions observed in the Murchison would have provided excellent sites for the mixing of
individual magma batches. Petrographic evidence demonstrates that ultramafic agglomerate in the
Mt. Singleton suite contains numerous chromite-rich amoeboid fragments, likely representing
cumulate material in a shallow magma chamber that was entrained when a new magma batch
prompted eruption (Fig. 11a; sample MS 22B: 24.8 wt% MgO). Some other spinifex-textured
spherical features appear to represent magma droplets entrained in related lavas, as in Figure 11b,
although in some cases it is difficult to confirm whether spherical features reflect mixing or
alteration (Fig. 11c). Figure 12 shows that there is a rapid decline in Cr contents with increasing Zr in
the Youanmi Terrane volcanic data set (WACHEM, 2018) and in the Barberton low Al/Ti komatiite
reference data sets (GEOROC, 2018). The trend is mainly matched by MM, MS and some GA data.
The magma mixing inferred for the Mt Singleton agglomerate must have involved two low-Zr
components. Similar mixing may have occurred in the GA suite but the distribution of many GA
samples to the right side of the trend suggests mixing also occurred between low-Zr material

containing excess Cr and high-Zr components.

Barley et al. (2000) reported that their sample GIR 135, with MgO contents of 22.5 wt%, was a
weakly porphyritic flow top from the Gabanintha “Karasjok” suite, which is a key argument in
support of the magmas being komatiitic. On the Cr or Ni vs Zr plot, however, the location of this
sample to the right of the main Youanmi trend, suggests that it is actually a mixture of cumulate-
bearing magma and a more evolved magma. The Gabanintha sample with most similar MgO content
reported by Wyman and Kerrich (2012) has MgO = 23.6 wt% (sample ME15b). It contains abundant
olivine phenocryst (+ pyroxene) pseudomorphs, best observed in low magnification

photomicrographic montages (Fig. 11d,e), and cannot represent a liquid magma composition.

Only 2 GA samples have Cr contents greater than the putative flow top. Using only the available data
rather than an optimized theoretical end member, it is possible to create a simple mixing model
based on Zr contents that replicates the mantle normalized plot of sample GIR 135 and produces
relatively consistent values for compatible trace elements (Fig. 12). Rocks comparable to the evolved
sample in the model are actually common in the Gabanintha area (WACHEM, 2018) in the Quinns
Basalt Member. On the basis of this petrographic and chemical evidence, we suggest that the

reported flow top sample cited by Barley et al. (2000) is actually a highly altered example of a
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cumulate olivine-bearing magma that underwent minor magma mixing and cannot be used to infer a

primary magma liquid composition.

One plausible explanation for the distinct Cr vs Zr trend at Gabanintha is that the Quinns Basalt, or
compositionally analogous magmas, represent the re-melting of hydrated tholeiitic crust at or near
the sea floor. If early Singleton Formation volcanism occurred episodically in the Gabanintha area,
then later magmas could locally melt the hydrated crust, forming “Icelanditic” melts that mixed with
the newly arrived magmas. This scenario resolves the apparent contradiction presented by a
comparison with the dry mantle source for the younger c. 2813 Ma Windimurra Intrusive Complex
indicated by the study of Ivanic et al. (2015). The volcaniclastic nature of the GA suite noted by
Barley et al. (2000) does not require that the parental magmas were inherently volatile-rich but
corresponds instead with the assimilation of hydrated crust or magma mixing with small-volume

melts derived from such crust.

4.4 Primary Magma Compositions versus Komatiite Classification

Relatively constant Al,O5/TiO, ratios over large ranges of TiO,, Al,O; and MgO contents indicate
extensive olivine fractionation occurred (Fig. 6) in magmas of all three study areas. Based on
petrographic observations and Harker diagrams such as MgO vs SiO,, the liquid composition of the
most mafic magmas in the GA and other sample suites lie in the region of ~ 16 wt% MgO. The
available GA samples near this composition are highly altered but the distribution of relict oxides
does not suggest a high phenocryst content. This inferred primary magma liquid composition is
below the 18 wt% MgO criteria for komatiitic affinity favoured by Arndt et al. (2008), although they
note that both higher and lower values have been used elsewhere. Given that Gabanintha ultramafic
rocks are olivine cumulates and lack olivine spinifex textures, the Gabanintha suite, or similar rocks
in the MM and MS suites do not actually meet any of the requirements of a komatiite classification
favoured by most authorities in the field (e.g. Arndt et al., 2008 and references therein). In contrast,
the scenario of subduction-related ~ 16 wt % MgO magmas producing ultramafic rock types
(including tuffs) is increasingly recognized globally (Bailey et al., 1991; Milidragovic et al., 2016,
2018; Baziotis et al., 2017). It must also be noted that Szilas et al. (2012) assessed amphibolite
metamorphic grade Mesoarchean rocks from SW Greenland that were compositionally similar to the
Gabanintha suite and suggested that they originated by processes similar to those of post-Archean

boninites.

4.5 Pyroxene Spinifex
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When field evidence for a link between komatiite ss. and moderate-Mg mafic volcanics is lacking,
textural characteristics such as acicular pyroxenes or pyroxene spinifex have commonly resulted in a
default classification of those rocks as komatiitic basalt. This practice is not consistent with the
requirement that basalts be linked spatially and genetically to true komatiites (Redman and Keays,
1985; Arndt, et al., 2008), but is understandable, given that basalts that do meet these criteria are
often characterized by such textures (Cameron and Nisbet, 1982). Lowrey et al. (2017) have shown
that in the Murchison Domain, and elsewhere, there are occurrences of platy pyroxene spinifex in
basaltic to andesitic flows that mimic a texture previously considered to be diagnostic of olivine
spinifex in true komatiites. This textural duplication has also likely led to field-based reports of
komatiites in some parts of the Yilgarn and Pilbara Cratons where none are actually present (Lowrey

et al., 2017).

The genesis and implications of pyroxene spinifex is presently the subject of considerable research,
which has yet to resolve all of the factors that either permit or enhance pyroxene spinifex formation
(Bouquain et al., 2009; 2014). Spectacular, metre-scale, occurrences of pyroxene spinifex have been
reported from a range of magma compositions in the Nondweni greenstone belt (Wilson et al.,
1989), including ‘komatiities’ (15-22 wt% MgO), ‘komatiitic basalts’ (7.5-15 wt% MgO) and
‘komatiitic andesites’ (8 -13 wt% Mg0O), which Riganti and Wilson (1995) likened to siliceous high-
magnesium basalts (e.g., Sun, et al., 1989). Based on evidence for a shallow-water environment
(stromatolites, evaporates) and the occurrence of similar pyroxene textures across a wide range of
magma compositions, Wilson and Versfeld (1994) concluded that the spinifex formed as a result of

environmental rather than compositional factors.

Wilson and Versfeld (1994) considered the Nondweni volcanic rocks to be petrogenetically similar to
siliceous high-Mg volcanic types found in young volcanic settings and there are clear textural
similarities between these occurrences. The fact that boninites had been overlooked in the
Murchison Domain until reported by Wyman and Kerrich (2012) is probably due to their textural
similarity with SHMB in the field. Comparisons between komatiitic basalts, SHMB and younger
textural “analogues” have been presented for decades (e.g., Cameron and Nisbet, 1982). Wood
(1980) reported pyroxene spinifex texture in the unusual Cretaceous continental margin Kopi
boninite (also illustrated in Wyman, 2018). A recent paper by Baziotis et al (2017), for example,
displays skeletal and branching clinopyroxene dendrites or “microspinifex” (Arndt et al., 2008) in a
high-Mg (11.5 - 13.7 wt% MgO), clinopyroxene-rich, dike of the Othris ophiolite. Comparable
textures are reported from the Troodos ophiolite (Osozawa et al. 2012), similar to those reported in

SHMBs in the Murchison domain (Lowrey et al., 2017). It is evident that the presence of pyroxene
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spinifex-textured rocks with MgO contents of ~ 8 to 16 wt% MgO in the Murchison domain do not

provide unequivocal evidence of komatiitic basalts or the Komatiite lithofacies of Arndt et al. (2008).

4.6 Geodynamic Context

With the exception of mantle plume tectonics inferred from the presence of komatiites and (or)
“komatiitic basalts” of varying pedigree, few (if any) Meso- or Neo-Archean greenstone belt
geodynamic models have been developed on the basis of a single rock type in recent decades. The
field observations and data from multiple rock types presented in this study provide important
insights and constraints into the geodynamic evolution of the Yilgarn Craton at ~ 2800 Ma, although
the apparent intra-cratonic setting of the Murchison boninites emphasizes that caution is required in

comparisons with classic occurrences such as Cyprus or the Izu-Bonin-Marianna trench.

Models suggesting a coexistence or close association of Archean mantle plumes and subduction
zones have become common since invoked for the Abitibi belt in Canada (Wyman et al., 1999 a,b)
and mantle plume - subduction zone interactions are likely to have been quite numerous in the
Phanerozoic, based on present day plume catalogues and plate reconstructions (Fletcher and
Wyman, 2015). If the Gabanintha suite described by Barley et al. (2000) was in fact a variety of deep
mantle plume-derived komatiite, then their model of plume ascent beneath a subduction-modified
cratonic margin might possibly be adapted to account for the presence of so many rock types
derived from hydrated mantle. Our results indicate, however, that the suite is not komatiitic and
there is no a priori reason to invoke a mantle plume, particularly since the analogy drawn by Barley
et al. (2000) with diamond-bearing rocks of Dachine, French Guiana, is likely based on a flawed
assumption (Wyman et al., 2008; 2015). Prior to the assertion by Capdevila et al. (1999) that the
Dachine rocks were komatiites, they had been classed as meta-kimberlite or meta-lamproite (Bailey,
1999 and references therein). Magee and Taylor (1999) suggested the rocks could actually be
shoshonitic picrites. The latter model gains considerable credibility through comparisons with the
Archean diamond-bearing shoshonitic lamprophyres and associated breccia’s of the southern
Superior Province, which Wyman et al. (2008; 2015) demonstrated had major and trace element

compositions similar to the Dachine rocks.

Rather than being derived from depths of >250 km in the presence of residual majorite garnet as
suggested by Barley et al. (2000), the HREE-depleted signature of some Singleton Formation magmas
is more likely to have originated in a setting similar to that of “g-basalts” that have magma
contributions from the upper mantle garnet stability field (Sacanni, 2015) and are associated with

rifted continental margins (Dilek and Furnes, 2011). The Othris ophiolite of Greece may provide a
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relevant example. It has previously been described as including picrites, boninites and komatiite by
Tsikouras et al. (2008) and hosts well developed pyroxene spinifex in some high-Mg rock types. The
ultramafic rocks include suites with LREE enrichment, low Nb/La ratios and sporadic weak negative
Ti, P, and Zr anomalies. Baziotis et al. (2017), however, argued based on olivine compositions that
primary liquid compositions of the “komatiites” did not exceed 17 wt%, despite whole rock analyses
extending to more than 30 wt% MgO. On this basis, they included the previously described
komatiites with the Othris picrites. The boninites and associated rock types were emplaced in the
narrow Pindos “oceanic strand” of the western Neothethys where Early Triassic rifting of continental
crust was followed by Late Jurassic to early Tertiary subduction (Koutsovitis and Magganas, 2016;
Dilek et al., 2008; Stampfli and Borel, 2002). Other possibly appropriate geodynamic analogues for
the Murchison boninites, besides the Neotethys, may be other cases where such rocks are found in
continental margins. The Kopi boninites of New Zealand and the SE Yukon examples described by
Piercey et al (2001) have both been suggested to occur where spreading ridge propagation into a
continental arc generated melting of refractory mantle that was previously metasomatised by

subduction processes.

Wyman and Kerrich (2012) attempted to accommodate a ~ 2800 Ma “Norie mantle plume” into a
geodynamic model for the Murchison Domain and the Yilgarn Craton based on prevailing models. At
a minimum, however, the new results provide strong evidence against the long-lived plume models
applied to the Murchison Domain and Yilgarn Craton. For example, Van Kranendonk et al. (2013)
suggested that mantle plume impingement at 2820 - 2790 Ma set the stage for the generation of
granitoids beginning at 2785 Ma via conductive heat transfer through thinned continental (cratonic)
crust and attributed 2760 -2740 Ma magmatism to mixtures of crustal melts and the emplacement
of mantle derived melts. This is a classic Yilgarn plume scenario but it is no longer tenable from the
perspective of either mantle water contents or the compositions of rock types now recognized in the

southern Murchison Domain.

The review of Alaskan-type intrusions by Himmelberg and Loney (1995) demonstrates that they have
many features in common with intrusions of the Murchison Domain’s Warreidar Intrusive Suite.
They occur as numerous small intrusions with larger mafic-ultramafic complexes that may extend to
about 10 km. This size range is far smaller than the largest mafic-ultramafic intrusions found in the
Murchison Doman (30 - 80 km: Ivanic, 2016) but is similar the dimensions of the largest of
Warreidar Suite intrusions (lvanic, 2018). Combined with their geometry, the size range of post-
Archean Alaskan-type intrusions suggest that many smaller bodies are subvolcanic feeder conduits,

sills and shallow crustal magma chambers. The Alaskan-type rocks represent differentiated
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magmatic suites that encompass a wide compositional range, with MgO contents varying from ~ 43
wt% in dunitic zones to a few wt% in gabbros that, at least in part, evolved by flow differentiation in
feeder conduits and sills (Himmelberg and Loney; 1995). This compositional range is matched by the
Warreidar Suite, which extends from peridotite to gabbro and dolerite. In the original Alaskan type
area, phlogopite and hornblende in ultramafic zones and the presence of hornblendite indicate they
were hydrous magmas, while their trace element signatures imply a genetic association with
Aleutian island arc lavas. The recurring combination of enriched LREE and negative Zr-Hf anomalies
and comparatively low Th/La ratios evident in the Murchison intrusions and the Alaskan and North
China Craton examples (Figure 10) do not appear to have been addressed directly in the literature.
Yuan et al. (2017) do, however, favour a subduction-metasomatised lithospheric source rather than
a modified asthenospheric wedge source for the Zhongtiao Mountain (North China Craton)

examples, based on trace element and Nd-Hf isotopic data.

Given the arguments against crustal contamination, the HMA rocks of the MM suite are considered
to be derived from asthenospheric mantle. Their similarities to “enriched” boninites and their
association with other boninitic rocks and picrites correspond closely to the products derived from
silica-enriched mantle sources of arc magmas (Bénard et al., 2017). There are several post-Archean
localities where multiple boninitic types occur, such as the variably depleted Suite B and C of the
Troodos ophiolite where both subduction initiation and an extended period of ridge subduction may

have prolonged boninite magma formation (Osozawa et al., 2012).

Samples from the three study areas are plotted on two well-known plots applied to subduction-
related rocks in Figure 13. The Ba/Th vs Th plot of Hawkseworth et al. (1997) in Figure 13a suggests
that both fluids and sediment melts played a role in the enrichment of the magma sources of the
Norie Group magmas and endorses a role for a sediments in the distinctive Yalgoginda (?) rocks that
display very high Th contents. The lack of a correlation between Ba/Th and Th suggests that any
effects of crustal contamination on magma compositions was minor. On a plot of Th/Yb vs Nb/Yb
(Fig. 13b), the majority of Norie Group samples define a trend that parallels the mantle array,
consistent with the observation of Smithies et al. (2018) for northern Murchison volcanic rocks. The
high-Th HMA samples lie almost directly above the primitive mantle location, as might be expected
from their normalized multi-element plots (Fig. 9e). Although some of the boninitic rocks display
minor positive Zr-Hf anomalies, Norie Group samples do not fall within the region occupied by
magmas that were strongly influenced by adakitic slab melts. In combination, these two plots
suggest a subduction zone scenario similar to that found in most Phanerozoic arcs and show no

evidence of systematic crustal contamination.
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4.7 Yilgarn Model

The evidence presented here can be accounted for in a preliminary tectonic model for the ~ 2.8 Ga
Yilgarn Craton involving subduction along its western margin. Several previous studies have argued
for similar models. Myers (1995) was an early proponent who suggested that distinctive features
and age distributions of the Narryer and Murchison (Youanmi) terranes required their assembly by a
plate tectonic process that likely occurred at 2680 -2650 Ma, based on field relations such as
tectonic interleaving and folding. Wilde et al. (1996) considered east-dipping upper crust reflectors,
preserved 2790 Ma -2650 Ma greenstone sequences and post-tectonic granites as young as ~ 2580
Ma in the SW Yilgarn as evidence for Neoarchean terrane accretion. High HFSE 2750 Ma sanukitoid
intrusions in the Murchison Domain and andesite-dacite-rhyolite volcanic rocks of the c. 2730 Marda
complex in the Southern Cross Domain both suggest subduction-linked metasomatism above a

subducting plate (Champion et al., 2002; Morris and Kirkland, 2014).

The rocks discussed here are mainly analogous to the almost continuous successions of the Norie
and older Polelle Group of the northern Murchison Domain in what might be termed the “Norelle
event”. Their association with a region of relatively isotopically juvenile crust (Fig. 1) suggests the
possibility that extension within the older Yilgarn basement may have been tectonically linked to the
formation of the magmas. Although interpreted domain and terrane boundaries in the Yilgarn have
been modified frequently over the last few decades, this region of relatively juvenile crust has never
been considered as a first-order terrane or domain boundary feature. Nonetheless, the geochemical
and isotopic evidence suggests that complete attenuation of the existing cratonic crust may have
occurred synchronously with the ca. 2815 Ma emplacement of the 38,000 km® Meeline suite of

anhydrous tholeiitic magma intrusions (lvanic, 2016).

The recognition of ~ 2790 Ma greenstone sequences in the SW Yilgarn implies that a subduction
zone may have been present along the entire western margin of the craton. If so, then the Narryer
Terrane, parts of the SW Yilgarn Terrane and (possibly) Murchison crust west of the isotopic juvenile
zone probably did not arrive randomly, or independently accrete to the craton’s margin, but could
represent a ribbon micro-continent. It is increasingly accepted that Yilgarn crust underwent
extension prior to ~ 2720 Ma and that Youanmi-style crust extends to the eastern Yilgarn Craton
(e.g., Van Krandendonk, 2013; Pawley et al., 2012). Based on detrital zircons in the Southern Cross
Domain, Wyche et al. (2004) suggested that pre-3100 Ma Narryer crust may have been extended
during deposition of pre-2700 Ma greenstone belts. Given that a ca. 2815 - 2800 Ma felsic volcanic

rocks occur with undated spinifex-textured “komatiitic basalts” and dolerites and a ca. 2832 Ma
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monzogranite (Pawley et al., 2012 and references therein) in the NE Yilgarn, it is possible that
subduction also occurred there at about the same time as the Norelle event, although further study

is required.

Circum-cratonic subduction is commonly envisioned at the onset of local subduction or global plate
tectonics in numerical models of Paleoarchean geodynamics. For example, if an early craton
underwent gravitational collapse then subduction may be induced around its circumference (Rey et
al., 2014). Rolf and Tackley (2011) found that convective stresses imposed by the asthenosphere on
a craton embedded in thinner and weaker oceanic crust could also nucleate subduction initiation
around the craton. Such local enforced subduction scenarios were probably not required by ~2800
Ma, given that the widespread evidence for subduction at 2750 Ma and onwards suggests a form of

global plate tectonics was just about to emerge (e.g., Wyman, 2018 and references therein).

One possible scenario suggested by Phanerozoic “cratonic” boninites involves the propagation of an
ocean spreading centre toward the Yilgarn Craton. As shown in Figure 13a, such a scenario could
account for Norelle-like rocks in the eastern Yilgarn and the rapid ~ 2800 Ma transition from wet to
dry mantle sources for intrusions coeval with Norie Group volcanism. The spreading centre would
first induce extension in the craton but if the ridge propagated past the Yilgarn then plate
convergence and subduction could result. The modal can account for the possible occurrence of
subduction on both sides of the Yilgarn craton if the propagating rift “calved off” the thin margins of

the craton but only produced crustal extension in the core.

Interestingly, there is evidence to suggest that such double subduction zones occurred elsewhere at
around the time of magmatism in the Norie and Lower Polelle Groups. The interpretation of Percival
et al. (2012) for the onset of Superior Province consolidation bears striking similarities to the
contemporaneous Yilgarn (prior to the development of the Eastern Goldfields Terrane) as illustrated
in Figure 13b. The analogy and potential correlation are made even more compelling by the fact that
volcanism at 2830 Ma - 2800 Ma was much less common globally than it was after 2750 Ma
(Wyman, 2018). In Figure 13b a hypothetical ~ 2830 Ma Yilgarn has been added to the NW margin of
the Superior Province. In this scenario, the Narryer Terrane corresponds to the Hudson Bay Terrane,
the “Norelle” magmatism equates to 2830 Ma - 2800 Ma Hayes River magmatism in the Oxford-Stull
Domain (OSD; see also Metsaranta and Houle, 2017a, b), the upper Polelle Group corresponds to the
~ 2722 Ma Knee Lake volcanics and sedimentary rocks of the OSD and the Youanmi Terrane matches
the ~ 3000 Ma North Caribou Terrane (Percival et al., 2012; Corkery et al., 2000). Moreover, the OSD

contains significant intrusive complexes extending at least from 2808 Ma to the 2735 Ma “Ring of
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Fire” mafic-ultramafic intrusion, which is a feeder to ultramafic to felsic sills and volcanic rocks

(Mungall et al., 2010; Metsaranta and Houle, 2017a,b).

A similar “inward-dipping” double slab subduction event (Holt et al., 2017) may have recurred again
in the Yilgarn after 2750 Ma. Van Kranendonk et al. (2013) described andesites from the upper
Polelle and showed that they chemically resembled some Phanerozoic arc-related andesites. They
cautioned that such signatures might be generated by mantle plume-related crustal melting. The
latter scenario now appears less viable for those particular rocks given the re-assessment here of the
putative 2830 Ma mantle plume. Van Kranendonk et al. (2013) also reported pyroxene-spinifex
bearing ~ 2725 Ma volcanic rocks in the Murchison Domain’s Glen Group where 4 of 5 samples have
MgO between 5.7 and 8.3 wt% MgO and the other has 17.5 wt% MgO. Primary amphiboles occur in
associated gabbros but were interpreted as the product of contamination by hydrous crust. All of
these rocks need to be re-evaluated in the light of findings in Lowrey et al. (2017) and the present
work. Many, but not all, Yilgarn researchers infer subduction events starting after 2750 Ma in the
eastern Yilgarn prior to or broadly coeval with the onset of classic mantle plume-derived komatiitic
magmatism in the Kalgoorlie Terrane (Standing, 2008; Czarnota et al., 2010; Begg et al., 2010). This
corresponds to a global upswing in volcanism, crustal growth and cratonization (Wyman, 2018 and
references therein). On this basis, it is possible that the Yilgarn Craton underwent two periods of

“inward-dipping” double slab subduction between 2830 Ma and final cratonization around 2650 Ma.

5. Conclusions

The results of this study provide major new insights into mid- to late-Archean magmatism in the
Murchison Domain and have important geodynamic implications for the Yilgarn Craton. The new
evidence strongly suggests that the so-called Karasjok komatiite suite of the Gabanintha area is
actually derived from parental magmas with primary liquid compositions having ~ 16 wt% MgO. The
subduction-like signatures were not acquired at shallow crustal levels and instead represent features
established in their mantle sources near the shallowing lithosphere-asthenosphere boundary; they
are more appropriately termed arc picrites. The Gabanintha suite is just one of several hydrous
magma types found in the Murchison Domain but it predates the transition from comparatively dry
to wet mantle documented by the study of intrusive complexes by Ivanic et al. (2015). The suite
likely acquired water from hydrated crust, which was locally remelted to generate Fe-Ti rich
tholeiitic basaltic andesites. In contrast, the later large-scale wet Narndee Intrusive Complex and
smaller intrusions with Alaska-type affinities suggest widespread hydration of mantle sources,

probably including the asthenosphere and lithosphere.
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In cratons where magmatism intrudes existing crust there can be uncertainties about the origin of
“arc-like” andesites and felsic volcanic rocks. The high-Mg andesites reported here display mantle-
like Zr/Y combined with LREE enrichment and strong normalized depletions of both Nb-Ta and Zr-Hf,
which are not observed in andesites plausibly derived from plume- generated remelting of cratonic
crust. In combination with previously published data, our results suggest a period of subduction
likely occurred at ~ 2830 Ma - 2790 Ma along the Yilgarn western margin and possibly slightly earlier
along the eastern margin. The absence of a “Norie plume” during this interval indicates that younger
Polelle and Glen Group volcanism were not products of mantle plume incubation as often
hypothesized for evolved magmas of the Yilgarn Craton. Instead, they likely represented subduction-
related volcanism that was broadly coeval with subduction events in the eastern Yilgarn. The
occurrence of apparent intra-cratonic boninites in the Murchison Domain may be most
appropriately compared to Phanerozoic occurrences linked to continental rifting, ribbon continents
and associated short-lived narrow oceans. The 40 m.y. duration of the magmatism represented by
the Norie and Lower Polelle Groups is similar to that shown by the southern Abitibi belt in Canada
and demonstrates that the concept of short-lived subduction events controlled by slab break off, as
envisioned by Moyen and van Hunen (2012), was probably more applicable to older greenstone

belts.

Based on the paucity of ~ 2815 Ma volcanism world-wide, the events documented in the Norie
Group need not signify a global set of interacting plates as found on the modern Earth but may
slightly predate such a configuration at ~ 2750 Ma (Wyman, 2018). A propagating ridge model for
Norie and Lower Polelle Group magmatism in the Murchison Domain is suggested by similarities
with Neotheyan boninites occurrences. A more speculative possible correlation of the Mesoarchean
Yilgarn with the North Caribou Terrane of the Superior Province would not necessarily negate the
propagating ridge scenario. The correlation is far from proven at this point but provides some
support for arguments that the Yilgarn was part of a Superia supercontinent in the Paleoproterozoic

(Soderlund et al., 2010).
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FIGURE CAPTIONS

Fig. 1. A) Tectonic scheme of Yilgarn Craton adapted from Witt et al. (2018) and Martin et al. (2015).
B) Terrane map of the Yilgarn Craton contoured for 2-stage depleted-mantle model age (Tpw?) based

on the Nd-isotopic compositions of 442 felsic igneous rocks (Smithies et al, 2018).

Fig. 2. A summary of zircon U-Pb geochronology results from the western Yilgarn Craton
dated from 3000 until 2700 Ma. Data from GSWA (2014) and screened for maximum

analytical uncertainty less than 25 Ma.

Fig. 3. Stratigraphic cross sections for the Mount Singleton area and the Saturn Pit area at Mt

Magnet, based on Ivanic (2018) and Zibra (2015).

Fig. 4. A) Hyaloclastite and B) Variolitic mafic flow in outcrop, Mount Singleton locality. C) Magma
tubes at Mount Singleton: right side shows full tube structure; left beneath hammer: half drained
and collapsed tube. D) Coarse string beef spinifex textured high-Mg basalts from the vicinity of Hy
Brasil homestead, eastern part of Mount Magnet greenstone belt, E) Relict acicular texture, now
defined by actinolite, in chloritized and carbonate-altered “Alaskan-type” intrusions (Hill 50 area,

Mount Magnet); F) bedded volcaniclastic rocks near the Hy Brazil homestead.

Fig. 5. Harker variation diagrams Mt Singleton and Mt Magnet samples versus Gabanintha area rocks

and samples from the WACHEM database for Youanmi Terrane igneous rocks.

Fig. 6. Al-Ti-Mg systematics of Mt Singleton and Mount Magnet samples compared to the

Gabanintha suite.

Fig. 7. Incompatible element systematics of Mt Singleton and Mount Magnet samples compared to

the Gabanintha suite and other Youanmi igneous rocks.

Fig. 8. Middle to Heavy REE fractionation versus Light to Middle REE fractionation and REE-Zr

relationships of Mt Singleton and Mount Magnet samples compared to the Gabanintha suite.

Fig. 9. Primitive Mantle-normalized multi-element plots for Mt Magnet and Mt Singleton.
Normalizing factors from McDonough and Sun (1995). Narndee Intrusive sample in panel A is the

whole rock from which Ivanic et al. (2015) obtained Hf = 0 in zircon. Panel D: WR17= Warriedar area
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intrusion; WS85 from 2.2 Ga North China Craton Intrusion, Wang et al., 2010; 87GH35A Olivine
clinopyroxenite, Alaska, Himmleberg and Loney, 1995; Panel J: Margi = sample from Margi locality,

Troodos Ophiolite.

Fig. 10. A and B) Primitive-mantle normalized multi-element plots for rocks of the Gabanintha area.
C) Comparison of mafic-ultramafic Gabanintha rocks and Triassic Othris ophiolite. See text for
discussion. Data in A from WACHEM (2018), in B from Barley et al. (2000), and Wyman and Kerrich
(2012). Othris data from Baziotis et al. (2017). Normalizing factors from McDonough and Sun (1995).

Fig. 11. Arc Picrites of the Murchison Domain. A. Ultramafic agglomerate, Mt Singleton (Sample MS
22B) showing chromite-rich amoeboid fragments and smaller fragments. Image is a montage in both
transmitted and reflected plane polarized light. Blue tinge on opaques on the right is an artefact of
the montage production. B mixing of two related magma batches, both now exhibiting pyroxene
spinifex. C Spherical to patchy regions distinguished surrounding from rock by matrix colour. Both
regions display pyroxene spinifex texture and some crystals cross the boundaries between the
regions. B and C both in unpolarized light. D and E (also shown as inset in D). Gabanintha sample
ME15B in transmitted light showing pseudomorphs of accumulated olivine + pyroxene in a fine-

grained, opaque-rich, matrix. See text for discussion.

Fig. 12. Top. Cr vs Zr plot for MM, MS and GA samples compared to Youanmi data base from

WACHEM and Barberton Komatiites from the Georoc data base (http://georoc.mpch-

mainz.gwdg.de/georoc/). High - Cr to high-Zr mixing trend for GA samples may result from local re-

melting of tholeiitic crust. See text. Highlighted GA samples: Grey circle GIR-204; Red circle GIR-135;
Black circle 81928. Blue circle ME 15B (c.f. Fig 11). Highlighted MS sample: Green square MS 22B (c.f.
Fig. 11). Data from Barley et al. (2000), Wyman and Kerrich (2012) and WACHEM. Middle. Mantle-
normalized (McDonough and Sun, 1995) multi-element plots for sample GIR-135 and Zr-based
mixing comparison between samples GIR-204 and 81298. Data from Barley et al. (2000) and
WACHEM. Bottom. Comparison of select compatible trace elements for the Zr-based model and

Barley et al. (2000) GIR-135 “flow top” sample. See text for discussion.

Fig. 13. A) Ba/Th vs Th plot after Hawkesworth et al. (1997). Most samples appear to have been
derived from sources influenced by either hydrous fluids of sediment melts, but not both. B) Th/Yb
vs Nb/Yb plot (Pearce, 2008; Smithies et al. 2018) showing that the Norie Group samples mainly

define an array that is sub-parallel to the Mantle Array, except for those samples in A) for which
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sediment melts are implicated. Yilgarn TTG field and Archean Crust from Smithies et al. (2018). Red
letters are igneous rocks for which slab melts have previously been invoked in their sources. S=
Setouchi High-Mg andesites (Tatsumi et al., 2003); M = Marda Complex Youanmi Terrane (Morris
and Kirkland, 2014); A= Abitibi adakites (Wyman et al., 2002); P = Pilbara high-Mg diorites (Smithies
and Champion, 2000), B= pre-“granite bloom” Abitibi Blake River assemblage including tholeiites,
which define a trend similar to the main Norie trend, and transitional calc alkaline rocks. The latter
are attributed to a mix of tholeiite sources and slab melts where the red “B” is located near the start
of the slab melt trend (Wyman published and unpublished data). Based on these two plots, there is
no indication of a substantial slab melt or crustal contamination influence on the Norie Group

magmas.

Fig. 14. A) Propagating Spreading Centre model where a spreading centre tip (red colours)
propagates from upper right to lower left causing short-lived subduction on the east and west
margins of ~ 2.8 Ga Yilgarn. Inferred eastern Yilgarn 2840 Ma past subduction age linked to 2832 Ma
monzogranite, etc (see text). At ~ 2800 Ma, western Yilgarn setting changes from extension to
subduction as the spreading centre moves away from craton. Approximate ages inferred from dry to
wet mantle transition. See text. B) Hypothetical addition of the 2830 Ma Yilgarn Craton to a double
subduction setting at the NW margin of the Superior Province accretion model of Percival et al.
(2012). HBT: Hudson Bay Terrane; OSD: Oxford-Stull Domain; NCT: North Caribou Terrane; RAT:
Riviere Arnaud Terrane; WRT: Winnipeg River Terrane; MT= Marmion Terrane; OT: Opatica Terrane;
WAT: Wawa-Abitibi Terrane; MRVT: Minnesota River Valley Terrane; HT: Hawk Terrane.; Gl: Guano
Island Sequence (< 2728 Ma Strike-slip Basin Deposit, slightly extended from Percival et al., 2006).
Bottom panel: present-day scales of the Yilgarn Craton and NCT with Nd isotopic anomaly region and

OSD stippled.
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A: Propagating Spreading Centre B: Superior Province Association
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