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Abstract

The 1370 Ma Gifford Creek Carbonatite Complex (GCCC) comprises a diverse suite of alkaline dyke and sill complexes that
cover an area of ~ 250 km? in the Gascoyne Province, Western Australia. Most carbonatite types are interpreted to be related
products of fractional crystallisation, with calcite carbonatites representing cumulate rocks and dolomite carbonatites rep-
resenting crystallised products of the derivative liquids. Genetic relationships between these carbonatites and other alkaline
igneous units are less clear. The ankerite—siderite carbonatites and magnetite-biotite dykes are likely of related magmatic
origin as both have distinctly high LREE and low HFSE contents. The ankerite—siderite carbonatites have mantle-like §'*C
isotope values of — 6.1 to — 7.1%o0 and similar geochemistry to other known magmatic ferrocarbonatites. Silica-rich alkaline
veins found near the centre of the complex have trace element signatures that are antithetic to the magnetite—biotite dykes,
so these veins are interpreted to represent products of alkali- and F-rich magmatic-hydrothermal fluids exsolved from the
magnetite-biotite dykes during their emplacement. Carbon, O, Sr, and Nd isotope data are consistent with an enriched mantle
source for the origin of the GCCC, with mantle enrichment likely caused by plate convergence processes associated with
the c. 2.0 Ga Glenburgh Orogeny. There is no evidence to link mantle plume activity with formation of the GCCC; rather,
alkaline magmatism is interpreted to result from low degree melting of the metasomatised mantle during reactivation of the
crustal suture zone at 1370 Ma. The carbonatitic magmas utilised the Lyons River Fault to traverse the crust to be emplaced
as the GCCC. Post magmatic alteration has variably modified the O and Sr isotope compositions of carbonates from these
rocks. We therefore appeal for careful evaluation of isotopic data from ancient carbonatites, as isotopic resetting may be
more common than currently recognised.
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Introduction

Carbonatites are relatively uncommon igneous rocks that
are important hosts for rare metal mineralisation including
the rare earth elements (REE) and high field strength ele-
ments (HFSE; Chakhmouradian and Williams 2004; Wall
and Zaitsev 2004). Carbonatite complexes also provide a
Electronic supplementary material The online version of this record of melting from enriched mantle domains through
article (https://doi.org/10.1007/s00410-020-1666-3) contains time and can be used to infer past episodes of continental
supplementary material, which is available to authorized users. rifting, intra-continental magmatism (Slezak and Spandler
2019), or mantle plume activity (Pirajno 2015). They com-
monly form plug-like or brecciated intrusive bodies but can
also occur as hypabyssal dykes and/or sills under extensional
Department of Geoscience, College of Science stress regimes (Keller 1989). While most carbonatites are
and Engineering, James Cook University, Townsville, Ca- and/or Mg-rich, forming calcite and dolomite carbon-
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atites, a relatively minor group is rich in Fe and form anker-
ite and/or siderite carbonatites. These ferrocarbonatites are
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often associated with REE mineralisation and are commonly
considered to be late stage and hydrothermal in origin (Le
Bas 1989; Zaitsev et al. 2004), although some ferrocarbon-
atites, such as the Swartbooisdrif and Central Tuva ferrocar-
bonatites, are interpreted to be magmatic in origin (Driippel
et al. 2004; Prokopyev et al. 2016).

Carbonatites of all types are also often associated with
a wide variety of other rock types including lamprophyres,
kimberlites, pyroxenites, peridotites, syenites, melilites,
nephelinites, phonolites, and phoscorites (Woolley and
Kjarsgaard 2008). The Gifford Creek Carbonatite Complex
(GCCC), Gascoyne Province, Western Australia contains a
diverse range alkaline magmatic and hydrothermal phases,
many of which are prospective for LREE mineralisation,
over an area of ~250 km?”. Despite the economic potential
and the diversity of rock types in the complex (including
some first described here), the GCCC has not previously
been subject to extensive geological study. This paper out-
lines the petrology and geochemistry of the GCCC, and,
in particular, aims to establish the origin and evolution of
various rock units of the complex. These relationships are
germane to understanding the evolution carbonatite-related
magmatism, as well as regional tectonic and geologic con-
trols on rare metal mineralisation in these rock systems.

Geology of the Gifford Creek Carbonatite
Complex

The GCCC lies within the Gascoyne Province (Fig. 1),
which sutures Archean-aged rocks of the Pilbara Craton,
Glenburgh Terrane, and Yilgarn Craton to form the West-
ern Australia Craton. The Gascoyne Province comprises a
variety of Mesoproterozoic granitoids, granitic and meta-
sedimentary gneisses, and metasedimentary rocks that have
undergone a~ 1 b.y. history of terrane assembly and re-
working, resulting in multiple, fault-bounded tectonic zones
(Fig. 1; Sheppard et al. 2010).

The GCCC is located in the northeastern region of the
Mangaroon Zone (Fig. 1; see Sheppard et al. 2005), which
comprises the c. 1760-1680 Ma Pooranoo Metamorphics
(mainly pelitic to arkosic schists, gneisses, and migma-
tites) as well as the granitic rocks of the c. 1680-1620 Ma
Durlacher Supersuite (Pearson et al. 1996; Sheppard et al.
2005). These rock units are unconformably overlain by
1673-1455 Ma Edmund Group sedimentary rocks (Martin
and Thorne 2004).

The GCCC was emplaced c. 1370 Ma into the previously
described host rocks based on radiometric dating of a variety
of rock types from the complex (Zi et al. 2017; Slezak and
Spandler 2019). The GCCC is bounded in the south by the
northwest—southeast striking Lyons River Fault, which rep-
resents the crustal suture between the Archean—Neoarchean
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Fig. 1 Regional tectonic map of the Gascoyne Province with major
bounding structures. Note that the Ti Tree Shear Zone and Chalba
Shear Zone are faults and not tectonic zones. The GCCC is located in
the lobate feature on the margin of the Mangaroon Zone, constrained
by the Lyons River Fault in the southwest and the Edmund Basin in
the northeast

Glenburgh Terrane and the Archean Pilbara Craton (Johnson
et al. 2013). The Bald Hill Lineament runs subparallel to the
Lyons River Fault and separates massive, dextrally sheared
granites in the northern region from the complex assort-
ment of schists, granites, and alkaline dykes in the southern
region (Fig. 2; Pearson 1996; Pearson et al. 1996). The area
between the Bald Hill Lineament and the Lyons River Fault
contains most of the exposed alkaline rocks of the GCCC.
The GCCC consists of several different rock types, some
of which have been previously defined, creating ambigu-
ity in their identification. The Yangibana Ironstones were
first described as such by Gellatly (1975) and the name is
still often used. The swarm of SE-trending rocks near the
Lyons River Fault (Fig. 2) have historically been called the
Lyons River Sills. These units were described as ultraba-
sic sills by Pearson (1996) and Pearson et al. (1996), and
as ferrocarbonatites by Pirajno et al. (2014). The present
study documents previously undescribed rock units in the
GCCC and re-evaluates previously documented units (e.g.,
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Fig. 2 District-scale map of the GCCC showing the distribution of the alkaline dyke units, their host rocks, and major mineral deposits that com-

prise the Yangibana LREE district (modified after Slezak et al. 2018)

the Lyons River Sills). We identify four primary rock types:
(1) dolomite and calcite carbonatites—also known as the
Lyons River Sills—(Fig. 3a, b); (2) ankerite—siderite car-
bonatites (Fig. 3c); (3) magnetite-biotite dykes (Fig. 3d);
and (4) silica-rich alkaline veins (Fig. 3e). In addition, there
are three rock types related to alteration: (1) the Yangibana
Ironstones, which host LREE mineralisation of economic
interest; (2) fenites (Fig. 3f); and (3) glimmerites (Fig. 3g).
The latter two phases are altered wall rocks created through
interaction with alkaline, carbonatite-related fluids.

Lyons River Sills

The Lyons River Sills occur in the southern region of the
GCCC mainly as a swarm of dykes and sills, striking sub-
parallel to the Lyons River Fault (i.e., ~ 130°-150°) and
dipping 30°-60° SW, but they have also been found in the
northeast near the Fraser’s deposit (Fig. 2). The Lyons River
Sills range from 10 cm to 1.5 m in width and are continuous
for tens to several hundreds of metres, although individual
dykes/sills are rarely traceable for longer distances due to

offset by small faults or cover by vegetation and surficial
sediments. The Lyons River Sills are primarily of dolo-
mite carbonatites (Fig. 3a) with minor calcite carbonatites
(Fig. 3b). Weathered surfaces of both rock-types are buff to
dark brown in colour (Fig. 3a, b), whereas fresh rock sur-
faces appear blue (Fig. 3b) to green in colour, depending
on to the relative abundances of arfvedsonite (blue) and
aegirine (green).

Dolomite carbonatites

The dolomite carbonatites are composed of 50-65% Fe-
bearing dolomite and 10-30% arfvedsonite and aegirine,
with minor amounts of biotite, magnetite, ilmenite, and
apatite as well as trace amounts of monazite, zircon, pyrite,
and chalcopyrite. Textural features of the carbonatite sills are
heterogeneous, varying between porphyritic, equigranular,
and seriate textural varieties (Fig. 4a).

Relative proportions of aegirine and arfvedsonite vary
considerably, even within the same dyke. Textural rela-
tions indicate that arfvedsonite (100-500 um) formed
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Fig. 3 Field photos of the
various alkaline intrusive units
of the GCCC. a Lyons River
Sills dolomite carbonatite with
dark brown weathering patina.
b Lyons River Sills calcite
carbonatite with blue, Mg-rich
arfvedsonite margins. ¢ Coarse-
grained ankerite—siderite
carbonatite dyke found in drill
hole YN49 at Yangibana North
with pink, fenite alteration

of the porphyritic Pimbyana
Granite host rock. d Coarse-
grained magnetite—biotite dyke
at Demarcay with fine-grained
margins similar to the silica-rich
alkaline veins in e. e Aegirine-,
HFSE- and silica-rich alka-

line vein in a larger quartz
vein hosted in the Pimbyana
Granite. The dyke is located in
the swarm south of Yangibana
South in Fig. 2. f Fenite halo
around an alkaline amphibole—
dolomite veinlet that emanates
from a dolomite carbonatite
parent dyke. g Fenitised granite
cut by magnetite and biotite
alteration selvages (i.e., glim-
merites) from Yangibana West.
Aeg aegirine, Ank ankerite, Bio
biotite, Kfs potassium feldspar,
Mag magnetite, Qtz quartz, Sd
siderite

coincidently with dolomite, and, in the matrix of some
samples, Mg-bearing biotite. Aegirine presents as 20 pm
wide and up to 100 um long euhedral needles that appear
to overprint dolomite (Fig. 4b). Biotite forms laths and
plates up to 300 um across, and is most common in the
equigranular-textured dolomite carbonatites and in the
matrix of the porphyritic-textured carbonatites (Fig. 4a).
It is intergrown with dolomite, but often has embayed or
ragged crystal margins.

Magnetite (partly altered to hematite), ilmenite, and apa-
tite typically occur as fine (20-150 um) accessory phases
distributed throughout in the dolomite carbonatites, although
apatite abundance varies greatly and can display minor
banding. Trace amounts of monazite and zircon are pre-
sent as small (< 10-20 um) crystals in apatite and dolomite,
respectively.

@ Springer

Calcite carbonatites

The calcite carbonatites are composed of calcite, dolomite,
arfvedsonite, apatite, and magnetite. Calcite is typically
anhedral to subhedral and generally ranges in size from 50
to 100 pm, but it also presents as larger (up to 500 pm) crys-
tals distributed in 1 mm diameter blebs and horizons within
the dykes (Fig. 4c). Dolomite occurs as ~ 100 pm individual
crystals, or as 1-3 mm crystal clots surrounded by calcite.
The dolomite crystals often entrain small crystals of cal-
cite. Contacts between calcite and dolomite are irregular
and embayed for both individual crystals and the larger clots
(Fig. 4c).

Apatite comprises between 5 and 20% of the calcite
carbonatites and typically occurs as 30-100 um ovoid
grains concentrated in horizons (0.5-10 mm thick) or as
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Fig.4 Thin section photos

of the main rock types of the
GCCC. PPL plane polarised
light, XPL cross-polarised light,
BSE backscattered electron.

a PPL image of dolomite car-
bonatite composed of rounded
dolomite and arfvedsonite clasts
in matrix of dolomite, biotite,
magnetite, and arfvedsonite. b
PPL image of dolomite carbon-
atite with aegirine needles. ¢
BSE image of calcite carbon-
atite with dolomite inclusions.
Small specs of calcite are also
within the dolomite crystals.

d BSE image of ankerite and
siderite intergrowth in an
ankerite—siderite carbonatite
sample. e XPL image of anker-
ite—siderite carbonatite veinlet
containing monazite. The
veinlet contact with granite host
rock is composed of biotite and
magnetite. The granite has been
fenitised to K-feldspar. f BSE
image of magnetite—biotite dyke
with large monazite crystals and
magnetite clusters. g BSE image
of a silica-rich alkaline vein
with columbite with monazite,
Ti-bearing magnetite, and Nb-
bearing rutile. h BSE image

of biotite from a Demarcay
magnetite-biotite dyke with
dark and light zonation. Cleav-
age planes can be observed
passing uninterrupted through
both zones. Aeg aegirine, Ank
ankerite, Ap apatite, Arf arfved-
sonite, Bio biotite, Cal calcite,
Cmb columbite, Dol dolomite,
Hem hematite, Kfs potassium
feldspar, Mag magnetite, Mnz
monazite, Rt rutile, Sd siderite

disseminated crystals. Many apatite grains contain small
inclusions of carbonate minerals (Fig. 4c). Magnetite has
the same occurrence in the calcite carbonatites as the dolo-
mite carbonatites, but is more common where apatite is also
present.

Arfvedsonite (7-10% of the rock) occurs as tabular
grains, 100-200 pm in size, and shows slight zoning

(Fig. 4c) that relates to variations in Ca and Fe contents (as
determined by EDS). Arfvedsonite often contains small
(~5-20 um) apatite inclusions and, rarely, ~ 1 um inclu-
sions of magnetite.

@ Springer
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Ankerite-siderite carbonatites

The ankerite—siderite carbonatites are presently only rec-
ognised from drill core as 5 cm to 1 m thick dykes cut-
ting the Yangibana and Pimbyana granites (Fig. 3c) beneath
the NW-SE trending ironstones subparallel to the Bald
Hill Lineament. The ankerite—siderite carbonatites com-
prise siderite, ankerite, calcite, Fe-rich biotite, magnetite,
monazite, apatite, and quartz. Siderite is usually >2 mm in
size and contains zones of smaller (20-200 um) ankerite
(Fig. 4d); however, the proportions of ankerite and siderite
can vary considerably (Slezak et al. 2018). Calcite is only
present in small quantities proximal to quartz. Quartz forms
small domains (~ 1 cm) within carbonate minerals, occasion-
ally entraining siderite and ankerite crystals. The contacts
between quartz and carbonate minerals are often irregular
and embayed. Monazite is present as euhedral laths ranging
in size from 100 to 1000 um and often occurs as grain clus-
ters (Fig. 4e) within both the carbonate and quartz domains.
Anhedral to subhedral apatite (200—500 pm in size) occurs
proximal to monazite. In some samples, apatite crystals
occur as aggregates up to 1 mm in diameter. Magnetite and
biotite co-exist as euhedral crystals (50-250 um in size),
mainly along the contacts between the carbonate minerals
and granitic host rock (Fig. 4e) as~1-2 cm thick alteration
selvages immediately adjacent to the ankerite—siderite car-
bonatites (Fig. 3g) and as anastomosing veinlets occurring
within fenites. The biotite and magnetite crystals are large
(50-200 pum) and often euhedral. Large (150-500 pm), dip-
yramid-shaped zircons with short prismatic faces are also
present in the alteration selvages proximal to the anker-
ite—siderite carbonatites. These assemblages are analogous
to glimmerites (Le Maitre 2002; Elliott et al. 2018).

Magnetite-biotite dykes

Steeply dipping dykes (Fig. 3d) and flat-lying sills composed
largely of magnetite and biotite are located in the north-
west corner near Yangibana North and Yangibana West
(Fig. 2) and in the southeast region near Fraser’s down to
the Demarcay deposits (Fig. 2). These units (here termed
magnetite—biotite dykes, but previously called phoscorites
by Slezak et al. (2018)) trend northeast to southwest, are
10 cm to 1.5 m thick, and extend for tens to hundreds of
metres at the surface. The contacts between the granite host
rock and magnetite-biotite dykes are usually sharp, although
some small injection veinlets of magnetite and biotite are
present, occasionally forming crackle breccias in the host
rock, proximal to the main body.

The magnetite—biotite dykes are black, equigranular
intrusive units composed of magnetite, biotite, apatite, and
monazite. Magnetite forms subhedral to euhedral crystals,
up to 500 um in size (Fig. 4f), contains patchy hematite
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alteration, and may contain inclusions of monazite. Most
samples contain both apatite and monazite, but their rela-
tive abundances vary greatly, even within the same dyke.
Platy biotite is present as 100-500 pm, subhedral to euhedral
crystals (Fig. 4f), and sometimes presents as an interstitial
phase to magnetite and apatite. Apatite forms anhedral to
subhedral crystals 50-1500 um in size (Fig. 4f) and often
forms large clots, even aggregating together to create large
pods (centimetres in size) within the magnetite—biotite
dykes. Apatite ubiquitously hosts small, anhedral monazite
inclusions (< 10 um), and under cathodoluminescence (CL),
it exhibits complex zonation (Slezak et al. 2018). Monazite
is present in most samples and occurs as splayed clusters of
large (up to 1 mm) euhedral crystals (Fig. 4f) or as small
inclusions in apatite and magnetite. No carbonate minerals
were observed in the magnetite—biotite dykes.

Silica-rich alkaline veins

The central region of the GCCC hosts a swarm of subvertical
to vertical dipping silica-rich alkaline veins (Fig. 2) that have
a strike orientation of between 000° and 020°; i.e., orthogo-
nal to the Lyons River Sills. Although the veins occur in
close proximity to the Lyons River Sills in the south-central
area of the complex, direct field relationships between the
two units have not been observed. The silica-rich alkaline
veins are absent to the north of the Yangibana and Yangi-
bana South mineral deposits (Fig. 2).

Individual veins range in width from 3 cm to 50 cm
(Fig. 3e), but often extend for tens to several hundreds of
metres and are spatially associated with quartz veins of simi-
lar orientations. The veins are variably green to beige in col-
our, often exhibit evidence of multiple fluid pulses, and are
crosscut by quartz-filled tension gashes. The veins are com-
posed of diverse assemblages and proportions of minerals,
including phlogopite, aegirine, quartz, zircon, rutile, mag-
netite, columbite, arfvedsonite, and monazite. Phlogopite
(100-500 um in size) is anhedral to subhedral and has under-
gone partial alteration to Fe- oxides/hydroxides and aegirine
along cleavage planes and crystal margins. Quartz is often
present ~ 200 um subhedral to anhedral crystals within the
veins and also in cavities and in tensions gashes. Aegirine is
present in the groundmass as 10-100 pm acicular crystals,
crystal splays, or as an alteration product of phlogopite.

In some samples, zircon occurs in significant quantities,
presenting as large, feathery clots up to 3 mm in diameter.
More often, it presents as euhedral, dipyramids between 150
and 500 pm in size with shortened prismatic faces (Slezak
and Spandler 2019). Columbite and rutile appear as anhedral
phases (10-200 um in size) associated with ~ (100 um) anhe-
dral to euhedral grains of Ti-bearing magnetite (Fig. 4g).
Columbite also occurs as inclusions within the feathery to
fibrous zircon clots. Rare monazite occurs as 50-200 pm
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anhedral laths that are occasionally intergrown with the fine-
grained, feathery zircon and/or columbite (Fig. 4g).

Yangibana Ironstones

The Yangibana Ironstones crop out across the GCCC
(Fig. 2). These rocks are significant hosts for LREE min-
eralisation and are composed of fine-grained iron oxides,
iron hydroxides, quartz, monazite, and rhabdophane (Pirajno
et al. 2014; Slezak 2019). They have vuggy and/or botryoi-
dal textures and often have weathered cavities resembling
carbonate parallelepipeds. These rocks are alteration prod-
ucts and are not discussed further in this manuscript.

Fenites

All rock types are mantled by white to pink halos of feni-
tised granite and metasediments (e.g., fenites). The fenites
are predominantly composed of potassium feldspar, and the
extent of alteration is proportional to the size of the dyke,
sill, or vein. Fenites are present in both schists of the Poora-
noo Metamorphics and Edmund Group sedimentary rocks
but are most obvious in the granitic rocks. In the fenitic alter-
ation halos, plagioclase is pervasively altered to irregularly
shaped potassium feldspar (20-300 um) with tartan twin-
ning. Quartz is present as fine-grained (~50 pm) crystals
with recrystallised grain boundaries and undulose extinction.
Apatite forms anhedral to subhedral crystals (up to 500 um),
many of which are zoned with REE-rich rims (Slezak et al.
2018). Monazite occurs as an interstitial phase filling in
voids and fractures in potassium feldspar and quartz, and as
small inclusions (~ 10 um) in apatite.

Analytical methods

Samples collected for this study are from surface outcrops
and diamond drill core. All samples were prepared as pol-
ished thin sections and initially examined using a Leica
DMRXP optical microscope. Major and trace element com-
positions of minerals were determined at James Cook Uni-
versity by electron probe micro-analyser and laser ablation
ICP-MS, respectively. Bulk rock analyses were completed
by Bureau Veritas Commodities Canada Ltd. Oxygen, C,
and Sr isotopes for carbonates were respectively measure by
ThermoFisher DeltaVF™US isotope ratio mass spectrometer
and Neptune MC-ICP-MS at James Cook University. Bulk
rock Nd isotope ratios were determined by TIMS at the Uni-
versity of Adelaide. Full analytical details are presented in
Supplementary Material 1.

Results
Mineral chemistry
Biotite-series chemistry

Biotite-series mica is present in nearly all of the alkaline
igneous rocks in the GCCC and displays a patchy light and
dark texture under BSE (Fig. 4h). The majority of mica
contains intermediate Mg and Fe compositions along the
annite—phlogopite solid solution series (Supplementary
Material 5) and is therefore referred to as “biotite”. In
general, biotite with higher Mg content is associated with
the Lyons River Sills, the magnetite-biotite dykes from the
southeast GCCC, and the silica-rich alkaline veins (Sup-
plementary Material 2; Supplementary Material 5), which
are closest to tetraferriphlogopite in composition. Iron and
Al contents of biotite are highest in the ankerite—siderite
carbonatites and associated magnetite—biotite dykes (Sup-
plementary Material 2; Supplementary Material 5). The
darker BSE zones are Mg-rich and have higher F and Si,
but lower Al and Cl contents (Supplementary Material 5
and Fig. 5a, b). The Ti and K contents are highest in biotite
with high Fe/(Fe + Mg) (Fig. 5c, e).

Biotite analysed from the magnetite—biotite dykes has
elevated Mn contents compared to Fe and Mg (Fig. 5f).
Two samples from the northwestern and northern GCCC
(YW61 and BH224) have biotite Mn values commensu-
rate with the contents in biotite hosted in ankerite—siderite
carbonatites (Fig. 5f). The ankerite—siderite carbonatite
samples also have slightly higher Cl contents compared
to other analysed biotite (Fig. 5d). Biotite from the Lyons
River Sills, magnetite-biotite dykes, and silica-rich alka-
line veins contain between 3 and 5 wt% F, although in
some analyses from the silica-rich alkaline veins reach
nearly 7 wt% F (Supplementary Material 2). These very
high F contents exceed the supposed stoichiometric limit
(~4.7 wt% F) but are similar to F-rich biotite reported by
Petersen et al. (1982) and Motoyoshi and Hensen (2001).

Carbonate mineral chemistry

Dolomite from the Lyons River Sills contains 1.5-7.5
wt% FeO and 0.2-0.5 wt% MnO (Fig. 6a; Online Sup-
plementary Material 3), 860 to> 3000 ppm Sr (Fig. 6a),
and 9-122 ppm Zn. Calcite from the Lyons River Sills
contains < 1 wt% FeO, less than < 1 wt% MnO, ~4500 ppm
Sr (Fig. 6a), and ~ 1-2 ppm Zn (Fig. 6b; Supplementary
Material 3). Siderite contains significant amounts of MnO
(~6-17 wt%) and MgO (~9-14 wt %) and often < 1 wt%
CaO. Siderite has lower Sr (2—44 ppm) and significantly
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higher Zn contents (~260-12,000 ppm) compared to dolo-
mite and calcite (Supplementary Material 3).
Chondrite-normalised REE+Y (REY) plots show that
calcite is relatively LREE enriched, with a gentle, down-
ward slope towards the HREE, but with a slight negative
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Y-anomaly (Fig. 6¢). Dolomite has a flat trend across
all REY and has a small negative Y-anomaly (Fig. 6¢).
Siderite is depleted in LREE and does not have a negative
Y-anomaly but has HREE contents approaching that of
dolomite and calcite.
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Fig.6 Trace element plots for ] Py L 3
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Whole rock chemistry
Lyons River Sills

Complete bulk rock geochemical data can be found in
Supplementary Material 4. The Lyons River Sills are
mainly classified as magnesiocarbonatites with only two
samples falling within the calciocarbonatite range (Gittins
and Harmer 1997; Fig. 7). Silica contents reach ~20 wt%
Si0, for many of the dolomite-bearing samples (Fig. 8a),
which also classifies them as silicocarbonatites accord-
ing to Le Maitre (2002). The calcite carbonatites are rich
in CaO and Sr, but contain relatively low TiO,, MgO,
Mg # (Mg/Mg + Fe), Ni, and Cr (Fig. 8b—d; Supplemen-
tary Material 4) compared to the dolomite carbonatites.
The calcite carbonatites contain the highest phosphate
contents. Apatite concentrated in layers was commonly
observed in the calcite carbonatite samples, so the sam-
pling of these layered zones may account for the high
measured phosphate contents of some samples. In the
dolomite carbonatites, CaO contents are antithetic with
MgO, Fe,0;, and SiO, contents; and K,O and Ti,O con-
tents increase with higher Fe,O; contents (Fig. 8b, f).
The green (aegirine > arfvedsonite) dolomite carbonatites

Lyons River Sills (Pearson 1996)
80 @ Ankerite-siderite carbonatites

MC: FC
AVA N\ N\ \ \/ AVA \ AVA
10 20 30 40 50 60 70 80

AVA

90

Fe,O,t

MgO +MnO

Fig. 7 Carbonatite classification plot using bulk rock molar CaO,
MgO and Fe,0;+MnO (after Gittins and Harmer 1997). Most of
the Lyons River Sills from Pearson (1996) and this study fall within
the magnesiocarbonatite field: three samples fall in the calciocarbon-
atite field. As the Lyons River Sills become more Mg-rich, their Fe
content also increases. The ankerite—siderite carbonatites plot within
the ferrocarbonatite field. CC calciocarbonatite, FC ferrocarbonatite,
FCC ferruginous calciocarbonatite, MC Magnesiocarbonatite
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Fig.8 Major element X-Y 5
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typically have higher Fe,O; and Na,O contents than their
blue-coloured (aegirine < arfvedsonite) counterparts.

The calcite and dolomite carbonatites have similar trace
element signatures, with both rock-types having high Ba, Th,
and REY contents and dips in K, Pb, and Ti (Fig. 9a, b). The
dolomite carbonatites also feature downward excursions in P.
The fluorine contents in both rock types is variable, ranging
between several hundred ppm up to ~ 9000 ppm.

@ Springer

Ankerite-siderite carbonatites

The ankerite—siderite carbonatites are Fe-rich and contain
moderate MgO amounts and are comparable to the magnet-
ite-biotite dykes in terms of total Fe,O; and MgO contents
(Fig. 8b, d, e). This carbonatite type also has the highest Mn
contents and is enriched in Th and LREE, but has relatively
low contents of SiO,, CaO, Ba, Sr, HFSE (Nb, Ta, Zr, Hf,
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Fig.9 a—e Trace element plots normalised to primitive mantle (Sun
and McDonough 1989). The values for the average hypabyssal kim-
berlite and average magnesiocarbonatite are from Chakhmoura-
dian et al. (2009). The values for the Cummins Range carbonatites

Ti), U, and, in some samples, HREE (Fig. 9c and Supple-
mentary Material 6).

Magnetite-biotite dykes

The magnetite-biotite dykes have high Fe,0; and K,O and
variable amounts of SiO, but have low TiO, and CaO con-
tents compared to other rock types (Fig. 8). Most of the
magnetite-biotite dykes contain more Mn than Sr, except
for the three most Mg-rich samples (Fig. 8d).

Normalised trace element diagrams (Fig. 9d and Supple-
mentary Material 6) show that the magnetite-biotite dykes

Ba U Ta La Pb Sr Nd Hf Eu Gd Dy Ho Tm Lu

and phoscorites (Australia) are from Downes et al. (2014). Tm
is not shown in d because it is below the detection limit for Cum-
mins Range phoscorites. Swartbooisdrif ankerite carbonatite (South
Africa) data are from Thompson et al. (2002)

are enriched in Th and LREE, with variable HREE contents.
These rocks, together with the ironstones of the complex,
contain most of the REE resources in the GCCC (Slezak
2019). The magnetite-biotite dykes also contain significant
amounts of F (0.7-3.8 wt%) and Li (~ 1500 ppm; Supple-
mentary Material 4), and have distinctly depleted Nb, Ta,
Zr, Hf, and Ti contents.

Silica-rich alkaline veins

The silica-rich alkaline veins contain 45-67 wt% SiO,,
variable MgO, and relatively high TiO, contents (Fig. 8a,
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Table 2 Sr, C, and O isotope data for carbonate minerals from the Lyons River Sills and ankerite—siderite carbonatites. = 1370 Ma

Identifier Rock type Mineral (C-O 8C%.VPDB  §'%0 Sr(ug/g)  ¥st/*Sr 20 £Sr(r)
isotopes) %o VSMOW

LRS-1 Dolomite carbonatite Dolomite —49 19.4

LRS-16 Dolomite carbonatite Dolomite —-54 10.3

LRS-117 Dolomite carbonatite Dolomite -50 10.8

LRS-119B Calcite carbonatite Calcite —-5.6 9.2

LRS-121 Calcite carbonatite Calcite —-54 10.1

LRS-125 Dolomite carbonatite Dolomite —44 26.6

LRS-140 Dolomite carbonatite Dolomite -53 10.5

LRS-149A Dolomite carbonatite Dolomite —-54 10.5 1370 0.70569 0.000010 -9.08

LRS-149B Dolomite carbonatite Dolomite -54 10.2 1370 0.71209 0.000010 81.6

LRS-151 Dolomite carbonatite Dolomite -5.1 10.6 1840 0.70686 0.000011 7.46

LRS-15A Dolomite carbonatite Dolomite -5.1 10.6 1520 0.70644 0.000012 1.58

LRS-15B Dolomite carbonatite Dolomite -5.1 10.2 1520 0.70656 0.000010 3.22

LRS-23 Dolomite carbonatite Dolomite -57 10.7 2040 0.71115 0.000010 68.2

YN49-58.5  Ankerite—siderite carbonatite  Siderite -7.1 10.8 12.9 0.71464 0.000010 118

YN49-61.6  Ankerite—siderite carbonatite  Siderite - 64 11.1 7.57 0.71985 0.000043 191

YN50-48.6  Ankerite—siderite carbonatite  Siderite - 6.1 10.4 17 0.71881 0.000016 177

Strontium contents are averages from LA-ICP-MS analyses (Supplementary Material 3)

500 +
Dolomite
0 Siderite
T T T
0.705 0.710 0.715 0.720
7SS

Fig. 10 Strontium contents and *°Sr/*’Sr values for dolomite and
siderite from the Lyons River Sills and ankerite—siderite carbonatites,
respectively

Cand O isotopes

The C and O isotope compositions of the various carbon-
atites are recognised to fall into three distinct populations
(Fig. 11; Table 2). The 8'30 values for the main grouping of
the dolomite carbonatites is between 10.2 and 10.8%o, while
two calcite carbonatite samples yielded 8'0 values of 9.2%o
and 10.1%e. Both calcite and dolomite carbonatites have
8'3C values between — 5.0 and — 5.7%o. Two dolomite car-
bonatite analyses yielded 8'30 values of 19.4%o and 26.6%o

and 8'3C values of — 4.9%¢ and — 4.4%o, respectively. The
8'3C values are consistent with mantle values as established
by both Taylor (1967) and Keller and Hoefs (1995), but the
580 values fall outside of the §'®0 mantle fields (Fig. 11).
The ankerite—siderite carbonatites have much more negative
8'3C values ranging from — 6.1%o to — 7.1%o, but similar
8'80 values ranging from 10.2 to 11.1%o (Fig. 11).

Discussion
Definition and evolution of the Lyons River Sills

The Lyons River Sills are best defined as carbonatites based
on their carbonate mineral composition (i.e., > 50 modal %;
Le Maitre 2002). Because of their high Si content (~20 wt%
Si0,) and similar trace element characteristics, the Lyons
River Sills were originally compared to carbonate-rich
samples from the Benfontein kimberlites in South Africa
(Pearson and Taylor 1996). Later, the Lyons River Sills
were dubbed the Gifford Creek Ferrocarbonatite Complex
by Pirajno et al. (2014) due to the high bulk Fe contents,
which is actually an artifact of the significant magnetite
content of these rocks. Trace element analyses confirm that
the Lyons River Sills are enriched in incompatible elements
(Fig. 9), Ni, and some samples contain significant TiO, con-
tents (present as ilmenite); all of which can be considered
characteristic of kimberlites and carbonate-rich kimberlites
(Dawson and Hawthorne 1973; Le Maitre 2002 and refer-
ences therein; Zurevinski and Mitchell 2011). Ga/Al ratios
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of the Lyon River Sills (Fig. 12), together with the rela-
tively low Na and high K contents of biotite from all rocks
in the GCCC also correspond more closely to kimberlites
than carbonatites (Chakhmouradian et al. 2009; Reguir et al.
2009). However, other features diagnostic of kimberlites,
such as elevated Cr contents, the presence of perovskite, Mg-
and Cr-rich ilmenite (Mitchell 1979), olivine, and mantle
xenoliths were not observed in the GCCC. Furthermore, the
Lyons River Sills have REY contents comparable to average
magnesiocarbonatite, which are nearly an order of magni-
tude higher than an average hypabyssal kimberlite (Supple-
mentary Material 6; Chakhmouradian et al. 2009). Here, the
GCCC is also compared to the Cummins Range carbonatite
complex (Halls Creek Orogen, Western Australia) due to its
relative proximity to the GCCC and mid-Proterozoic age
(Downes et al. 2014). The trace element composition of the
Lyons River Sills and Cummins Range dolomite and calcite
carbonatites are similar (Fig. 9a, b; Downes et al. 2014),
although, the Cummins Range carbonatites have lower Ba,
Hf, Rb, and Zr contents (Fig. 9a, b), which further attests to
the ambiguous nature of the Lyons River Sills.

Origins for the Lyons River Sills can be further assessed
using radiogenic and stable isotope data. The 8'3C and §'30
values (Fig. 11) for the Lyons River Sills are broadly con-
sistent with a mantle source, albeit with slightly elevated
8!80 values. The dolomite samples with excursions to
880 =19.4%¢ and 26.6%0 could indicate contamination
of sedimentary carbonates or fractionation within the units
(Veizer et al. 1999; Demény et al. 2004). However, there is
no evidence to suggest incorporation of sedimentary units
nor is there a consistent fractionation trend. Our preferred
interpretation is that the elevated 8'®0 of these samples is

@ Springer
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due to post-magmatic, low temperature alteration of carbon-
ate minerals, as discussed in more detail below.

The Lyons River Sills have similar Sr isotope composi-
tions to the Phalaborwa carbonatite (Fig. 13; Eriksson 1989;
Yuhara et al. 2005) and Group II kimberlites (Smith 1983),
but slightly more radiogenic Nd isotope values. Collectively,
the data are consistent with an enriched mantle source that
is somewhat comparably to an idealised EM2-type source
(Hart et al. 1992; Stracke et al. 2005; Stracke 2012) for the
Lyons River Sills.

There is significant compositional variation in the Lyons
River Sills (Figs. 7, 8), despite the fact that they occur con-
gruently as an intrusive swarm subparallel to the Lyons
River Fault (Fig. 2). Several different mechanisms can
account for geochemical variability in carbonatite melts,
including wall rock assimilation, reaction with the wall rock,
fractional crystallisation, and liquid immiscibility. Wall rock
assimilation and reaction are considered negligible in the
Lyons River Sills, as wall rock xenoliths were not observed,
and the thin carbonatite dykes/sills would have had a low
thermal capacity in which to assimilate the wall rock. In
addition, the C and radiogenic isotope compositions are con-
sistent with an enriched mantle source (Figs. 11, 13), with
limited to no crustal input.

The stability field of calcite in mantle-derived (Mg-rich)
carbonatite increases with decreasing pressure (i.e., as the
melt ascends), and in many cases, calcite is considered to
be the liquidus phase (Harmer and Gittins 1997). The low
viscosity of carbonatite melt (Kono et al. 2014) would facili-
tate separation of early-formed calcite (and other crystal-
lised minerals) from liquid. In this scenario, the Lyons River
Sills calcite carbonatites could represent crystal cumulates
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(Harmer and Gittins 1997), and the melt would evolve
towards more Fe- and Mg-rich values with progressive cal-
cite-dominated fractionational crystallisation.

We undertook fractionation modeling to test whether the
compositional variation observed in the Lyons River Sills
could be explained by fractional crystallisation. The mod-
eling was guided by mineral phases and proportions in the
Lyons River Sills suite and involved progressive removal of
various mineral components from melt compositions with
a starting melt composition of a dolomite carbonatite with
relatively high CaO and low MgO, TiO,, and Fe,O5 contents
(Table 3; Fig. 8). The first phase of fractionation involved
crystallisation of calcite, dolomite, Mg-rich arfvedsonite,
and apatite from the starting melt in quantities of 29%, 5%,
4%, and 1%, respectively (Table 3). These modelled fraction-
ated components represent an early cumulate phase similar
in composition to the calcite carbonatite samples (Fig. 8),
particularly with respect to Si0,, MgO, CaO, and Fe,0O;, and
TiO, contents. The P,O5 contents are low in the modelled
cumulate phase compared to the actual calcite carbonatite
samples, which is likely a result of sampling bias as apatite

forms distinct layers within the calcite carbonatites. After
removal of the cumulate phase, additional calcite and other
mineral phases such as phlogopite were further removed
from the residual melt (Residual melt 1 in Table 3), which
resulted in the residual melts become enriched in MgO,
Fe,0;, Si0,, Na,O0, KO0, Ti,0, and Al,O; (i.e., Residual
melt 2 in Table 3); an evolutionary trend that compares
closely to the compositional trends observed in the natural
samples of dolomite carbonatites (Fig. 8; Table 3).
Because the increasing trends in MgO, Fe,O3, and
TiO, are primarily driven by a loss of CaO as calcite, the
calcite carbonatites in the Lyons River Sills likely repre-
sent an early cumulate phase. The separation of calcite
and apatite as cumulus phases accounts for the substan-
tial changes in P,O5 between carbonatite types. Biggar
(1969) demonstrated that apatite and calcite can crystal-
lise early in carbonatites creating flow banding, which is
consistent with the apatite banding in the Lyons River Sill
calcite carbonatites, as well as reports of apatite banding
in East African carbonatites (Le Bas 1989 and references
therein), and reports of cumulus calcite in the Kovdor
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Fig. 13 Neodymium vs. Sr isotope plot for GCCC carbonatites and
other alkaline magmatic rocks. The Lyons River Sills dolomite and
calcite carbonatites plot between EM1 and EM2 with Sr isotope
values overlapping with EM2. The ankerite—siderite carbonatites
have highly radiogenic Sr isotope values. Data for other complexes
include: Kola Alkaline Province, Russia (Zaitsev and Bell 1995; Dun-
worth and Bell 2001); Catalao carbonatites and phoscorites, Brazil
(Cordeiro et al. 2010); Phalaborwa, South Africa (Eriksson 1989;
Yuhara et al. 2005); WA lamproites (Nelson et al. 1986); DMM,
EMI1, EM2 (Hart et al. 1992; Stracke et al. 2005; Stracke 2012), and;
Group I and II kimberlites (Smith 1983)

ultramafic alkaline Complex (Harmer and Gittins 1997;
Veksler et al. 1998). Removal of CaO (mainly in calcite)
from the carbonatite melt and residual liquid evolution to
higher MgO and Fe,O; contents has been modelled and
observed in other carbonatite systems (Wyllie 1965; Wool-
ley and Kempe 1989). The trend from Mg-rich to Fe-rich
compositions is also consistent with the Fe/Mg content of
biotite (Supplementary Material 5 and Fig. 5) from these
rocks. Calcite dominated fractionation is also consistent
with an increase in MnO and decrease in St contents in
the melt, which is also reflected in the dolomite composi-
tions (Fig. 8).

Although the modeling predicts that melt Na,O and K,O
contents should increase during fractionation, the concen-
tration of these elements is variable in the natural samples.
The sampled carbonatites likely do not represent pristine
melt compositions (Woolley and Church 2005), and alkali
elements are likely to remain incompatible during fractiona-
tion (as is consistent with extensive fenitisation of the wall
rocks outside of the carbonatites). The small size and patchy,
pervasive nature of aegirine throughout the Lyons River
Sills indicates that aegirine is likely a later alteration phase,
potentially related to alkali (e.g., K <> Na) exchange with
the granite wall rock via fenitising fluids.
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Origin of the ankerite-siderite carbonatites

Ferrocarbonatites are an uncommon carbonatite type and
are generally considered to be the last phase to form in a
carbonatite fractionation sequence (Le Bas 1977, 1989; Zait-
sev et al. 2004). Many ferrocarbonatites—especially those
dominated by siderite—are reported to be of hydrothermal
origin, occurring at temperatures as low as 150 °C (Simon-
etti and Bell 1994; Zaitsev et al. 2004). Nonetheless, there
are several documented cases of magmatic ferrocarbonatites
including the Newania carbonatites in India (Woolley and
Buckley 1993), the Swartbooisdrif ferrocarbonatites of
Namibia (Thompson et al. 2002), and the ferrocarbonatites
of Central Tuva, Russia (Prokopyev et al. 2016). These car-
bonatite complexes are interpreted to have formed at tem-
peratures between ~420 and 850 °C (Driippel et al. 2004;
Prokopyev et al. 2016).

The ankerite—siderite carbonatites of the GCCC are sim-
ilar to the Swartbooisdrif ferrocarbonatites as both show
depletion in Hf, Rb, Ti, and Zr; have low Cu contents; dis-
play enrichment in the LREE; have overlapping Zr/Hf, Zr/
Nb, and Y/Ho values (Figs. 9c, 12); and have similar §'°C
values (Fig. 11). However, the ankerite—siderite carbon-
atites have an order of magnitude greater Zn contents and
higher §'30 values (10—11%o versus ~8%o; Fig. 11) than the
Swartbooisdrif ferrocarbonatites. Fluorine and estimated OH
contents for biotite (Supplementary Material 2) and apa-
tite (Slezak et al. 2018) were applied to the F-OH biotite-
apatite thermometric relations of Sallet (2000) to calculate
an approximate temperature range of ~600-700 °C for the
ankerite—siderite carbonatites. These results are in line other
ferrocarbonatite temperature ranges and fall within the sider-
ite stability field at~ 1 GPa (Tao et al. 2013).

Carbonate minerals from the ankerite—siderite carbon-
atites have similar 8'%0 values, but distinctly lower 8¢
values (Fig. 11) and highly radiogenic 3¢Sr/%’Sr values
(average 36S1/8"Sr=0.7175; Table 2) when compared to the
Lyons River Sills carbonates (Figs. 10, 13). The elevated Sr
isotope composition of the ankerite—siderite carbonatites is
particularly striking, as it is not associated with a compa-
rable unradiogenic Nd isotope composition (Fig. 13), and
hence is not attributed to any putative mantle source, or
to variable degrees of assimilation of the continental-type
local host rocks. Previous work has demonstrated that rocks
of the complex have experienced widespread recrystallisa-
tion and isotopic resetting due to tectonism and hydrother-
mal alteration that postdates magmatic emplacement by up
to~500 m.y. (Zi et al. 2017; Slezak et al. 2018; Slezak and
Spandler 2019). Therefore, we propose that the elevated Sr
isotope values reflect post-magmatic carbonate recystalli-
sation (via metamorphic or hydrothermal alteration) of the
carbonate minerals, allowing incorporation of highly radio-
genic Sr from the local crustal rocks. The ankerite—siderite
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Table 3 Fractional crystallisation modelling of the Lyons River Sills carbonatite magma evolution

Starting composition Cumulate phase Residual melt 1 Residual melt 2
SiO, 16.0 6.17 224 24.6
Al,O4 0.78 0 1.27 1.00
FeO 7.22 1.02 11.2 11.2
MgO 7.55 5.00 9.29 13.0
CaO 29.8 49.0 18.8 12.8
Na,O 1.26 1.20 1.33 1.63
K,O 1.26 0 2.06 1.94
TiO, 1.72 0 2.82 322
P,0; 0.43 1.12 0.01 0.01
MnO 0.73 0 1.19 14
Cco, 332 36.5 29.6 29.2
Total 100 100 100 100
Mineral phase % Removed % Removed
Calcite 29 40
Dolomite
Mg-arfvedsonite
Arfvedsonite 4
Phlogopite 2
Apatite 1 1
Total 39 47

The modelled cumulate phase is similar to the calcite carbonatite sample LRS-119. Residual melts 1 and 2 are comparable to the dolomite car-
bonatite samples LRS-149 and LRS-118, respectively (Supplementary Material 4)

carbonatites contain an order of magnitude less Sr than the
Lyons River Sills carbonates (Fig. 10), so incorporation of
crustal Sr will have noticeably greater effect on the Sr iso-
tope composition of the ankerite—siderite carbonatites, as
observed. The relatively low 8'3C values (Fig. 11) are also
consistent with late-stage recrystallisation, as low T CO,
loss via fluid alteration will shift '3C values of Fe-carbon-
ates to more negative values (Deines 2004).

Field observation of the relationship between the anker-
ite—siderite carbonatites and other primary rock types in the
GCCC are lacking, so the genetic relationship with other
units is enigmatic. Other magmatic ferrocarbonatites such
as those from Swartbooisdrif (Namibia) and Central Tuva
(Russia) occur in alkaline provinces as the predominant car-
bonatite type (Thompson et al. 2002; Driippel et al. 2004,
Propkoyev et al. 2016) whereas in the GCCC, the anker-
ite—siderite carbonatites are subordinate to the calcite and
dolomite carbonatites of the Lyons River Sills. Woolley
(1982) and Le Bas (1989) demonstrated that ferrocarbon-
atites could be created through multiple fractionation paths
beginning with calcite carbonatites. However, fractionation
modelling from the Lyons River Sills to the ankerite—siderite
carbonatites could not reproduce the low Si and Ti contents
of the ankerite—siderite carbonatites. The ankerite—siderite
carbonatites may be related to the Lyons River Sills by an
unidentified intermediate phase at depth, or the different

carbonatites may relate to separate, as yet unrecognised,
primary magmas generate by melting of heterogeneities in
the mantle source (Bell et al. 1982; Yaxley et al. 2019).

Magnetite-biotite dykes: connections
to carbonatites

Globally, phoscorites are uncommon rocks that are spatially
associated with carbonatites (Woolley and Kjarsgaard 2008),
but their genetic relationships are ambiguous. Phoscorites
were originally defined as having a magnetite + apatite + for-
sterite assemblage (Russel et al. 1954), but now the defini-
tion includes diopside and phlogopite as additional silicate
phases (Krasnova et al. 2004). Glimmerites can also be
spatially associated with carbonatites, but these are distin-
guished from phoscorites by their biotite-dominant miner-
alogy (Le Maitre 2002), and are now considered to be of
metasomatic origin (Elliott et al. 2018).

Despite our previous classification (see Slezak et al. 2018
and Slezak and Spandler 2019), the magnetite-biotite dykes
of the GCCC are not phoscorites sensu stricto as they lack
diopside or forsterite and often have more monazite that
apatite. Nevertheless, these rock-types are similar enough
to warrant comparisons. Compared to the phoscorites in the
Cummins Range, Australia (Downes et al. 2014), the mag-
netite—biotite dykes in the GCCC have lower Hf, Nb, Ta,
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and Zr contents and higher Th and LREE contents (Figs. 9d
and Supplementary Material 6). Both the Cummins Range
phoscorites and the GCCC magnetite-biotite dykes have
negative Ti anomalies and comparable Ba and Pb contents
(Fig. 9d). The high monazite content relative to apatite of
the magnetite biotite dykes may reflect the high bulk REE
contents relative to Ca.

Magnetite—biotite dyke are found in two localities in the
GCCC: (1) southeast, and (2) northern/northwest (Fig. 2).
The magnetite—biotite dykes in the southeast region contain
higher Mg, Ni, and Cr, and lower Fe compared to those of
the northwest region. The southeastern magnetite—biotite
dykes also contain early apatite with REY patterns enriched
in La and Ce, with later apatite zones having REY patterns
enriched in Nd and Sm. The north and northwestern magnet-
ite—biotite dykes contain MREE—enriched apatite, which is
similar to the apatite from the ankerite—siderite carbonatites
(Slezak et al. 2018). Biotite from the north and northeast-
ern magnetite—biotite dykes contains higher Fe, Al, and Cl
contents than those dykes in the southeastern region (Sup-
plementary Material 5; Fig. 5). The biotite from these north
and northeastern dykes is similar to the biotite from the
ankerite—siderite carbonatites. The magnetite—biotite dykes
and ankerite—siderite carbonatites also share similar bulk
rock Fe,O; and MgO compositions, have low Sr/Mn ratios
(Fig. 8d, e), and display similar trace element features (i.e.,
relative enrichment in Th and REE, and relative depletion
in Nb, Ta, Zr, Hf, and Sr; Fig. 9c, d). These spatial and
geochemical similarities suggest that the magnetite-biotite
dykes and ankerite—siderite carbonatites may be geneti-
cally related. Models involving fractionation and/or liquid
immiscibility have been proposed to explain occurrences
of coeval carbonatite and phoscorite elsewhere (Vartiainen
1980; Kogarko et al. 1997; Krasnova et al. 2004). Nonethe-
less, there has been relatively little research on the relation-
ships between these two rock types, and direct field relations
between the ankerite—siderite carbonatites and magnetite-
biotite dykes of the GCCC are lacking. Therefore, the
genetic links between these rock units cannot be evaluated
any further at present.

Origin of the silica-rich alkaline veins

The silica-rich alkaline veins have a wide range in K/Na
ratios that can broadly be grouped into of a high K group
(K/Na>1) and a high Na group (with K/Na< 1) (Fig. 8f).
The difference in K/Na is related to alteration, with variable
alteration of primary phlogopite resulting in K loss. The
silica-rich alkaline veins with higher K contents often con-
tain more phlogopite and higher Rb/Sr values. The high Na
silica-rich alkaline veins contain fine-grained aegirine and
are more strongly altered and sheared. Both units contain
elevated levels of Si and Nb (as columbite and Nb-bearing
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rutile) and accommodate significant amounts of Zr (as zir-
con) and Ti (as rutile), suggesting that these rocks are altered
variants of the same unit.

The normalised trace element plots of the silica-rich alka-
line veins appear to be antithetic to those of the magnetite-
biotite dykes and ankerite—siderite carbonatites (Fig. 9c—e).
Where the magnetite—biotite dykes (and ankerite—siderite
carbonatites) are depleted Nb, Zr, Hf, and Ti and enriched
in Ba and REE, the silica-rich alkaline veins are relatively
enriched in Nb, Zr, Hf, and Ti and depleted in Ba and REE.
This geochemical association, together with the observation
of thin silica-rich alkaline veins mantling a magnetite-biotite
dyke at the Demarcay prospect (Fig. 3d), suggests that the
silica-rich alkaline veins represent products of a magmatic-
hydrothermal fluid phase released from the magnetite-bio-
tite dykes. After the crystallisation of the magnetite-biotite
dykes, this incompatible HFSE- and Fe-rich fluid phase
migrated into fractures and joints. Secondary alteration and
replacement of phlogopite by aegirine may be related to
reaction of the veins by fenitising fluids from the host rocks.

Though often considered immobile in fluids, HFSE
elements can be highly concentrated in peralkaline melts
(Nicholls and Carmichael 1969; Watson 1979), and can be
remobilised in Na- and F-rich hydrothermal fluids (Rubin
et al. 1993; Salvi and Williams-Jones 1996; Jiang et al.
2005). Zirconium and Ti mobility is enhanced by F com-
plexes such as ZrF¢>~ and TiF,>~ (Barsukova et al. 1979;
Salvi and Williams-Jones 1996; Jiang et al. 2005), and Nb is
mobile in fluids under conditions of high F activity where it
occurs as niobium hydroxyl-fluoride species (Timofeev et al.
2015). The HFSE likely became increasingly incompatible
as the magnetite- and biotite-rich melts crystallised, and sub-
sequently were partitioned with F-rich magmatic-hydrother-
mal fluids exsolved from these melts. These F-rich fluids
then incorporated and reacted with the local host rocks (e.g.,
Pimbyana Granite) causing a decrease in temperature and
an increase in Si activity which promoted zircon stability
and precipitation of zircon in the veins (Salvi and Williams-
Jones 1996; Chakhmouradian and Williams 2004; Gervasoni
et al. 2017). Progressive wall rock reaction and precipitation
of F-bearing phlogopite may have decreased the F activity
in the fluid, allowing other HFSE-bearing minerals to pre-
cipitate (Timofeev et al. 2015).

Origins of the GCCC

The GCCC contains a wide array of alkaline rock types
that occur together spatially but lack distinct field relation-
ships with each other. Age data from Zi et al. (2017) and
Slezak and Spandler (2019), puts emplacement of all the
units in the GCCC at c. 1370 Ma, although there is sub-
stantial evidence for post emplacement recrystallisation of
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the REE minerals (see Slezak and Spandler 2019). Bulk
rock eNd (r=1370 Ma) values range from — 1.83 to — 4.20,
which, together with the C, O, and Sr isotope composition
of the Lyons River Sills, is consistent with an enriched man-
tle source for these rocks (Hart et al. 1992; Stracke et al.
2005; Stracke 2012). The relatively high Ti contents of the
GCCC—and the Cummins Range carbonatite complex of
the nearby Halls Creek Orogen—(Fig. 9b), are also consist-
ent with derivation from an enriched mantle source such as
EM?2 modelled by Workman et al. (2004).

Mantle plume activity has been linked to c. 1380 Ma
magmatism in central Africa and North America (Ernst
2014), but these areas were very distant (i.e., 1000 s of
kms) from the GCCC at this time (Pisarevsky et al. 2014).
There is no evidence to indicate any mantle plumes activity
in the region at 1370 Ma so the GCCC is not considered to
be linked with hotspot magmatism (Zi et al. 2017; Slezak
and Spandler 2019). Calculated model Ty, ages from bulk-
rock Nd samples are between c. 2100 and 1900 Ma, which
is consistent with timing of convergence and collision of
the Yilgarn Craton with the Glenburgh Terrane during the
2005-1950 Ma Glenburgh Orogeny (Occhipinti et al. 2004;
Johnson et al. 2011). Plate convergence and subduction of
hydrated ocean crust beneath the Glenburgh Terrane likely
led to subduction-induced metasomatism of the mantle litho-
sphere (Fig. 14; Pilet et al. 2005). This metasomatised man-
tle is regarded to be the source of the carbonatitic parental
magmas of the GCCC at c. 1370 Ma (Fig. 14). The precise
mechanism responsible for mantle melting is unknown, but
may relate to displacement of the lithospheric-scale Lyons
River Fault, allowing low degree melting of the lithospheric
mantle to produce primary alkaline magmas (Fig. 14). The
Lyons River Fault likely acted as a conduit for these magmas

Fig. 14 a Mantle metasomatism
under the Glenburgh Terrance
resulting from plate subduction
during the Glenburgh Orogeny
(2018-1950 Ma). b Local-

ised extension caused minor
decompression melting at the
Lyons River Fault Moho offset,
creating the alkaline melts that
travel along the fault and are
emplaced as the GCCC. CF
Cardilya Fault, ESZ Errabiddy
Shear Zone, LRF Lyons River
Fault. Modified from Johnson
etal. (2011, 2013)

—_— —

Yilgarn Craton

ESZ

Convergence

(b) GCCC emplacement c. 1370 Ma

CF path & emplacement LRF

to traverse the lithosphere to be emplaced in the upper crust.
Such hypabyssal carbonatite complexes consisting of dykes/
sills are typically emplaced in extension-related stress fields
that allow for passive emplacement as tabular bodies instead
of volcanic breccias or plutonic plugs (Barker 1989). There-
fore, more broadly, carbonatite magmatism in the GCCC
may have been related to far-field stresses associated with
the separation of the North China Craton from the West
Australia Craton during Nuna disassembly (Pisarevsky et al.
2014; Slezak and Spandler 2019). This model for the GCCC
conforms to the general model for carbonatite formation of
Woolley and Bailey (2012) and genetic models for many
other REE ore deposits (e.g., Downes et al. 2014; Huston
et al. 2016).

General implications for carbonatite magmatism

Studying the diversity of alkaline magmatic and hydrother-
mal rocks of the GCCC provides insights into other records
of intraplate alkaline magmatic processes more broadly.
Though the various units of the GCCC have stable and
radiogenic compositions that point to a common enriched
mantle source, there is significant geochemical heterogene-
ity among these rock types. Chemical heterogeneity within
the Lyons River Sills can be attributed to fractionational
crystallisation and cumulate processes that occurred within
the metre- to sub-metre scale dykes/sills. Dykes and sills of
this scale in silicate melts are widely regarded to preserve
melt compositions as very little to no crystal accumulation
is expected due to melt viscosity constraints. The operation
of cumulate processes within such narrow carbonatite dykes/
sills is likely due to the low viscosity of these melts (Kono
et al. 2014) and indicates that even small carbonatites bodies

(a) Glenburgh Orogeny 2080 —1950 Ma
Dalgaringa Arc

Localised Extension
—_—

GCCC melt —

Sedimentary Basins

Yilgarn Craton
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Partial melting at
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should not be assumed to reflect primary carbonatite magma
compositions (see also Woolley and Church 2005).

Fractionation plays an important role in enriching car-
bonatites in Fe, Mn and LREE (Le Bas 1989) as well as
enriching peralkaline melts in HFSE (Spandler and Morris
2016). The ankerite—siderite carbonatites and magnetite-
biotite dykes likely represent more fractionated magmatic
rock-types of the GCCC and both contain significant LREE
resources (Slezak 2019). The occurrence of these Fe-rich
rock-types could therefore be considered a key criterion for
the REE ore potential of carbonatite complexes. Likewise,
hydrothermal veins formed by fluids exsolved from crystal-
lising carbonatite magma (such as the silica-rich alkaline
veins of the GCCC) may be potential rare metal (Zr, Hf, Nb,
Ta, etc.), resources, as these elements can be partitioned into
alkaline fluids with high F contents.

Carbonatite complexes often have variable and highly
radiogenic Sr isotope compositions that are interpreted pre-
vailingly to reflect variably enriched mantle sources (Bell
and Blenkinsop 1987). The highly radiogenic Sr isotope
values of the GCCC ankerite-siderite dykes, especially
compared with the Lyons Rivers Sill that have similar Nd
isotopes compositions (Fig. 13), are an example of potential
isotopic resetting through recrystallisation of carbonate min-
erals by post-magmatic hydrothermal/metamorphic events.
Precambrian carbonatite complexes with complex post-
emplacement histories and magmatic carbonates with low Sr
contents (Fig. 10) are most susceptible to isotopic resetting,
and we urge for caution in interpreting mantle source com-
positions from the Sr isotope composition of carbonatites in
isolation of other geochemical and isotopic data.

Conclusions

1. The GCCC contains a range of rock types including
calcite, dolomite, and ankerite—siderite carbonatites;
magnetite-biotite dykes; and silica-rich alkaline veins.
Alteration assemblages such as fenites and glimmerites
are also present.

2. Compositional variation of the Lyons River Sills can be
explained by fractional crystallisation and separation of
an early calcite-bearing cumulate phase from the car-
bonatite melt, leading to Mg and Fe (+ Ti, Si, alkali)
enrichment in the melt.

3. The ankerite—siderite carbonatites are interpreted to be
of magmatic origin. The magnetite-biotite dykes and
ankerite—siderite carbonatites have similar trace element
contents, suggesting they are likely related, but the pro-
cesses connecting them are still enigmatic. The relation-
ship between these rock types and the Lyons River Sills
remains uncertain.
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4. The silica-rich alkaline veins are products of hydrother-
mal fluids enriched in Na, F, and HFSE that exsolved
from the magnetite-biotite dykes and/or ankerite—sider-
ite carbonatites during emplacement.

5. Parental magmas to the GCCC likely formed from melt-
ing of mantle lithosphere metasomatised during plate
convergence and collision between the Yilgarn Craton
and Glenburgh Terrane (c. 2000 Ma). Partial melting
may have been triggered by reactivation of this suture
zone due to far-field stresses associated with separa-
tion of the North China and West Australia Cratons at
1370 Ma.
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