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Abstract

The Yangibana rare earth element (REE) district consists of multiple mineral deposits/prospects hosted within the
Mesoproterozoic Gifford Creek Carbonatite Complex (GCCC), Western Australia, which comprises a range of rock types
including calcite carbonatite, dolomite carbonatite, ankerite—siderite carbonatite, magnetite—biotite dykes, silica-rich alkaline
veins, fenite, glimmerites and what have historically been called “ironstones”. The dykes/sills were emplaced during a period
of extension and/or transtension, likely utilising existing structures. The Yangibana REE deposits/prospects are located along
many of these structures, particularly along the prominent Bald Hill Lineament. The primary ore mineral at Yangibana is
monazite, which is contained within ankerite—siderite carbonatite, magnetite—biotite dykes and ironstone units. The ironstones
comprise boxwork-textured Fe oxides/hydroxides, quartz, chalcedony and minor monazite and subordinate rhabdophane.
Carbonate mineral-shaped cavities in ironstone, fenite and glimmerite alteration mantling the ironstone units, and ankerite—
siderite carbonatite dykes altering to ironstone-like assemblages in drill core indicate that the ironstones are derived from
ankerite—siderite carbonatite. This premise is further supported by similar bulk—rock Nd isotope composition of ironstone and
other alkaline igneous rocks of the GCCC. Mass balance evaluation shows that the ironstones can be derived from the ankerite—
siderite carbonatites via significant mass removal, which has resulted in passive REE concentration by ~2 to ~ 10 times. This
mass removal and ore tenor upgrade is attributed to extensive carbonate breakdown and weathering of ankerite—siderite
carbonatite by near-surface meteoric water. Monazite from the ironstones has strong positive and negative correlations between
Pr and Nd, and Nd and La, respectively. These relationships are reflected in the bulk—rock drill assays, which display substantial
variation in the La/Nd throughout the GCCC. The changes in La/Nd are attributed to variations in primary magmatic compo-
sition, shifts in the magmatic-hydrothermal systems related to CO, versus water-dominated fluid phases, and changes in
temperature.
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Introduction

Carbonatites are peralkaline-alkaline igneous rocks containing
>50% primary carbonate minerals (Le Maitre 2002) and are
the most important primary source for critical metals such as
rare earth elements (REE) and high field strength elements
(HFSE) (Chakhmouradian and Zaitsev 2012; Wall 2014;
Goodenough et al. 2016). Although REE deposits associated
with peralkaline-alkaline silicate igneous rocks typically con-
tain higher tonnages, they often have lower grades and poorer
REE recovery than carbonatite-hosted REE deposits (Walters
etal. 2011; Wall 2014). Not surprisingly, the largest currently-
producing mines for REE (Bayan Obo, China; Maoniuping,
China; and Mount Weld, Australia) and Nb (Arax4, Brazil;
Cataldao I and II, Brazil; and St-Honoré, Canada) are all
carbonatite-associated critical metal deposits (Mitchell 2015;
Elliott et al. 2018). In many cases, the economic viability of
mining carbonatite deposits relies on natural post-magmatic
enrichment processes (Verplanck et al. 2016). Niobium en-
richment often happens through eluvial supergene processes
(Morteani and Preinfalk 1996; Mitchell 2015). Rare earth el-
ement enrichment occurs when REE (fluor)carbonates are dis-
solved and re-precipitated as minerals such as monazite or
gorceixite under low temperature, supergene conditions
(Morteani and Preinfalk 1996).

Australia hosts a variety of different REE deposits, includ-
ing several carbonatite deposits such as Mount Weld,
Cummins Range and the Yangibana REE district (Jaireth
et al. 2014). The Yangibana REE district has a currently de-
fined total mineral resource of 21.3 million tonnes of ore grad-
ing 1.12% TREO, all hosted by the Gifford Creek Carbonatite
Complex (GCCC). These deposits are particularly rich in Pr
and Nd that are hosted mainly in monazite within ironstone
dykes (Hastings Technology Metals 2019). The ironstone
dykes or “ironstones”, as they have historically been called,
are not Fe-rich sedimentary rocks as their name might imply;
they occur as anastomosing dykes and sills that cross-cut the
Paleo- to Mesoproterozoic granitic, metasedimentary and sed-
imentary rocks in the area. Previous works have focused on
the Lyons River Sills, which are calcite and dolomite
carbonatite dykes and sills that comprise most of the GCCC
(Pearson 1996; Pearson and Taylor 1996; Pearson et al. 1996;
Pirajno et al. 2014). However, recent work has also identified
unaltered ankerite—siderite carbonatite and magnetite—biotite
dykes as important components of the GCCC (Slezak et al.
2018; Slezak and Spandler 2019, 2020). These newly
recognised rock types are significant because they host con-
siderable monazite mineralisation and their Fe-rich bulk com-
position makes them feasible protoliths to the REE-enriched
ironstones.

While recent work has progressed understanding of the
petrological (Pirajno et al. 2014; Slezak and Spandler 2020)
and temporal (Zi et al. 2017; Slezak and Spandler 2019)
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evolution of the GCCC, there has been little research into
processes of ore formation and REE distribution within the
Yangibana REE district. This is particularly noteworthy, as
mineralisation at Yangibana occurs as monazite-rich dyke sets
instead of the common association with REE carbonate plugs
and ring structures of most mineralised carbonatite complexes
(Barker 1989). In this study, we examine the geological set-
ting, distribution and origins of the REE ores within the
Yangibana REE district using a combination of field mapping,
bulk-rock geochemistry and REE phosphate chemistry.
Integrating our new data with previous information on the
GCCC, we outline the causes for Nd variation in ore monazite
throughout the district and present a new ore genesis model
for the district. This in turn can assist in developing better
methods for mineral exploration and processing, both at
Yangibana and in carbonatite complexes more broadly.

Regional geology

The Yangibana REE district is hosted by the GCCC in the
Gascoyne Province of Western Australia. The Gascoyne
Province comprises mainly Paleo- to Mesoproterozoic granit-
ic rocks, gneisses and other metasedimentary rocks that have
undergone over 1 b.y. of terrane assembly and reworking
related to at least eight significant orogenic events (Sheppard
et al. 2010; Johnson et al. 2013, 2017; Cutten and Johnson
2018).

The GCCC presents as a series of dykes and sills that pri-
marily intrude the Mesoproterozoic Durlacher Supersuite
granitoids (locally including Pimbyana and Yangibana gran-
ites) and the Pooranoo Metamorphics in the region between
the Lyons River Fault and the Bald Hill Lineament (Fig. 1).
However, some small dykes are present south of the Lyons
River Fault in the Edmund Group metasedimentary rocks, and
some alkaline dykes and sills have been found immediately to
the north of the Bald Hill Lineament (Fig. 1). The GCCC sits
adjacent to the Lyons River Fault, which has been determined
via seismic reflection surveys to extend down to, and offset,
the Mohorovic¢i¢ Discontinuity (Johnson et al. 2013). The
Lyons River Fault is a major shear zone that sutured the
Neoarchean Glenburgh Terrane with the Archean Pilbara
Craton during the 2215 to 2145 Ma Ophthalmia Orogeny
(Sheppard et al. 2005; Johnson et al. 2011, 2013). It was later
reactivated as an extensional structure prior to, and after the
1680 to 1620 Ma Mangaroon Orogeny (Sheppard et al. 2005),
and again as a reverse fault system during the 1320 to
1170 Ma Mutherbukin Tectonic Event (Korhonen et al.
2015; Johnson et al. 2013).

After emplacement of the GCCC at 1370 Ma (Zi et al.
2017; Slezak and Spandler 2019), the region was subjected
to several major tectonomagmatic events, including the 1320
to 1170 Ma Mutherbukin Tectonic Event (Korhonen et al.
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Fig. 1 a Geologic map of the
Gifford Creek Carbonatite
Complex (GCCC) with deposit/
prospect locations and sampling
transect locations. Figure S1 is
located in ESM 1. b Distribution
of La.,/Nd,, values based on
Hasting Technology Metals drill
assay data. Five major deposit/
prospect regions are circled. The
lowest La.,,/Nd, values (highest
Nd concentrations) are located in
the central and east central regions
of the GCCC (modified after
Slezak et al. 2018)

2015), the 1090 to 1040 Ma Giles Event (Smithies et al.
2015), the 1030 to 950 Ma Edmundian Orogeny (Martin
and Thorne 2004; Sheppard et al. 2007), the 955 to 830 Ma
Kuparr Tectonic Event (Cutten and Johnson 2018; Olierook
etal. 2019) and the 570 Ma Mulka Tectonic Event (Sheppard
et al. 2010). Some of these events are recorded by U-Pb ages
and Sm—Nd isochron ages from GCCC monazite and apatite
that have undergone dissolution and precipitation (Pirajno
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Geology of the Gifford Creek Carbonatite
Complex

The GCCC comprises multiple rock types, which are de-
scribed briefly below. More detailed rock-type descriptions
are presented in Slezak and Spandler (2020). The primary
magmatic-hydrothermal units include dolomite and calcite
carbonatite that form the Lyons River Sills, ankerite—siderite
carbonatite, magnetite—biotite dykes and silica-rich alkaline
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Fig. 2 Field photos and
backscattered electron (BSE) im-
ages of GCCC rock types. a
Lyons River Sill dolomite
carbonatite with typical dark
brown weathering surface and
dipping southwest towards the
Lyons River Fault. b Lyons River
Sills with a “z”-shaped step-over
and deflection of the dyke by a
pegmatitic section of schlieric
granite. ¢ Core samples of
ankerite—siderite carbonatite from
Yangibana North with patchy al-
teration to iron oxides, similar to
the ironstones. d BSE image of
monazite growing in both the
quartz and ankerite domains of
the ankerite—siderite carbonatites
with a narrow Fe oxide rim sur-
rounding the monazite in the an-
kerite. e Coarse-grained
magnetite-biotite dyke at
Mosander with a nearly flat-lying,
sill morphology. f Silica-rich al-
kaline vein from the central
GCCC with arfvedsonite-
riebeckite (dark) and aegirine
(light) layers

veins. Alteration phases associated with these primary rock
types include the Yangibana ironstones, fenites and
glimmerites.

Lyons River Sills

The Lyons River Sills (Fig. 2a, b) mainly occur as a swarm of
carbonatite dykes/sills trending NW—SE immediately to the
north of the Lyons River Fault. The Lyons River Sills are
composed of fine-grained, Fe-bearing dolomite and occasion-
ally calcite, minor amounts of Mg- and F-rich arfvedsonite,
aegirine, Mg-bearing biotite, magnetite, ilmenite and
fluorapatite in addition to trace amounts of monazite, zircon,
pyrite and chalcopyrite (Pearson 1996; Pearson and Taylor
1996; Pearson et al. 1996; Slezak and Spandler 2020).

The Lyons River Sills strike northwest and dip variably 30
to 60° SW (Electronic Supplementary Material (ESM 1); Fig.
Sla), subparallel with the Lyons River Fault and Bald Hill
Lineament (Fig. 1). They are 0.1 to 1.5 m thick and may
extend hundreds of metres in length. Mapping of well-
exposed outcrops close to the Lyons River towards the
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southern extent of the dyke/sill swarm (Fig. 1 and ESM 1,
Fig. S1) reveals that metre-scale orientations and morphol-
ogies of veins (~ 1-9 cm thick), veinlets (~ 1-9 mm thick)
and joints (ESM 1, Fig. S1) are analogous to district-scale
dyke and fault orientations (Fig. 1). For example, outcrop
scale alkaline amphibole—dolomite veins and veinlets (3 to
20 mm wide), which are akin to the ironstones, are observed
to trend orthogonal to the Lyons River Fault (ESM 1, Fig.
S1b, c), whereas the carbonatite dykes are oriented along joint
sets that parallel the Lyons River Fault (ESM 1, Fig. S1c). The
silica-rich alkaline veins (Fig. 1) also broadly correspond to
the N-S joint sets recorded at the outcrop scale (ESM 1, Fig.
S1b). Step-over patterns and veinlet pinch outs are also com-
mon among the Lyons River Sills at both district and outcrop
scales (Figs. 1 and 2b and ESM 1, Fig. S1d).

Ankerite-siderite carbonatite

The ankerite—siderite carbonatite (Fig. 2¢) has only been ob-
served in drill core at depths of 40 to 50 m in the northwestern
corner of the GCCC along the Bald Hill Lineament. These
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rocks occur as 0.05 to 1 m thick dykes (Fig. 2¢) composed of
coarse-grained siderite and ankerite, with minor calcite, mag-
netite, biotite, monazite, apatite and quartz (Fig. 2d; Slezak
et al. 2018; Slezak and Spandler 2020).

Magnetite-biotite dykes

Magnetite—biotite dykes (Fig. 2e) are present mainly in the
southeast region between Fraser’s deposit and Demarcay
prospect (Fig. 1). They range in thickness from 0.1 to 1.5 m
and comprise magnetite, biotite, apatite and monazite (Slezak
and Spandler 2020). Several magnetite—biotite dykes, such as
the Auer North prospect, do not crop out, but were discovered
during exploration drilling. The units that appear at the sur-
face, such as at Demarcay and Mosander, dip variably to the
west-northwest.

Silica-rich alkaline veins

The silica-rich alkaline veins (Fig. 2f) are most abundant as a
steeply dipping, N- to NE-trending swarm in the central re-
gion of the GCCC. Some veins display alternating changes in
light green aegirine and dark blue arfvedsonite content (Fig.
2f). Individual veins can be up to 50 cm in width, several
hundred metres in length, and tend to be heterogeneous in
mineralogy and texture. The dominant mineralogy is aegirine,
quartz, zircon, rutile, magnetite, phlogopite, columbite and
monazite (Slezak and Spandler 2020). These units strike
north-northeast, roughly orthogonal to the Lyons River Sills
(Fig. 1) and tend to follow regional cleavage fabrics and joint
planes (ESM 1, Fig. Slc).

Ironstone dykes

Other rock types present in the GCCC include the voluminous
and economically important ironstones and various alteration
assemblages such as fenites and glimmerites. The ironstones
specifically refer to large (up to several metres wide) dyke-like
structures that protrude from the landscape (Fig. 3a). They are
mainly located subparallel to the Bald Hill Lineament and
along the eastern and western flanks of the GCCC (Fig. 1).
The ironstones comprise fine-grained haematite with relict
magnetite cores, recrystallised quartz, occasional baryte, mon-
azite, apatite, rhabdophane and Mn oxides. The ironstones do
not exhibit any primary igneous textures. Most features relate
to low-temperature mineral precipitation and include botryoi-
dal banding of Mn oxides and hydrous Fe oxides, such as
goethite. Minor chalcedony banding around open spaces and
Mn oxide crusts have also been reported (Pirajno and
Gonzalez-Alvarez 2013). The ironstones observed from sur-
face outcrops and from drill core contain significant vugs. In
addition, carbonate mineral dissolution cavities (Fig. 3b, ¢)

and Fe oxides/hydroxides pseudomorphing carbonate min-
erals were observed at several ironstone outcrops.

In drill core, the ankerite—siderite carbonatite is partially
altered and oxidised to a porous, haematite-rich rock similar
to the ironstones observed at the surface (Figs. 2¢ and 3c, d).
Some of the oxidised zones occur proximal to veinlets con-
taining magnetite (altering to haematite) and biotite (Fig. 3c).
Monazite occurs in large (up to 400 um) tabular crystals
surrounded by dog-tooth-shaped carbonate crystals (likely
calcite) hosted in iron oxides such as haematite and goethite
(Fig. 3e).

Small veinlets, reminiscent of the larger ironstones, are also
observed to emanate from the Lyons River Sills (Fig. 3f).
These veinlets have a northeast-southwest strike and dip
subvertically to vertically. They are often composed of Fe
oxide minerals, but occasionally exhibit a primary mineral
assemblage of arfvedsonite, Fe-bearing dolomite, rutile, mag-
netite, quartz, apatite and monazite; hence, where unaltered,
they are referred to as alkaline amphibole—dolomite veinlets in
this study.

Alteration assemblages

The two most common alteration assemblages in the GCCC
are fenite and glimmerite. The fenite assemblage is pink (Fig.
3f) to white and mainly comprises K-feldspar with lesser
amounts of apatite, monazite and rare microcrystalline quartz
(Slezak and Spandler 2020). The alteration is pervasive and
envelopes all the alkaline rock phases in the complex, but is
most conspicuous around the ironstones, ankerite—siderite
carbonatites and the Lyons River Sills. It is a few centimetres
wide around veins and veinlets, and up to a couple of metres
wide around larger dykes (Slezak et al. 2018).

Glimmerite is composed of biotite, magnetite, monazite
and zircon and forms narrow, contact alteration halos between
the fenitised wall-rock and the ankerite—siderite carbonatite
dykes. The assemblage may also occur as a series of small
veinlets in crackle breccia in the host rocks (Slezak and
Spandler 2020).

Yangibana REE deposits and prospects

Multiple mineral deposits and prospects comprise the
Yangibana REE district. The district is divided into five areas
based on regional structural features, La/Nd ratio, the host
rock types and the associated unaltered protolith rock types
(Fig. 1). The Yangibana region comprises the Yangibana,
Yangibana South and Tongue prospects, all of which crop
out as large, east-northeast striking ironstones hosted in the
metasedimentary rocks of the Pooranoo Metamorphics. The
geometry of these prospects is controlled by the Mangaroon
Orogen S| compositional layering and F; folding within the
host rocks, which are later overprinted by a S, crenulation
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Fig. 3 Field and
photomicrographs of ironstones
and alteration assemblages. a
Ironstone outcrop at Fraser’s
deposit. b Ironstone with
parallelepiped-shaped dissolution
cavities morphologically similar
to crystalline carbonate minerals.
¢ Dissolution and oxidation in an
ankerite—siderite carbonatite adja-
cent to a magnetite—biotite vein-
let. d BSE image of the contact

between unaltered ankerite—
siderite and a zone altered to iron
oxides. e Monazite rimmed by
calcite in the oxidised (i.e. hae-
matite-rich), ironstone-like zones
of altered ankerite—siderite
carbonatite. f Alkaline
amphibole—dolomite veinlets em-
anating from a dolomite
carbonatite dyke (Lyons River
Sill). The veins (left side of im-
age) have intruded and fenitised
the host granite

Fe oxides

cleavage (Sheppard et al. 2005). The prospects contain very low
La./Nd,, values (< 0.5; Fig. 1b; where ,, = condrite-normalised),
and the unaltered protolith of the ironstones has not presently been
observed in outcrop or drill core.

The Northern Line comprises seven prospects that present along
a nearly continuous, anastomosing ironstone outcrop that runs sub-
parallel to the Bald Hill Lineament. The ironstone dykes intrude the
Pimbyana and Yangibana granites. Mineralisation contains higher
La/Nd,, values (> 1.51; Fig. 1b) and occurs where the ironstone
outcrops are the most prominent at surface, dipping variably to the
south—southwest. Ankerite—siderite carbonatite and magnetite—
biotite dykes have been encountered at depth in drill core in the
Yangibana West and Yangibana North deposits (Fig. 2c).

The Bald Hill region consists of the Bald Hill and Bald Hill
South, Terry’s Find, Simon’s Find and Hatchet prospects. The
largest deposits, Bald Hill and Bald Hill South, each consist of a
shallowly dipping (15 to 30° SW) ironstone unit hosted in schlie-
ric Pimbyana Granite near the surface and pelitic
metasedimentary rocks (likely the Pooranoo Metamorphics) at
depth. The mineralised zones have low to moderate La.,/Nd.,
values (0.35-1.19; Fig. 1b) and are contained mainly in the iron-
stones and in subordinate magnetite—biotite rock assemblages.

@ Springer

The easternmost deposit, Fraser’s, consists of one large
(Fig. 3a), steeply dipping (55 to 65°W) ironstone that intrudes
along a contact between Pimbyana Granite and schists of the
Pooranoo Metamorphics. The deposit contains altered
ankerite—siderite carbonatite at depth (~ 100 m below surface)
and is spatially associated with several small magnetite—
biotite and carbonatite dykes. Fraser’s deposit has a low
La.,/Nd., value of < 0.5 (Fig. 1b).

The Southern Region consists of the Auer, Auer North,
Leceq, Mosander and Demarcay prospects, which strike
NW-SE and are hosted mainly in schists of the Pooranoo
Metamorphics. These prospects comprise both ironstones
and magnetite—biotite dykes and contain moderate La,/Nd.,
values (0.55-1.23; Fig. 1b).

Analytical techniques

Samples

This study analysed 28 samples collected from outcrop, 7
samples taken from diamond drill core and 2 samples acquired



Miner Deposita (2021) 56:1007-1026

1013

from reverse circulation drill cuttings. Details of the sample
type, location and analytical techniques can be found in
Electronic Supplementary Materials (ESM 2). Sixteen samples
were analysed for bulk—rock chemical composition (ESM 2,
Table S1) and 5 samples for bulk—rock Nd isotopes (Table 1).
Nineteen samples for were used for wavelength dispersive X-ray
spectroscopy (WDS) analyses (ESM 2, Table S2), and 9 samples
were used for laser ablation inductively coupled mass spectrom-
etry (LA-ICP-MS) analysis (ESM 2, Table S3).

Cathodoluminescence and major element analyses of
ore minerals

All REE ore samples were prepared as polished thin sec-
tions and 25-mm-diameter polished sections, which were
examined using a Leica DMRXP optical microscope.
Cathodoluminescence (CL) analyses of the main ore min-
eral, monazite, were conducted using a JEOL XM-86440
CL spectrometer connected to the JEOL JXA-8200 WD/
ED electron probe micro-analyser (EPMA) at the
Advanced Analytical Centre at James Cook University
(JCU), Townsville, Australia, using the same setup and
conditions as those in Slezak et al. (2018). Deconvolution
of these spectra was conducted using the Optical Fit 17.07
software from CSIRO (Torpy and Wilson 2008).

After CL analysis, the samples were analysed for major/
minor elements in monazite and rhabdophane using the JEOL
JXA-8200 EPMA at JCU. The electron beam was set to spot
size of 2 to 5 um, with the accelerating voltage and beam
current set to 15 kV and 20 nA, respectively. All elements
were analysed for 20s on peak with 10s on background.
Element concentrations were quantified using well-
characterised, in-house standards as follows: Ca and Si (wol-
lastonite), Sr (SrF,), P and Ce (CePO,4), Nd (NdPO,4), Sm
(SmPQ,), Pr (PrPOy), Y (YPO,), Gd (GdPO,), Dy (DyPOy,),
La (LaPO,) and Th (Th metal). The @ pz procedure was used
to correct the analyses (Armstrong 1991).

Trace element analysis of monazite

Trace elements analyses of monazite were analysed using a
Coherent GeoLasPro 193-nm Excimer laser coupled to a
Varian (now Bruker) 820-MS quadrupole ICP-MS at the
Advanced Analytical Centre, JCU Townsville. The glasses were
ablated in a large volume cell (Fricker et al. 2011), using a
24-um-spot size, repetition rate of 10 Hz, and surface energy
density (measured at the site of ablation) of 4 J/cm?”. The ablated
material was carried in high purity He gas then mixed with Ar
before being introduced to the ICP-MS. The rates of oxide pro-
duction and plasma fractionation were monitored by keeping
ThO/Th at or below 0.5%, and 2*%U/>*’Th sensitivity ~ 1
(Pettke 2008). The synthetic glasses NIST SRM 610 and 612
were used as the primary and secondary standards, respectively,

Bulk—rock Sm—Nd isotope results for outcrop samples of ironstones, fenites and the Pimbyana Granite

Table 1

FT-7

FT-3

FT-1

YN-1

LE-1

Sample

429,926
7,350,811

429,913

429,894

417,377

420,072

Easting

7,350,912
Fenitised

7,362,372 7,350,903
Ironstone

Ironstone

7,360,691
Ironstone

Northing

Pimbyana

Rock type

Granite
1370/1680%*

34.8

Pimbyana Granite
1370/1680*

82.4

1370
1020
98.7

1370
1520
161

1370
4140
531

Rock age, t (Ma)
Nd, ng/g

Sm, pg/g

5.76

14.8

0.100

0.0641 0.0586 0.109

0.0776

147Sm/144Nd

0.511261

0.511730

0.511316
0.510789
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with reference values taken from Spandler et al. (2011). The Ce
contents, as determined by EPMA WDS, were used as internal
standards for monazite. Data reduction was carried out using the
SILLS program (Guillong et al. 2008), employing the errors and
detection limits calculation methods of Luo et al. (2007) and
Pettke et al. (2012), respectively. The isotopes chosen for analy-
sis include: 2’Al, 2°Si, 3'P, 4Ca, *Ca, *°Ti, >>Mn, %Zn, " As,
$5Rb, 5551, Y, ©7zr, SNb, ''8Sn, 133Cs, ¥Ba, La, “0Ce,
141y 143Ng, 975, 151Ry, 157Gd, Tb, 13Dy, '%Ho, 97,
19T, 171y b, 5Ly, SHE '®Ta, 2°°Pb, 232Th and 2*U.

Bulk-rock trace element data
Bulk-rock transect samples

Sampling transects were completed across the ironstone dykes
at Fraser’s deposit and Tongue prospect, which cross-cut the
Pimbyana Granite and Pooranoo Metamorphics, respectively
(Fig. la). A third sample transect was taken across a
subeconomic ironstone dyke intruding the Edmund Group to
the southwest of the Lyons River Fault (Fig. 1a). Samples
were taken directly from the ironstone, which was considered
to be the start (0 m) of the transect. Additional samples were
taken at available outcrops including the contact between the
ironstone and the fenite, within the fenite (centimetres to me-
tres from the transect start), and in the least-altered host rock
(metres to tens of metres from the transect start). Any visible
surficial weathering rinds were trimmed and discarded. The
purpose was to identify the extent of alteration related to the
ironstone intrusions and to assess geochemical exchange be-
tween the host rocks and ironstone or their precursor igneous
intrusion. The location, sample type and geochemical summa-
ry are found in ESM 2, Table S1.

All samples were crushed and then milled to a fine powder
using a tungsten carbide ring mill. Fraser’s transect samples
were analysed for major element composition from Li borate
fusion glasses at JCU, using a Bruker-AXS S4 Pioneer X-ray
Fluorescence Spectrometer. The fused glasses were then
mounted into 25-mm-diameter epoxy sections and were
analysed using the LA-ICP-MS instrument and analytical con-
ditions as previously mentioned for the monazite samples,
except in this case a spot size of 120 um and surface energy
density of 6 J/cm? was applied. The following analytes were
measured for the glasses: 9Be, 27Al, 29Si, 31P, 43Ca, 44Ca,
4586, 49Ti. 52Cr, S3Cr, Mn, S'Fe, ®Co, Ni, $5Cu, *Zn,
99Ga, 72Ge, "SAs, *Rb, **Sr. **Mo, '2'Sb, *°Y. %Zr. %*Nb,
118G 133Cs. 1374, 1%L a, 140Ce, 41pr, 143N, '47Sm, 1SRy,
157Gd, 159Tb, 13Dy, 1% Ho, 17Er, 19Tm, 17'Yb, 5L, I78Hf,
181Tq, 298pp, 232Th and 2*®U. The data were reduced using
Glitter software (Van Achterbergh et al. 2001).

Samples from the Tongue and Edmund Group ironstone
transects were analysed for 53 elements by Bureau Veritas
Commodities Canada Ltd. in Vancouver, Canada. One sample
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split was fused into a lithium metaborate/tetraborate bead. The
sample bead was dissolved in American Chemical Society
(ACS)—grade nitric acid dissolution and analysis of the solu-
tion conducted via ICP-MS for the following elements: Mg,
Al Si, P, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Ni Ga, Rb, Sr, Y, Zr,
Nb, Sn, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, Hf, Ta, W, Th and U. The second sample split
was digested in aqua regia and analysed via inductively
coupled emission spectroscopy/mass spectroscopy (ES/MS)
for the elements Li, Be, B, Cr, Co, Cu, Zn, Ge, As, Se, Mo,
Pd, Ag, Cd, In, Sb, Te, Re, Pt, Au, Hg, T, Pb and Bi. Carbon
and S were determined using the LECO method.

Drill hole data

Data from 15,185 bulk-rock assays were provided by
Hastings Technology Metals Ltd. for use in determining
regional- and deposit-scale REE trends. Approximately 1—
2 kg of material was taken from 1-m intervals of reverse cir-
culation (RC) cuttings and diamond drill core. Samples were
prepared using a sodium peroxide fusion in a Ni crucible then
analysed for Mg, Al, Si, P, S, Ca, Mn and Fe using OE-MS, as
well as Sc, Sr, Y, Zr, Nb, Ba, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu, Ta, Th and U using ICP-MS at Intertek-
Genalysis in Perth (Australia). As many of these samples rep-
resent rock-type composites, we applied a lower cut-off con-
centration of 40 wt.% Fe to the Hastings data to define the
composition of the ironstones. Applying this filter to the data
from the Yangibana North prospect (where most ironstone
data exist) resulted in 51 samples, which were used to deter-
mine an average ironstone composition for mass balance com-
parisons. Bulk—rock mass balance calculations were made
using bulk-rock geochemical data and following the
methods of Gresens (1967) and Grant (1986) using the
EASYGRESGRANT Excel macros and spreadsheets
(Lépez-Moro 2012).

Bulk-rock Sm-Nd isotope analysis

Whole-rock Sm—Nd isotope analyses of 5 samples from de-
posit outcrops and transect samples (three ironstones, one
fenite and one Pimbyana Granite) were performed at the
University of Adelaide with a Finnigan MAT262 thermal
ionisation mass spectrometer (TIMS) in static and quadrupole
cup dynamic measurement modes following the routine de-
scribed in Wade et al. (2006). The measurements were
corrected for mass fractionation by normalisation to
16N d/"**Nd = 0.7219 and '"**Nd/"**Nd ratios were normal-
ised to the TIMS value of JNdi-1 glass (0.512098 +13;
Fisher et al. 2011). Details of the samples are presented in
Table 1.
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Results
Ore minerals

Monazite is the main ore mineral in the Yangibana REE dis-
trict and the majority consists of (Ce)-monazite, though some
grains transition to (Nd)-monazite (ESM2, Table S2).
Monazite is found in highest concentration in the ironstone
deposits, magnetite—biotite dykes and ankerite—siderite
carbonatite. Trace amounts of monazite are also present in
the silica-rich alkaline veins, occurring together with more
abundant zircon (Slezak and Spandler 2020). Monazite is only
present as trace amounts in the Lyons River Sills, which in-
stead contain greater amounts of apatite.

Monazite makes up between ~ 1 and ~ 10% by volume of
the magnetite—biotite dykes, ankerite—siderite carbonatite and
their alteration assemblages (fenite and glimmerite). The mon-
azite is often cream to peach colour and forms large (~ 2 mm)
clusters of subhedral to euhedral tabular crystals. Less com-
monly, monazite forms small, anhedral inclusions (~ 10 pm)
in apatite, which may be the product of exsolution (Slezak
et al. 2018). In high-contrast backscattered electron (BSE)
and CL images, monazite often exhibits patchy, irregular dark
and light grey zonation (Fig. 4a) as well as occasional oscil-
latory growth zones (Fig. 4b). The lighter BSE zones are typ-
ically associated with higher Th contents, as determined by
EDS. Large monazite grains (up to 1 mm long) hosted in the
ironstones also have a tabular morphology, similar to mona-
zite in ankerite—siderite carbonatite and magnetite—biotite
dykes. However, these large monazite crystals are often frac-
tured, have irregular margins and are occasionally mantled by
a slightly darker (in BSE) REE-bearing mineral phase with an
amorphous to acicular crystal habit (Fig. 4c, d). This phase has
relatively high CaO contents and is likely rhabdophane
[(REE, Ca, Th)PO4nH,O]. It is often found together with
botryoidal and boxwork-textured iron oxides and hydroxides
like goethite (Fig. 4d).

Monazite mineral chemistry

Under CL, monazite displays patchy zonation in cores and
rims (Fig. 4e). Counts are elevated from ~350 nm up to ~
600 nm and distinct peaks occur at 784 nm, 857 nm, and
1048 nm (Fig. 4f). Both light and dark CL zones have similar
spectral shapes, but the lighter zones show higher counts at the
857 nm peak. The full width at half maximum (FWHM) and
eV values for the probable peak locations can be found in
ESM 1, Fig. S2 and Table S1.

Monazite has low Si (<1 wt.% Si0O5,), low Ca (<1 wt.%
CaO) and variable Th (0.5 to 10 wt.% ThO,; ESM 2,
Table S2). Thorium and Ca contents are inversely proportion-
al to the total REY (REE + Y; Fig. 5a). Additionally, Si and
Th correlate with a decrease in REY and P content in monazite

(Fig. 5b). No correlations were observed between Th and in-
dividual REE or Y. Monazite in the Lyons River Sills and
their associated alkaline amphibole—dolomite veinlets con-
tains higher amounts of Ca, Th and Si compared to the mon-
azite from ankerite—siderite carbonatite and magnetite—biotite
dykes (Fig. 5a, b).

Lanthanum and Nd show a strong, negative correlation in
monazite. The alkaline amphibole—dolomite veinlets and
Lyons River Sills have the highest La contents and lowest
Nd contents (Fig. 5¢). Cerium and Nd show no clear correla-
tion (Fig. 5d). However, Nd shows a strong positive correla-
tion with Pr (Fig. 5d) and a moderate positive correlation with
Sm. Monazite from the ironstones and fenites has the highest
contents of REE such as Pr, Nd and Sm.

Arsenic and Nd contents have a strong, positive correlation
(ESM 1, Fig. S3a), but As and Yb show no correlation (ESM
1, Fig. S3b). Strontium contents reach up to 2 wt.% with Sr
content correlating with both Th and Pb contents (ESM 1, Fig.
S3c). Monazite in the alkaline amphibole—dolomite veinlets
has the highest Sr contents and lowest Yb contents. The mon-
azite hosted in fenite, ankerite—siderite carbonatite and
magnetite-biotite dykes tends to have higher HREE contents
and lower Sr contents (ESM1, Fig. S3d). Lead correlates
strongly with Th and is typically present at the hundreds of
pg/g level but may be up to 8000 pg/g (ESM 2, Table S3).
Uranium contents in monazite range from 1 to 90 ug/g (ESM
2, Table S3) and show little correlation with Th or Pb.

Normalised REE + Y (herein REY) plots from in situ LA-
ICP-MS analyses show that monazite has two main patterns:
(1) relatively straight and flat to downward slopes from La to
Sm as illustrated by the monazite in ankerite—siderite
carbonatite, alkaline amphibole—dolomite veinlets and some
magnetite-biotite dykes (Fig. 6a—c) and (2) curved, positive
slopes from La to Pr and/or Nd, followed by an inflexion and
gentle, negative slopes from Sm to Gd, as seen in some of the
magnetite-biotite dykes and fenitised granite monazite sam-
ples (Fig. 6¢, d). All samples display a steep, negative slope
from Gd to Lu with a small, negative Y anomaly. REY pat-
terns for the magnetite—biotite dyke samples show shifts in the
normalised La and Nd contents and variable HREE concen-
trations (Fig. 6¢). The differences in La and Nd contents and
the first REY tetrad (La to Nd) for the magnetite—biotite dykes
(Fig. 6¢) are similar to those changes observed regionally in
the REY patterns from the bulk—rock ore samples as discussed
below (Fig. 6e). The fenite-hosted monazite has relatively
high contents of MREE, yielding arcuate REY patterns (Fig.
6d).

Rhabdophane mineral chemistry
The amorphous to acicular mineral mantling monazite found

in the ironstone samples is identified as rhabdophane (Fig.
4c, d). Rhabdophane has high Ca contents (~2.5 to ~
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5.5 wt.% CaO; ESM 2, Table S2) and features a negative
correlation between Th + Ca and the total measured REY
contents. Rhabdophane analyses return low totals (ESM2,
Table S2), which are attributed to the incorporation of water
into the crystal structure. There is a strong correlation between
Nd, Pr and Sm contents, but no correlation between Nd, La or
Ce. Furthermore, the La/Nd ratio is similar to that of monazite
analysed in the same sample. The Y contents are low and there
is little correspondence between REE + P and Th + Si.

Regional variation in REY geochemistry

Regional REY trends are best represented by the bulk—rock
geochemistry of drill assays as this dataset has broad spatial
coverage of the Yangibana district (Fig. 1) and the bulk—rock
REY patterns are primarily dictated by the major ore mineral,

Fig. 4 a Backscattered electron
(BSE) image of monazite from a
magnetite-biotite dyke near
Fraser’s with patchy, dark zona-
tion in large, tabular monazite
crystals. Zones are related mainly
to changes in Th content (deter-
mined by EDS). b BSE image of
monazite from Yangibana North
with oscillatory zoning on the
crystal margins. ¢ BSE image of
fractured monazite altered to
slightly darker rhabdophane in a
drill cutting sample from Fraser’s
ironstone. d BSE image of radial
fibrous rhabdophane in a Fraser’s
deposit ironstone sample with
boxwork texture Fe oxides. e
False colour (blue =449-549 nm,
green = 553—638 nm, and red =
771-912 nm) hyperspectral
cathodoluminescence image of
monazite showing slightly patchy
texture. The brighter pink colour
highlights the prominence of the
857 nm peak from Nd** in the
sample. f Spectral image of light
and dark zones in the monazite.
Both zones have the same pat-
terns, but darker zones have lower
counts related to slight changes in
REE content
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monazite. All prospects are especially enriched in REE (Fig.
6e) and have similar MREE and HREE patterns with small
negative Y anomalies. However, there are significant varia-
tions in the first tetrad (La to Nd) between the different regions
in the district (Fig. 6¢). The prospects along the Northern Line
show La., > Nd,,, resulting in more flat-lying REY patterns,
whereas the other regions show La., <Nd,,, creating a con-
vex upward curve in the REE (Fig. 7a). Moving east along the
Northern Line away from Yangibana North, prospects (e.g.
Kane’s Gossan) show decreasing La.,/Nd., (Fig. 1b),
resulting in a more curved first tetrad (Fig. 6e).

Assay data from all prospects and deposits show a con-
sistent range in La/Nd ~0.2 to 1.5 when the total REY <
800 ng/g (Fig. 7). The Yangibana North and West deposits
from the Northern Line show a higher density of La/Nd
values from ~0.75 to 1.5 and total REY contents below
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Fig. 5 a—e Atoms-per-formula-
unit (apfu) plots (from EPMA
analyses) of monazite from vari-
ous rock types. REY* =La-Sm,
Y, and, for some samples, Dy and
Gd (see ESM2, Table S2 for
details). Note the concentrations
in Dy and Gd do not significantly
increase the total REY contents in
these monazite analyses
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800 ug/g (Fig. 7a) compared to the other regions. The de-
posits and prospects from the other regions have a larger
proportion of La/Nd values between ~0.1 and ~0.5 (Fig.
7b—e) and overall higher total REY contents ranging from
~800 pg/g up to 10,000 pg/g (Fig. 7b—e). The general trend
for most regions of the GCCC (Fig. 7f) is that as total REY
contents increase, the La/Nd ratio decreases.

Ironstones compared to least-altered host rocks

Sampling transects were conducted across three different
ironstone outcrops (Fig. la) hosted within three different
country rock types. In all three transects, REE and P,Os
contents are highest in the ironstones, demonstrating that
the REE phosphate mineralisation is directly associated
with the ironstones. The REE mineralisation extends, to
a minor extent, into the most proximal fenite halos, and
the fenite alteration signatures approach those of the

0.2 0.3
Nd (apfu)

background host rocks after a relatively short distance
(e.g. ~1-2 m). A summary comparing the ironstone, fenite
and host rock chemistry is provided in Fig. 8. The com-
plete geochemical data are presented in ESM 2, Table SI.

The ironstone samples have lower SiO,, MgO, Al,O3,
Na,O and K,O contents, but much higher MnO, P,O5 and
Fe,05 levels compared to the least-altered host rocks sam-
ples (Fig. 8a—d). The granite-hosted (Fraser’s) and schist-
hosted ironstone samples have lower TiO, contents com-
pared to the least-altered samples, but the quartzite-hosted
ironstone in the Edmund Group has higher TiO, contents
compared to both the unaltered quartzite and other iron-
stone samples (Fig. 8¢). The ironstone samples contain
higher Be, Ni, Cu, Zn, Ge, Mo, Sr, REE, Pb, Th and U
contents (Table S1) than the fresh and altered rock in
which they intrude. Overall, the ironstone samples have
lower Cs, Rb and in the granite-hosted ironstones, Ta,
compared to the least-altered host rocks.
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Moving away from the ironstones, the fenites show an
increase in major elements such as SiO, and Na,O; how-
ever, the concentrations of these oxides are typically less
than the least-altered host rocks (Fig. 8a, b). Other compo-
nents such as Fe,O3, P,Os and Nd decrease in concentra-
tion in the fenites moving away from the ironstones (Fig.
8c—f). Oxides and elements such as TiO,, Nb and Ta de-
crease in concentration as the distance from the ironstones
increases. Other HFSE elements such as Zr and Hf vary
within the fenite samples.

Mass balance calculations and isocon diagrams were used
to compare unaltered ankerite—siderite carbonatite drill core
samples (e.g. YN50-49, YN49-58 and YN50-48 from
Slezak and Spandler 2020) and an average of the ironstone
drill samples, using the 51 samples containing > 40 wt.% Fe,
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Eu Tb Y Er Yb Ce Nd Eu
Sm Gd DyHo Tm Lu La Pr

Tb Y Er Yb
Sm Gd DyHo Tm Lu

at the Yangibana North prospect. This comparison was con-
ducted as textural and field evidence indicates that the
ankerite—siderite carbonatites alter to ironstone (Figs. 2c¢ and
3c, d). The elements Nb, Ta and Zr formed a linear array and
are considered to be immobile during low-temperature alter-
ation (MacLean and Kranidiotis 1987), so these elements were
chosen to define the isocon (Grant 1986). This isocon has a
slope ~7.5:1 (Fig. 9), indicative of ~ 85% loss of mass during
alteration of the ankerite—siderite carbonatites to REE ore
ironstones. The REE and other elements such as Ba, Pb and
Th also plot near the isocon (Fig. 9). Major oxides such as
MnO, MgO, CaO and Fe,O5 plot well to the right of the
isocon (Fig. 9), indicating these elements (along with CO;2
~) were removed during conversion of ankerite—siderite
carbonatite to ironstone.
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Chondrite-normalised REY patterns were plotted for the av-
erage ankerite—siderite carbonatite (Slezak and Spandler 2020)
and an average of ironstone drill samples from Yangibana North
(Fig. 6f). The ironstones contain nearly an order of magnitude
greater concentrations of REY compared to the ankerite—siderite
carbonatites, but both have similar overall shapes with relatively
flat to slightly arcuate patterns from La to Nd followed by steep
downward slopes to Ho where the patterns become more flat-
lying (Fig. 6f). Of note, the ironstones also have a small but
distinct negative Y anomaly.

Sm-Nd isotopes

Five bulk—rock samples (three ironstones, one fenite, one
Pimbyana Granite) were analysed for Sm—Nd isotope ratios.
A summary of the results is presented in Table 1. The iron-
stone samples have low 1479 m/ **Nd ratios (~0.06 to ~0.08)
compared to the Pimbyana Granite and fenitised Pimbyana
Granite samples (~0.1). The ironstones from Fraser’s,
Lion’s Ear and Yangibana North have eNd(# 37G,) values of

—1.55, —1.83 and — 3.24, respectively. The bulk—rock Nd
isotope measurements fall within the range of bulk-rock
eNd (¢ 37Ga) values (—0.55 to —4.20) for the Lyons River
Sills, magnetite—biotite dykes and silica-rich alkaline dykes
(Pearson 1996; Slezak and Spandler 2020). The fenitised
Pimbyana Granite sample has a fenitisation age eNd(#| 37Ga)
of —2.26, or a granite crystallisation age eNd(# ggGa) of 1.27
compared to unaltered Pimbyana Granite which has an
eNA(#1 37G2) of —9.93, or eNd(#; ¢3Ga) of —6.07.

Discussion

Based on petrology, geochemistry and isotopic systematics,
the GCCC is considered to have formed via emplacement of
evolving, mantle-derived, alkaline magma at mid to upper
crustal levels (Slezak and Spandler 2020). The variation in
rock types across the complex is interpreted to reflect magma
evolution via fractionation (with or without liquid immiscibil-
ity), melt wall-rock reaction and hydrothermal alteration

Fig. 7 Density plots of all REY (a)
assays for 1 m composites of drill 10° +
core or chip samples from
representative prospects of the
different regions in the Yangibana
REE district. White, pink and red
(i.e. warm colours) represent a
high density of datapoints, while
cooler colours (e.g. blue)
represent a low datapoint density. 102
a Yangibana North and
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(Slezak and Spandler 2020). The REE-rich ironstones of the ~ demonstrated by the various monazite U-Pb and Sm—Nd ages
Yangibana District have spatial associations (Figs. 2c and  (Zi et al. 2017; Slezak and Spandler 2019). Many carbonatite
3¢, d) and similar Nd isotopic compositions to these alkaline  and alkaline igneous provinces are interpreted to be the result
igneous rocks, which this study incorporates into a new ge-  of mantle plume activity (Ernst and Bell 2010; Pirajno 2015).
netic model (Fig. 10). However, this magmatic event does not correlate with any

known tectonic event in the Gascoyne Province nor does it
Tectonic and structural conditions of emplacement of spatially correlate with known mantle plume activity, such as
the GCCC the plume-related magmatism in North America and central
Africa ~ 1380 Ma (Ernst 2014).

The W to NW orientation of many of the units—
subparallel to the Lyons River Fault and Bald Hill
Lineament—suggest extension/transtension in the N to NE
directions to allow for dyke emplacement along the pre-

Zircon U-Pb dating demonstrates that the GCCC was
emplaced c. 1370 Ma in a singular magmatic event (Slezak
and Spandler 2019). Subsequent to emplacement, the complex
underwent multiple tectonic re-working events as
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age Yangibana North ironstone, based on bulk-rock assays from
Hastings Technology Metals Ltd. The isocon is defined by Nb, Ta and Zr

existing structures. The step-over veins (ESM1, Fig. S1), or-
thogonal orientation of the GCCC units (Fig. 1) and close
correlation between dyke morphology and pre-existing struc-
tures (Fig. 1 and ESM 1, Fig. S1) indicate that the areca was
subjected to extensional stresses, which allowed the low vis-
cosity carbonatite melts to permeate the crust. Neither exten-
sive brecciation/explosive features nor intrusive plugs are ob-
served in the GCCC, which, together with the prevalence of
fine-grained dyke morphologies, suggest a hypabyssal em-
placement setting (Barker 1989). Carbonatite melts typically
have low viscosities (Treiman 1989) and, in the case of the
GCCC, may also be of small volumes. These features may be
why the GCCC occurs as relatively thin dykes and sills along
pre-existing structures, rather than as substantial intrusive
plugs or volcanic pipes. Vaughan and Scarrow (2003) dem-
onstrated that lithospheric transtensional faulting may trigger
localised mantle magmatism, and work by Jelsma et al. (2004)

(
”

carbonatite

showed that large regional structures act as emplacement cor-
ridors for small volume, mantle-derived melts. A similar sce-
nario is proposed whereby the Lyons River Fault underwent
extension/transtension at c. 1370 Ma, allowing for the migra-
tion of alkaline melts from the mantle to hypabyssal emplace-
ment into the crust, forming the GCCC (Slezak and Spandler
2020). Motion along the Lyons River Fault may have been
caused by far-field stresses related to the separation of the
North China Craton from the West Australia Craton around
1400 to 1350 Ma (Pisarevsky et al. 2014; Slezak and Spandler
2019, 2020) or by far-field stresses related to the incipient
convergence of the Mawson Craton with the southeastern
margin (present day) of the West Australia Craton (Aitken
et al. 2016; Stark et al. 2018).

Ore mineral chemistry and REE trends

Monazite in the Yangibana REE district luminesces in the infra-
red spectrum with peaks at approximately 784 nm, 857 nm and
1048 nm (Fig. 4f); these peaks have been shown to be associated
with Nd** (Richter et al. 2008; Lenz et al. 2013; Gatft et al. 2015).
Other small peaks near 474 nm and 583 nm with elevated counts
down to 350 nm are most likely associated with Dy**, Sm**,
and/or Tb>* (Gorobets and Rogojine 2001; Richter et al. 2008).
Variation in the CL intensities in the dark and light pink zones (in
the false colour maps) are related to varying REE contents, par-
ticularly Nd® * which can be seen in the variations in the 857 nm
peak (Fig. 4f).

Though low in overall Ca and Si contents, the monazite in
the Yangibana REE district shows strong correlations between
Th, Si, Ca, REE and P, indicative of the common coupled
substitutions of Th** + Ca®* =2REE*" and Th** + Si**=
REE>* + P°* related to cheralite and huttonite solid solutions,
respectively (Fig. 5a, b; Gramaccioli and Segalstad 1978; Van
Emdem et al. 1997). The high Sr content of monazite from the
alkaline amphibole—dolomite veinlet is likely due to Sr**

’

ric.water

v 0
’

' ‘Meteo

+ 4+ + + o+ o+ o+ 4

+ + o+ 4+ o+ o+ s
+ + + + + Unaltered
+ + + +Qranite

Fig. 10 Schematic of ironstone formation via alteration of the ankerite—siderite dykes by redberg and meteoric water. Associated fenites and glimmerites

are also shown
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cheralite—type substitution (Wall and Zaitsev 2004), which
can be attributed to the higher Sr contents in the Lyons
River Sills (Slezak and Spandler 2020). The correlation be-
tween As and Nd is likely related to the presence of AsO,’,
which can substitute for PO,>~ (Clavier et al. 2011).

Lanthanum and Nd show an intriguing inverse relationship
where monazite from the Lyons River Sills and their associ-
ated alkaline amphibole—dolomite veinlets have high La.,/
Nd., (Fig. 6b) compared to other rock types, which show
increasing Pr, Nd and Sm (Fig. 5S¢, e) contents with decreasing
La contents. This relationship between La and Nd is also
reflected in the REY normalised apatite patterns (Slezak
et al. 2018) and appears as a pivot around Ce in the
chondrite-normalised plots for the magnetite—biotite dykes
(Fig. 6¢). In addition, there are regional variations in La,/
Nd,, (Fig. 1b) that are reflected in the mineralisation, showing
the ore from the Yangibana, Bald Hill, Fraser’s and Southern
Regions tends to be more enriched in Nd (Figs. 6e and 7).

The shift from La to Nd enriched carbonatite phases has
been documented in the Khibina carbonatites (Russia) and
Bear Lodge carbonatite (USA) by Zaitsev et al. (1998) and
Moore et al. (2015), respectively. Both studies observed
higher Nd contents in REE carbonate minerals, which the
authors surmised were indicative of more evolved units. In
addition, high Th contents in monazite are indicative of higher
formation temperatures (Wall and Zaitsev 2004). The mona-
zite in the Lyons River Sills and their associated alkaline
amphibole—dolomite veinlets has much higher Th, Sr and La
contents compared to monazite occurring in the other rock
types (Fig. 5a—c and ESM 1, Fig. S3c, d), which suggests
these units may have formed early during the emplacement
of the GCCC. Slezak and Spandler (2020) postulated the
higher Fe contents, observed in the magnetite—biotite dykes
and ankerite—siderite carbonatite, suggest these units may be
paragenetically later and more evolved than the Lyons River
Sills, an observation that is corroborated by the Nd-rich
monazite.

In addition to magmatic effects on REE distribution,
the variation between La and Nd may be related to REE
uptake related to sector zoning in the monazite crystal
structure (Cressey et al. 1999), which in turn may reflect
hydrothermal processes in the carbonatite system such as
changes in fluid type and temperature (Smith et al. 2000;
Wall and Zaitsev 2004; Migdisov et al. 2016; Chen et al.
2017). Changes in fluid type (i.e. CO, vs. H,O) can con-
tribute to REE fractionation within a system, affecting
element availability during monazite crystallisation. In
the monazite—aegirine hydrothermal veins at Bayan Obo,
high La values in monazite were regarded to be indicative
of greater La (and Ce) solubility in CO,-rich fluids com-
pared to Nd and Sm, which were more likely to be asso-
ciated with aqueous fluids (Smith et al. 2000). The bulk—
rock REY patterns of the ironstone from Lion’s Ear
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prospect show La.,>Nd., (Figs. 1b and 6e), whereas
the monazite REY patterns from Lion’s Ear fenite sample
(LE1) display greater curvature in the first tetrad with
La., <Nd., (Fig. 6d). This change could be linked to a
switch from a CO,-rich magmatic-hydrothermal system
(i.e. ankerite—siderite carbonatite) towards an H,O-domi-
nated, fenitising fluid and/or a decrease in the fluid tem-
perature as the fluids infiltrate the cold granite host rock
(Smith et al. 2000; Migdisov et al. 2016).

Migdisov et al. (2016) demonstrated that that REE was
more mobile than HREE at lower hydrothermal tempera-
tures and that REE could also be variably fractionated
based on solubility in the presence of F- and Cl-bearing
fluids, the latter providing more effective transport mech-
anisms for REE. Chlorine contents in biotite from the
ankerite—siderite carbonatites are higher that biotite from
other units (Slezak and Spandler 2020); the higher CI in
the ankerite—siderite carbonatites may have contributed to
fractionated REE contents (Migdisov et al. 2016) in these
rocks and their alteration products.

Origins of the ironstone

The bulk—rock chemistry of the ironstones is very different
from the other rock types found in the complex, as they are
almost entirely composed of Fe,O5 and SiO, with subordinate
phosphate mineralisation. The geochemical transects across
the ironstones into the country rock show the ironstones con-
tain higher amounts of elements common to alkaline magmat-
ic systems such as REE, P, Th and U (Fig. 8; Woolley and
Kempe 1989) in contrast to the rocks in which they intrude
(i.e. quartzite, pelitic schist and granite). The ironstones are
also enveloped by fenite and glimmerite alteration halos anal-
ogous to those observed around the ankerite—siderite
carbonatites and Lyons River Sills (e.g. Fig. 3f). In addition,
the ironstones have bulk—rock Nd isotope compositions
(Table 1) that are similar to other units of the GCCC (Slezak
and Spandler 2020), indicating they have a common (enriched
mantle) source. The Pimbyana Granite eNd values are much
more negative (eNd(# 37Ga) =— 9.93) than the fenitised gran-
ite samples (eNd(#) 37G2) = — 2.26), demonstrating that REE
were added to host rocks during fenitisation.

The observation of carbonate mineral dissolution cavities
and ankerite—siderite carbonatite altering to ironstone-like
rocks are consistent with the original hypothesis of Gellatly
(1975) that the ironstones are likely the product of dissolution
of carbonate minerals. Pearson et al. (1996) indicated that the
ironstones may be analogous to “redberg”, an iron-rich, low
temperature, calcite—dolomite—iron oxide rock that forms as a
result of metasomatism from hydrothermal fluids (Andersen
1984; Le Bas 1989). The radberg rocks, originally described
in the Fen Complex (Norway), were formed by low tempera-
ture (200 to 300 °C) hydrothermal, oxidising fluids above the
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haematite-magnetite buffer, which altered the ankerite—
siderite carbonatites to calcite, dolomite and haematite via
the following reactions as described by Andersen (1984):

4FeCO3 4+ O, = 2Fe;, 05 + 4CO, (1)
10Ca(Mg, ¢Fep4)(CO3)2 + O,
= 2Fe,03 + 6CaMg(CO3)2 + 4CaCO; 4 4CO;, (2)

The textures reported included intergrowths of calcite and dolo-
mite, fine-grained platy haematite and resorption features in an-
kerite (Andersen 1984). In the GCCC, Pirajno and Gonzalez-
Alvarez (2013) observed haematite development along carbon-
ate lamellae, and haematite veins cross-cutting other textures,
both of which were interpreted as higher-temperature redberg-
style reactions. These distinct, euhedral crystal features of hae-
matite were not observed in this study. However, in some
ankerite—siderite carbonatite samples, magnetite-biotite veins
cross-cutting the fresh ankerite—siderite carbonate were observed
in close proximity to oxidised zones comparable to the ironstones
(Fig. 3¢). Marien et al. (2018) reported phlogopite-bearing veins
as a component of in the transitional redberg zones. Additionally,
sparry carbonate crystals—likely calcite—mantle large monazite
crystals (Fig. 3e) in similar zones and indicate an early hydro-
thermal component in the formation of the ironstones at
Yangibana. As these observations are rare in the ironstone, it is
speculated that much of these higher-temperature alteration char-
acteristics have been overprinted by low-temperature meteoric
features such as botryoidal haematite, boxwork textures (Fig.
4d) and vugs (Fig. 3b).

The transformation of monazite to rhabdophane (Fig. 4c,d)
occurs under low-temperature hydrothermal conditions, as
rhabdophane is only stable at 7<400 °C at 0.05 GPa and T
<200 °C at 0.1 GPa (Akers et al. 1993). Rhabdophane has
also been reported to form at temperatures as low as 5 °C and
under acidic, REE-saturated fluid conditions (Roncal-Herrero
et al. 2011), suggesting a temperature range consistent with
hydrothermal and meteoric origins. Based on the available
textural and mineralogical evidence, the ironstones likely
formed by partial redberg-style alteration of the ankerite—
siderite carbonatites and possibly magnetite—biotite dykes,
which was subsequently overprinted by meteoric water
(Fig. 10), which dissolved the carbonate mineral phases and
precipitated low-temperature goethite, haematite, other Fe-Mn
oxides/hydroxides and silica (Pirajno and Gonzélez-Alvarez
2013; this study).

The West Australia Craton has episodically undergone
subaerial exposure since the late Proterozoic, though much
of it underwent extensive regolith development from the
Paleogene until the mid-Miocene (Anand and Paine 2002;
Pillans 2007). The extended length of subaerial exposure of
the GCCC has provided ample time for meteoric water to
infiltrate and alter the dykes, forming the present-day

ironstones (Fig. 10). This is supported by ankerite—siderite
carbonatite altering to ironstone in core samples (Figs. 2c
and 3c, d) and unaltered ankerite—siderite carbonatite only
occurring in drill core from depths >40 m below the areas
where the ironstones crop out at the surface. The depth of
meteoric fluid infiltration was likely controlled and/or en-
hanced by porosity generation via carbonate dissolution and
joints, faults or wall-rock contacts in the carbonatites.

Ironstone REE ore genesis

Weathering and laterite formation are important processes that
can improve the ore tenor of carbonatite deposits. The largest Nb
deposits in the world occur in Brazil and include the pyrochlore-
rich carbonatite deposits Araxa, Cataldo and Morro do Seis
Lagos, which have all undergone extensive lateritisation
(Chakhmouradian et al. 2015; Mitchell 2015; Giovannini et al.
2017). The laterites mainly increase the Nb ore tenor by
weathering through eluvial enrichment where carbonate min-
erals are dissolved or remobilised, leaving the immobile
pyrochlore as residual material (Mariano 1989). By contrast,
the primary REE-bearing minerals (REE(fluor)carbonates and
REE phosphates) at Araxa and Cataldo I are dissolved in the
supergene environment, liberating REE, which are then incor-
porated into Al-phosphates such as gorceixte and, to a lesser
extent, bound to Fe hydroxides (Morteani and Preinfalk 1996).
Extensive supergene enrichment of REE via lateritisation
has also occurred at the Mount Weld and Bear Lodge
carbonatites, where breakdown of primary REE-bearing min-
erals (e.g. monazite, apatite, ancylite) has liberated REE to
form REE-bearing oxyhydroxides, REE(fluor)carbonates,
secondary monazite, churchite, cerianite and REE-rich hydrat-
ed aluminophosphate (plumbogummite group) minerals
(Lottermoser 1990; Moore et al. 2015; Andersen et al.
2017). This lateritisation has enriched LREE concentrations
by ~5 to 200 times compared to the average carbonatite
LREE contents (Lottermoser 1990; Andersen et al. 2017).
Comparison of the Yangibana ironstones with likely pre-
cursor ankerite—siderite carbonatite (Fig. 6f) indicates an av-
erage upgrade in ore tenor of ~2 to ~ 10 times during super-
gene alteration. Overall, the ankerite—siderite carbonatite and
ironstones have comparable normalised REY patterns (Fig.
6f), which is consistent with their genetic relationship and
indicative of an environment involving little fractionation be-
tween REE (Morteani and Preinfalk 1996). This is in contrast
with the Mount Weld and Bear Lodge deposits where laterite
formation was accompanied by variable fractionation of
LREE/HREE and development of Ce anomalies in REE min-
erals due to differential transport of oxidised Ce** for other
trivalent REE (Lottermoser 1990; Andersen et al. 2017). The
ironstones of the Yangibana REE district demonstrate that
some monazite has been altered and remobilised to form
rhabdophane and possibly REE-bearing Fe oxides/
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hydroxides, similar to the processes at Araxa, Catalao I and
Mount Weld. However, most of the monazite in Yangibana is
interpreted to be primary, with relative monazite enrichment
occurring through eluvial supergene processes, as opposed to
the dissolution and re-precipitation of REE minerals under
hydrothermal and/or meteoric conditions (Morteani and
Preinfalk 1996). This may explain the paucity of secondary
REE minerals, such as REE-(fluor)carbonates or REE alumi-
na-phosphates, and lack of REE fractionation at Yangibana in
comparison to other lateritic REE deposits, such as Mount
Weld and Bear Lodge. The lack of REE mobility and redis-
tribution at Yangibana may in part be due to the relatively
simple Fe-rich composition of the host rock, but more impor-
tantly is likely due to the primary monazite mineralogy com-
pared to other carbonatite complexes where apatite and car-
bonates are the primary REE host minerals (Lottermoser
1990; Andersen et al. 2017). Monazite is expected to be sig-
nificantly less soluble than apatite or carbonates in meteoric
water (Janots et al. 2008), which may have inhibited REE
mobility during laterite formation at Yangibana. In this sense,
ore formation processes at Yangibana have closer similarities
to those involving pyrochlore concentration in the Araxa,
Cataldo I, and Morro do Seis Lagos deposits in Brazil
(Mariano 1989; Mitchell 2015; Giovannini et al. 2017).

Conclusions

1. The GCCC was emplaced in a transtensional/extensional
setting.

2. The REE-rich ironstones are genetically related to the
other magmatic units in the GCCC, showing analogous
enriched mantle Nd isotope values to the unaltered alka-
line intrusive rocks.

3. The spatial variation in La/Nd across the GCCC relates to
petrologic differences as well as changes in the magmatic-
hydrothermal system with respect to CO, and
temperature.

4. The ironstones were likely formed by Redberg-style al-
teration followed by weathering and oxidation by meteor-
ic water of the ankerite—siderite carbonatite.

5. REY content of the ironstones was enriched ~2 to ~10
times mainly by eluvial supergene processes.

6. The GCCC shows many similarities with other major crit-
ical metal-bearing carbonatites such as its tectonic setting,
enriched mantle component and increase in ore tenor
through weathering and lateritisation.
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