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ABSTRACT

Australia is host to a diverse range of rare earth element (REE) ore deposits, and therefore is well placed to be a
major supplier of REE into the future. This paper presents a review of the geology and tectonic setting of
Australia's hard-rock REE resources. The deposits can be classified into four groups: 1. Carbonatite associated; 2.
Peralkaline/alkaline volcanic associated; 3. Unconformity related, and; 4. Skarns and iron-oxide-copper-gold
(IOCG) related. With the exception of the unconformity related deposits, all of these deposit groups are directly
or indirectly related to continental alkaline magmatism. Extensive fractional crystallisation and/or igneous
accumulation of REE minerals were essential ore-forming processes for carbonatite-associated and peralkaline/
alkaline volcanic-associated deposits, while hydrothermal transport and concentration of REE sourced from
basement rocks was responsible for producing ore in unconformity-related, skarns and, potentially, IOCG de-
posits. The economic potential of many deposits has also been enhanced by supergene alteration processes.

All of Australia's REE deposits formed in an intracontinental setting in association with crustal-scale fault
zones or structures that acted as transport conduits for ore-forming magmas or fluids. Most deposits formed in
the Mesoproterozoic under conditions of relative tectonic quiescence. There is little evidence for the involvement
of mantle plumes, with the exception of the Cenozoic peralkaline volcanic systems of eastern Australia, and
possibly the IOCG deposits. Instead, ore productive magmas were generated by melting of previously-enriched
mantle lithosphere in response to disruption of the lithosphere-asthenophere boundary due to fault activation.
REE minerals in many deposits also record episodes of recrystallisation/resetting due to far-field effects of
orogenic activity that may significantly postdate primary ore formation. Therefore, REE orebodies can be ef-
fective recorders of intracontinental deformation events.

In general, Australia's inventory of REE deposits is similar to the global record. Globally, the Mesoproterozoic
appears to be a particularly productive time period for forming REE orebodies due to favourable conditions for
generating ore-fertile magmas and favourable preservation potential due to a general lack of aggressive con-
tinental recycling (i.e., active plate tectonics).

1. Introduction

Australia's REE resources include a diverse range of ore deposit
types, among which the primary hard-rock deposits tend to have the

The recent rise of rare earth elements (REE) as essential metals for
modern technology has spurred global efforts to discover new REE or-
ebodies. These orebodies are now recognised from a variety of geolo-
gical settings across the globe (Weng et al., 2013, 2015; Van Gosen
et al., 2017), but very few are currently being mined to produce REE.
Presently, most of the world's REE are sourced from China, although
Australia is emerging as a major alternative supplier, with two opera-
tions (Mount Weld and Browns Range) in production and several ad-
vanced projects that are projected to supply REE products in the near
future.

highest grades and tonnages (Fig. 1), and generally are considered to be
of most economic significance (Jaireth et al., 2014). Although de-
scriptions of Australia's major REE resources have been presented by
Hoatson et al. (2011) and Jaireth et al. (2014), there has since been
substantial additional resource definition and exploration work, and
significant progress has been made in understanding the age, geological
setting and evolution of many deposits. In particular, recent studies
have utilised the geochronological and geochemical/isotopic archive of
REE ore minerals, such as monazite, xenotime and apatite, to resolve
metal sources and the temporal and geodynamic setting of ore
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Fig. 1. Grade versus tonnage of Australian hard-rock REE deposits (bold sym-
bols with deposit names) compared to global REE deposits (modified after
Weng et al., 2015).

formation (e.g., Downes et al., 2016; Huston et al., 2016; Spandler and
Morris, 2016; Nazari-Dehkordi et al., 2018, 2020). These ore minerals
are often susceptible to hydrothermal or tectonic resetting/re-
crystallisation, and so may also record geological activity that postdates
primary ore formation (e.g., Schoneveld et al., 2015; Anenburg et al.,
2018; Slezak and Spandler, 2019).

In this paper we provide an overview of the geology of Australia's
hard-rock REE ore deposits. The economic viability of mining these
deposits is controlled not only by ore grade and tonnage, but also by
aspects of ore mineralogy, environmental issues (including treatment of
radionuclides), and costs of transportation, infrastructure and ore pro-
cessing (see Weng et al., 2015). These aspects of the economics of mi-
neral extraction are not dealt with in this paper; instead, here we focus
on the geological evolution of the deposits, with emphasis placed on
their tectonic setting of formation, and their modification due to sub-
sequent tectonic/hydrothermal activity. We demonstrate that REE ore
deposits can be effective records of tectonic events, including, in some
cases, far-field tectonic activity that is not well preserved in the im-
mediately surrounding rock units. We also examine commonalities
between the Australian and global records of REE mineralisation, from
which we surmise that REE orebodies may also be useful for under-
standing the geological evolution of continental interiors over long
periods of Earth history.

2. REE ore deposits of Australia

Australia's REE ore deposits are located across the continent (Figs. 2,
3), and collectively span an age range from the Paleoproterozoic to
Tertiary (Jaireth et al., 2014). Mineralisation styles include monazite
sand deposits (placers), laterites, pegmatites, sedimentary phosphorite
deposits, carbonatite-related, peralkaline/alkaline volcanic-related,
unconformity-related, skarns and iron-oxide copper-gold (IOCG) de-
posits (Jaireth et al., 2014; Mudd and Jowitt, 2016; Nazari-Dehkordi
et al., 2018). This diversity of mineral deposit types is testament to
Australia's protracted and diverse geological evolution, and provides
optimism that further REE resources remain to be discovered in the
near future. Geological characteristics of the principal hard-rock de-
posit styles are described below and summarised in Table 1. Here, we
examine ore types under four groups; carbonatite associated;
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peralkaline/alkaline volcanic associated; unconformity related, and;
skarns and IOCG related (Figs. 1, 2).

2.1. Carbonatite associated

Records of carbonatite magmatism are relatively rare on the
Australian continent, but nonetheless, these rocks are among the most
prospective for REE resources. Most Australian carbonatites were em-
placed in the Meso- to Neoproterozoic, into Proterozoic mobile belts
(Downes et al., 2016), and subsequently reached economic REE grades
due to secondary REE enrichment by lateritic alteration of carbonatite
parent rock. Significant carbonatite-related REE ore deposits/districts
include Yangibana, Cummins Range, Mount Weld, and Nolans Bore.

2.1.1. Yangibana

Yangibana is a light REE ore district directly associated with the
Gifford Creek Carbonatite Complex in the Gascoyne region of Western
Australia (Pearson et al., 1996; Pirajno et al., 2014; Slezak and
Spandler, 2019, 2020). Most of the orebodies are dyke-like “iron-
stones”, which may be several metres wide and hundreds of metres in
strike length. The orebodies are distributed over an area of ~180 km?,
and collectively represent a JORC resource of 21.7 million tonnes (Mt.)
of ore at 1.17% total REE oxides (TREO) (Hastings Technology Metals
Limited, 2019), Monazite and subordinate rhabdophane are the ore
minerals, with Nd and Pr being the target metals of economic interest.

The Gifford Creek Carbonatite Complex is exposed as series of dis-
crete alkaline/carbonatitic dyke/sill swarms that extend over distances
of between 1 and 15 km (see Slezak and Spandler, 2020). The complex
intrudes granites and metasedimentary rocks (Durlacher Supersuite and
Pooranoo Metamorphics) of the Mesoproterozoic Gascoyne Province,
which represents the conjoining orogenic zone between the Archaean
Yilgarn Craton, Glenburgh Terrane and Pilbara Craton (see Johnson
et al., 2013 for more details). Rock types of the complex include calcite
to dolomite carbonatites (Lyons River Sills), ferrocarbonatites, magne-
tite-biotite dykes, fenites, and alkali-rich magmatic-hydrothermal
veins/dykes (Slezak et al., 2018; Slezak and Spandler, 2020). The major
structures in the area are the NW-SE trending Lyons River Fault that
bounds the complex to the south and west, and the Bald Hill Lineament
that transects the northeastern portion of the Complex and trends
subparallel to the Lyons River Fault (Slezak and Spandler, 2019, 2020).
The Lyons River Fault is recognised to be a lithospheric-scale structure
that represents the suture between the Neoarchean Glenburgh Terrane
and the Pilbara Craton (Johnson et al., 2013).

The Gifford Creek Carbonatite Complex was emplaced at 1370 Ma
(Zi et al., 2017; Slezak and Spandler, 2019); a time that does not cor-
respond to any major magmatic or tectonic activity in Australia. Our
preferred hypothesis is that carbonatite magmatism was generated by
low degree melting of a mantle source that was fertilised by subduction
processes during convergence between the Yilgarn and Glenburgh
Terrane at ca. 2.0 Ga (Slezak and Spandler, 2020). Mantle melting was
likely triggered by reactivation of the Lyons River Fault in response to
far-field stresses associated with the initial rifting of the North China
Craton from the Western Australian Craton (Slezak and Spandler, 2019;
Fig. 4). The Lyons River Fault also acted as a conduit for magma
transfer to the upper crust. Ore grade mineralisation at Yangibana was
reached by a combination of REE enrichment via crystal fractionation
of ferrocarbonatites, followed by sustained supergene enrichment to
produce the REE-rich ironstones (Pirajno et al., 2014; Slezak, 2019).

Rocks of the complex record multiple episodes of hydrothermal
and/or tectonic activity that occurred subsequent to igneous emplace-
ment. Uranium-Th-Pb and Sm-Nd isotope systems of apatite and
monazite record the effects of regional orogenic/tectonic activity in-
cluding the 1320-1170 Ma Mutherbukin Tectonic Event, the
1080-950 Ma Giles Event and Edmundian Orogeny, and the
955-820 Ma Kuparr Tectonic Event (Slezak and Spandler, 2019;
Olierook et al., 2019; Fig. 5). The isotopic signatures recording these
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Fig. 2. Geological architecture of Australia with locations of hard-rock REE ore deposits.

events reflect internal resetting and recrystallisation of existing ore
minerals, rather than input of external sources such as mantle-derived
melts (Fig. 6a).

2.1.2. Cummins Range

The Cummins Range Carbonatite Complex is located at the southern
margin of the Kimberley Craton, Western Australia, close to the junc-
tion between the Paleoproterozoic Halls Creek Orogen and King
Leopold orogenic belt (Figs. 2, 3a). The complex also lies in close
proximity to the regional scale NNE-trending Hall Creek Fault (Fig. 3a;
Downes et al., 2014, 2016). The complex is a ~ 1.5 km wide composite,
near-vertical stock of variably metasomatised phlogopite-diopside
clinopyroxenite cored by a plug of calcite and dolomite carbonatite
dykes (Downes et al., 2014). These rock units intrude Paleoproterozoic
metasedimentary rocks of the Lamboo Province and, in turn, are cut by
steep NNW trending shear zones that include strongly-foliated carbo-
natites, phlogopitite and apatite-monazite ( * talc, amphibole) rock
that contains ore grade (i.e., wt% levels) REE contents (Downes et al.,
2014). The main ore minerals are monazite and apatite, with minor
amounts of REE-fluorocarbonate minerals. At the time of writing, a
maiden JORC resource of 13 Mt. of ore grading at 1.13% TREO has
been delineated in the deeply weathered cap to the intrusive complex
(RareX Ltd., 2020).

The alkaline complex is interpreted to have formed at ~1.0 Ga
(Downes et al., 2016) via partial melting of an enriched mantle source
that was previously metasomatised by Paleoproterozoic plate subduc-
tion either along the southern margin of the Kimberley Craton (Downes
et al., 2014), or alternatively along the eastern margin of the Craton
prior to, and during, development of the Halls Creek Orogeny
(Kohanpour et al., 2017). The diversity of rock types of the complex is
in part ascribed to magma differentiation and cumulate processes,

although some degree of crustal contamination of the magmas is in-
ferred based on stable isotope data (Downes et al., 2014). The primary
REE mineralisation, including the apatite-monazite rock, is interpreted
to be at least partly of hydrothermal origin (Downes et al., 2014), with
the hydrothermal activity most probably linked to igneous emplace-
ment of the complex.

Formation of the complex at ~1.0 Ga is not related to any regional
scale magmatism such as a large igneous province. Instead, igneous
emplacement is suggested to result from low-degree melt extraction
from the mantle due to reactivation of lithospheric scale structures
within the Halls Creek Orogen in response to continental-scale plate
reorganisation (Downes et al., 2016). As with Yangibana, U-Th-Pb
dating of monazite from Cummins Range records isotopic resetting
events related to younger orogenic activity; in this case, the Yampi and
King Leopold Orogenies at ~900 Ma and ~ 590 Ma, respectively
(Downes et al., 2016; Fig. 5).

2.1.3. Mount Weld

Mount Weld, located 35 kms southeast of Laverton in Western
Australia, represents one of the highest-grade REE deposits in the world
(Fig. 1), with 23.2 Mt. of ore grading at 7.5% TREO, as well as eco-
nomically significant levels of Nb, Ta and P,Os (Lynas Corp. Ltd.,
2015). The mineral resource is hosted in a diverse suite of ore minerals
(mainly monazite, churchite, plumbogummite-group minerals, and
rhabdophane; Lottermoser, 1990) within a supergene laterite zone, up
to 90 m thick, that overlies a ~ 4 km diameter, steeply-plunging cy-
lindrical carbonatite intrusion (Willett et al., 1986; Lottermoser, 1990),
or diatreme (Pirajno, 2015). The carbonatite was emplaced into late
Archean volcano-sedimentary sequences in the Laverton Tectonic Zone,
which is a lithospheric-scale deformation zone that marks the boundary
between the Kurnalpi and Burtville Terranes of the Yilgarn Craton
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(Henson et al., 2010). The trigger for magma production at this time is
poorly understood.

The primary carbonatite complex consists largely of coarse calcite
carbonatite, with minor dolomite carbonatite, ferrocarbonatite and
phoscorite. These rocks are enveloped by a 0.5 km wide glimmerite
alteration zone. Cumulate textures, layering and flow banding have
been observed in drillcore (Willett et al., 1986). Stable and radiogenic
isotope analysis indicates that the carbonatite complex was emplaced at
~2025 Ma, and that the magma was derived from melting of a mantle
source that was likely enriched by metasomatic components in a con-
vergent margin setting between 2710 and 2650 Ma (Nelson et al., 1988;
Graham et al., 2004; Czarnota et al., 2010). The Laverton Tectonic Zone
likely acted as a conduit to allow magma emplacement into the upper
crust. Sustained supergene weathering of the carbonatite during the
Mesozoic and Cenozoic led to decomposition of primary carbonate
minerals to produce an apatite-rich residuum zone blanketed by a su-
pergene zone with secondary REE ore minerals (Lottermoser, 1990).

2.1.4. Nolans Bore

Nolans Bore is located in the Reynolds Range of the Aileron
Province, Central Australia (Fig. 2). The region has a complex geolo-
gical history with major orogenic/deformation episodes at around
1.8 Ga (the Stafford Event), 1.78 Ga (Yamba Event), ~1.7 Ga
(Strangway Orogeny), 1.6 to 1.52 Ga (Chewings Orogeny), 1.5 to 1.4 Ga
(Redbank shear zone), and finally the 450 to 300 Ma Alice Spring Or-
ogeny (Schoneveld et al., 2015).

Nolans Bore, held by Arafura Resources Ltd., is a stockwork vein-
style light REE deposit containing a 56 Mt. mineral resource grading at
2.6% TREO (Fig. 1; Huston et al., 2016). Fluorapatite is the main ore
mineral, although weathering of these ores has produced a high-grade,

cheralite-bearing kaolinitic horizon across all zones. The host rocks to
the deposit are the granulite-grade Boothby Orthogneiss and Landers
Group metasediments. The identified mineral resource covers an area of
1.5 km by 1.2 km, and extends from the surface down to at depth of at
least 220 m, with mineralisation open at depth.

The deposit comprises three zones: the north zone, the central zone
and southeast zone. The bulk of the REE mineralisation in the north and
southeast zones is contained within steeply dipping, NE trending
fluorapatite veins with 4-6 wt% REE. These veins are enveloped by
relatively thin (< 1 m) clinopyroxene + amphibole ( = garnet, + K-
feldspar, + quartz, = calcite) alteration selvages (Huston et al., 2016;
Anenburg et al., 2020). The central zone consists of N-S trending ore
lenses, comprising highly sheared and brecciated apatite-allanite-epi-
dote ore with a broad quartz + epidote + amphibole alteration en-
velope (Schoneveld et al., 2015).

The timing of primary ore formation has been constrained to be-
tween 1.55 and 1.52 Ga (Huston et al., 2016); this age is similar to the
age of pegmatites of the Boothy Orthogneiss, and marks the termination
of the Chewing Orogeny. Huston et al. (2016) suggest that the primary
mineralisation formed from halogen- and phosphate-rich alkali fluids
that evolved from mantle-derived alkaline magmatism, whereas
Anenburg and Mavrogenes (2018) and Anenburg et al. (2020) provide a
compelling case that Nolans Bore may be the product of reaction be-
tween carbonatite magma and silicate wall rocks (so-called ‘antiskarn’)
at mid to lower crustal levels. In either case, the parental magma for the
mineralisation or mineralising fluids were likely generated by low-de-
gree melting of the lithospheric mantle that was previously enriched by
convergent margin tectonics during the Stafford and Strangway Or-
ogenies (Huston et al., 2016).

Isotopic analysis of ore samples show that there has been multiple



Earth-Science Reviews 207 (2020) 103219

C. Spandler, et al.

‘srezourw dnoi-syrwrwm8oquunid apnyaur sajeydsoyd [v-gdy
‘ajeurploqns = (qs)
(8102) Te 1 IeH = t¢ (8102) Te 9 A119yD = €7 ‘(610 ‘L10T) T& 19 Ipuewidg
= ¢ ‘(¢102) T8 19 3Ly = 1g “Apms sip = 0g (¥102) £oATeH = 61 “(9102) Te 12 B[pueds = 8T (6661) T2 12 A0 = LT “(020T ‘610T ‘8T0T ‘L10T) ‘Te 1 IpIoNyaQ-LrezeN = 91 ‘(0z0¢) [pueds pue mpuey) = GT
(6661T) Te 32 eld = v1 (45661 BS661) Te 12 10[ARL, = €1 (€661) [e 12 uapsuwrey = g1 (910¢) SLION pue B[pueds = TT (810¢) souddoiaeN pue 3mquauy = QT (910g) & 12 U0ISNH = 6 (ST0T) & 32 P[oAdUOYDS
= 8 ‘(b007) Te 10 weyerd = £ (0661) 1osOULNOT = 9 (9861) Te 12 WI[[IM = § (910T Y 10T) ‘[& 12 SouMod = ¥ (L10T) B 1 IZ = € (020T ‘610C) Io[pueds pue Yezd[S = g ‘(9661) '[e 19 UOSIEdd = [ S9DUIJoY

SJUUIRIUI] Auado1Q
$00T ‘00€-0SH Surpuan) MNM uelquby 69°1-€4'T UOISUD)Xd (gs) @1zeuow ‘dWNOUX CEtip)]
¥ ‘€T TT ‘IT  “0T8 ‘00T 'Bd ‘0LET-00FT 3 MNN JO UOTD3SIDIU]  UOJRI) I9[MED ‘BD G'C 'BD [ejusunjuod-enul SCT—- 06ST 9IOUBIO ‘s91BUOGIRI-TAY D001 wreq drdwi[o
(Auado1p ues[ D 9'T 8D (gs) seyeuoqIed-gHY (H997T)
0z ‘61 0GST "&d auoz neg Aemysry {uRAY BSUOM ©D $L'T ¢dMuagoro S— ~ 00ST 01 0091 B> ‘(qs) Aueln ‘(qs) auefre Anede 9001 O[IIN
Eliley4 Aua8oiQ ues] e 9°T "D (499T) surerg
SILT 0IST IeayS udsqyIey ATR|N JuaAy eSUOM BD $/'T Jomadoio 6— ~ 02ST QPM[IIIS ‘SUTURIN ‘D)TUBR[[R ureys - uad[yIey A1RIN
(ITHH)
[or paie[pRI-
91 00ST 03 009T - - [eIUSUNIUODd-BNUT 01 p1— 0291-0S91 9)IDUSIO[J ‘QUITIOUSX Ayruriojuodun a8uey sumorg
Arepunoq suadoIQ pue[dug (1Z “ITdH)
uado1Q pueuyg M3N pUB UOSWoY], aumid ce+ (qs) a1ed1[Is-g9Y JIUBd[OA
[ —  MdN - usBo1Q uoswoy], BN O "B 03 00S < spueur/jods oy 01 8¢+ 6C  ‘Se1eUOQIEd-FHAY ‘SIIBDI[IS I[eN[e 1Z surreyerad saduey yead
uojeI) uerensny YronN S9JRU0qIRd-HHY (QN ‘d99H)
¥1 ‘€1 TI - Ined ¥331) s[[eH BD G'Z "BD ‘BD LT "B YU [eyusunuod T+ ~ 0S8T  ‘s21eqOTU-HAY ‘DILIOY) ‘SABII[IS IZ JIUEd[0A Julfey[e ueunpoIg
(el
Arepunoq ‘AN JH “IZ ‘TIH)
uiseq yepauuny 3[ed pIod ueqyoe] (qs) Surerrw-x Jrues[oa
11 - —1[2d p[od ue[yse| ‘@I 0SE "Bd 01 00S < [BIUSUNUOI-BNU]  + 0} €+ G8T "B ‘s91BDI[IS I[BY[e IZ ‘S9leuoqIed-guy aureyelad 18uoo0],
syuaAyq
sAem3ueng 3 piojels (qs) a1zeuour ‘ sareydsoyd
0T ‘6 '8 00€-0S¥ ‘006 2 00V 1T "&d QUOZ Iedys UOLR[IY BD LTO0IQT [eyusunuod-eNUL -~ 0€ST B0 [V-HHY ‘Glue[[e ‘[eidyd nede  (FHYT) ANeU0qIed a1og sue[oN
(gs) @1ueLLd
uojer) ‘(gs) amede ‘ sareydsoyd [v-gay (299D
,‘9°G SUO0Z JIU01I], UOLIdART ured[ix ‘e g9’z 01 14T [eIUUNUOD-BNUL S0+ ~ Gzog  ‘oueydopqeys ‘@IydInyd ‘9)izeuour 3)meuoqied PIPM JUnoN
JUBUIBDUIT BIMOJ[IM Auad01Q 21D S[[eH y'T+ (gs)
v 06S ‘006 B neq y921) S[leH BDQT016T [eIUSUNIUOD-BIIUT 01 9T+ 0001 "Bd  sajeuoqIed-gay aizeuow ‘Anede  (FAYT) IneUOqIRD a8uey surwrwmy)
028-5S6 Sy —
€‘TT ‘0S6-080T ‘OLIT-0TET Bd Jneq 19ATY SUoAT  Aua8oiQ y3inqualn en 0'g [eIUSUNUOd-R1 UL 07— 0LET (qs) sueydopqey1 ‘@izeuowr (YY) ANeUOGIRD eueqrdueg
(eIN) JUDAD
a3e 3umasai/3unjiomar JusuIeaUI]/I[NeJ uonesIndj a1aydsoy| PN3 (eIN)
S9DUIRJY UONeSI[BISUIUWI-}SOd  J[BIS-[BISNID PIIRIDOSSY uonesI[eIdUTW-31q 3umnjas d1U03 ], renmug 98e uonesIeIUIN S[eIaUIW 210 FAY ad£y y1sodag Jsodaq

'syisodop 910 FHY YO0I-pIey SEeIeIsny JO SONSHaIRIRYD [ed130]09D

I 3lqeL



C. Spandler, et al.

1.3to 1.4 Ga
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Fig. 4. Paleogeographic reconstruction of the North Australia Craton (NAC),
West Australia Craton (WAC) and North China Craton (NNC) from 1.3 to 1.4 Ga
(modified after Pisarevsky et al., 2003). Dykes/sills swarms emplaced during
this period include; (1) 1.33 to 1.30 Ga Yanliao and; (2) ca. 1.33 Ga Derim
Derim (Zhang et al., 2017). LRF = Lyons River Fault. Australian REE ore de-
posits formed at this time; B = Brockman, BR = Browns Range, NB = Nolans
Bore, OD = Olympic Dam, MW = Mount Weld. Note, the distal location of
Yangibana from the continental rift zone, and location of Bayan Obo on the
opposing side of the rift.

episodes of recystallisation and reworking of the ore zones that extend
to over 1 billion years after primary formation (Figs. 5, 6). Reworking
events have been identified at ca. 1400 Ma (Schoneveld et al., 2015;
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Huston et al., 2016; Anenburg et al., 2020), which may be related to
deformation associated with the Redbank Shear Zone, and between 450
and 300 Ma (Fig. 5). This latter episode corresponds to the Alice Springs
Orogeny, and was responsible for formation of most of the brecciation
and hydrothermal alteration of the Central Zone (Schoneveld et al.,
2015). This event is likely to be related to exhumation of the deposit
(Huston et al., 2016), with brecciation and recystallisation driven by
infiltration of either magmatic, or mixed metamorphic and meteoric
fluids at 450-600 °C (Schoneveld et al., 2015).

2.2. Peralkaline/Alkaline volcanic associated

Globally, peralkaline silicate plutonic complexes host significant
REE—particularly heavy REE—mineralisation as well as significant Zr,
Nb, Hf, and Ta resources (Weng et al., 2015). Australian examples of
this mineralisation style are somewhat unusual as they are directly
associated with volcanic, rather than plutonic, systems. Significant ore
deposits include Toongi in New South Wales, and Brockman in Western
Australia, while Cenozoic alkaline volcanic complexes of eastern Aus-
tralia represent prospective targets for further mineralisation.

2.2.1. Toongi

The Toongi deposit (also known as the Dubbo Zirconia Project) is
located approximately 20 km south of Dubbo in central New South
Wales (Fig. 2). The deposit consists of ~73 Mt. of mineral resources
(measured and inferred) grading at 1.96 wt% ZrO,, 0.04 wt% HfO,,
0.45 wt% Nb,Os, 0.03 wt% Ta50s, 0.14 wt% Y503 and 0.75 wt% TREO
(Alkane Resources Ltd., 2015), all of which is contained within a
0.3 km? elliptical trachyte laccolith. This mineralised laccolith is one of
a number of small (> 2 km?) trachytic to syenitic plugs, flows and
laccoliths that collectively form the Toongi Alkaline Magma Field
Spandler and Morris, 2016).

Toongi lies at the boundary between the Permo-Triassic Gunnedah
Basin to the north and Late Cambrian to Carboniferous Lachlan Fold
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Fig. 7. Early Jurassic paleogeographic reconstruction of eastern Gondwana
with magmatic rocks of the Karoo-Ferrar-SE Australia large igneous province
shown in green. The Toongi deposit (red dot) is among the most northern ex-
pressions of this magmatic event. The deposit lies on the boundary between the
Lachlan Fold Belt and Gunnedah Basin and immediately above a distinct step in
the lithosphere (adapted from Veevers, 2012, and Davies and Rawlinson, 2014).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Belt to the south (Fig. 7). The alkaline magmatic bodies were emplaced
into, and onto, Siluro-Devonian sedimentary units of the Lachlan Fold
Belt and sandstones and siltstones of the Triassic Napperby Formation
of the Gunnedah Basin. The Toongi deposit intrusion outcrops at the
surface and extends to between ~50 and 150 m in depth. The deposit
primarily consists of fine-grained (< 0.5 mm) trachyte with a primary
mineralogy dominated by alkali-feldspars (either albite or K-feldspar)
and aegirine, although this assemblage has undergone variable degrees
of hydrothermal alteration to sericite, + chlorite = goethite.

There is a remarkable level of homogeneity in ore grade, and in the
mineralogy and textural setting of the ore minerals across the Toongi
deposit. Most of the ore metals are contained within a complex
Na—-Ca-Zr silicate phase, likely REE-rich eudialyte, that mainly occur as
sub-spherical to irregular shaped blebs, or “snowballs” that are dis-
persed throughout the rock matrix (Spandler and Morris, 2016). Nio-
bium and Ta is primarily hosted in lueshite/natroniobite (NaNbO3) that
is found as small (< 40 um) irregular grains that formed in the inter-
stices between igneous matrix grains. REE-rich eudialyte and lueshite/
natroniobite are interpreted to be primary magmatic phases. A sec-
ondary ore mineral assemblage of Ca-Na-Zr silicates (vlasovite, cata-
pleiite and gaidonnayite) and REE fluoro-carbonates is found infilling
vesicles and micro-fractures in the rock. This ore assemblage is asso-
ciated with sericite and chlorite alteration within the rock matrix, or
with quartz and Y-milarite as vesicle-filling phases.

The timing of magmatism has been dated to the early Jurassic
(Meakin and Morgan, 1999), which coincides with the emplacement of
the Karoo-Ferrar-SE Australia large igneous province that formed
during continental extension related to Pangea breakup (Veevers,
2012). Plate reconstructions to this time place the Dubbo region at the
northern extent of this magmatic belt (Veevers, 2012), so we suggest
that the alkaline magmatism associated with the Toongi Deposit re-
presents a distal expression of the Karoo-Ferrar-SE Australia large ig-
neous province. Toongi also overlies a pronounced step in lithospheric
thickness from ca. 100 km in the east, to ca. 140 km in the west, as
defined from seismic tomography models (Davies and Rawlinson, 2014;
Fig. 7). The timing of formation of this lithospheric step is unknown,
but conceivably developed during the Permian extension phase that
formed the Surat and/or Gunnedah Basins (Korsch and Totterdell,
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2009), and hence would have existed during the late Jurassic. We
therefore favour a model for magma generation and focusing by
melting of mantle due to edge-driven convection of asthenosphere (e.g.,
King and Anderson, 1998; Davies and Rawlinson, 2014) along this li-
thospheric step. This lithospheric step was again a focus of magmatism
during the Cenozoic (Zhang and O'Reilly, 1997), possibly due to mantle
plume activity, renewed mantle flow or asthenosphere shear (e.g.,
Conrad et al., 2011).

The boundary between the Lachlan Fold Belt and Gunnedah Basin
(Fig. 7) represents a crustal-scale structure that may have allowed
mantle-derived magma to traverse the crust towards the surface. The
rare metal enrichment to ore grades in the Toongi Deposit trachyte is
attributed largely to extreme polybaric fractional crystallisation pro-
cesses under low H,0 and fO, conditions (Spandler and Morris, 2016).
A large gravity high that directly underlies the local area is interpreted
to represent the remnant mafic/ultramafic differentiates of this frac-
tionation process within the crust (Meakin and Morgan, 1999). A
magmatic origin for mineralisation is also consistent with the ore mi-
neralogy and textures, and homogenous distribution throughout the
intrusion.

The secondary ore mineral assemblage is interpreted to have formed
via post-magmatic hydrothermal alteration by Ca-bearing CO,-H,0O
fluids that were derived either from the crystallising and cooling lac-
colith, or from localised devolatilisation of the sedimentary country
rocks (Spandler and Morris, 2016). Nevertheless, metal redistribution
during this alteration was likely limited to the sub metre scale.

2.2.2. Brockman

The Brockman deposit, with a JORC resource of 41.4 Mt. at 0.9%
ZrO,, 0.36% NbyOs, and 0.21% TREO (Hastings Technology Metals
Limited, 2019), lies 18 km southeast of Halls Creek in northern Western
Australia (Fig. 3a). Despite the relatively low REE grade, the economic
value of the deposit is enhanced by a notable enrichment in heavy REE
and Nb. The ore is restricted to a single steeply-dipping volcaniclastic
unit, known as the Niobium Tuff, that varies from 5 to 35 m in thickness
and can be followed along strike for at least 3.5 kms. Mineralisation
extends down at least 250 m from the surface, and remains open at
depth. The deposit lies in close proximity to the Halls Creek Fault
system, which represents a major lithospheric suture zone (Kohanpour
et al., 2017).

The Niobium Tuff is the basal unit of the Butchers Gully Member of
the Olympio Formation in the Eastern Zone of the Halls Creek Orogen
(Blake et al., 1999). The Butchers Gully Member consists of a series of
intermediate to felsic alkaline lavas and volcaniclastic rocks that
erupted into a rift-related shallow marine environment (Taylor et al.,
1995a). The Niobium Tuff is a fine-grained, rhyolitic ash-flow tuff unit
with pumice and lithic fragments, and occasional microphenocrysts of
quartz and albitised feldspars. The rock mass was subsequently altered
by F-bearing fluids to an assemblage of biotite, sericite, chlorite, Fe-rich
carbonates and fluorite (Ramsden et al., 1993; Taylor et al., 1995a).
The ore metals are hosted by an array of fine-grained secondary mi-
nerals including a hydrous ‘zircon-gel’ phase, thorite, columbite, sa-
marskite and various REE fluorcarbonates (Ramsden et al., 1993).
Minor base metal sulfides (primarily sphalerite) and cassiterite are also
found in some ore samples.

The Eastern Zone of the Halls Creek Orogen developed between ca.
1910 and 1830 Ma as a mixed clastic sedimentary and alkaline volcanic
sequence along the western margin of the North Australia Craton (Tyler
et al., 2012). Deposition of the Niobium Tuff has been dated to ca.
1850 Ma (Blake et al., 1999), which corresponds to the timing of
transition from a passive margin to active extension and thinning of the
continental margin. Geochemical and isotopic data are consistent with
a primitive mantle magma source, possibly with some minor con-
tribution for the Paleoproterozoic or late Archean continental basement
(Taylor et al., 1995a, 1995b). Ore grade rare metal (e.g., REE, Y, Zr, Nb,
Hf, Ta) contents were reached via extensive fractional crystallisation of
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the alkaline parental magma prior to eruption, with high magmatic F
contents likely playing an important role in retaining the ore elements
in the fractionating magma (Ramsden et al., 1993; Taylor et al., 1995b).
Formation of the Niobium Tuff in a submarine setting (Taylor et al.,
1995a) may have prevented significant rare-metal devolatilisation
during eruption. Fluorine rich hydrothermal fluids may also have fa-
cilitated late-stage remobilisation of ore metals, albeit on a relatively
small scale (Taylor et al., 1995b). Finally, the mineralised unit was
folded and tilted due to collision of the North Australian and Kimberley
Cratons during the 1835 to 1805 Ma Halls Creek Orogen (Blake et al.,
1999).

2.2.3. Other prospective volcanic complexes

Volcanic systems analogous to those that host the Toongi and
Brockman deposits include the Jurassic Garrowilla volcanics of New
South Wales, and the extensive Cenozoic Central Volcano Province of
Queensland and New South Wales (e.g., Jones et al., 2017). In some of
these systems, fractional crystallisation of mafic magmas has produced
trachytic to rhyolitic volcanic rocks with high rare metal contents. The
ca. 29 Ma southern Peaks Ranges, central Queensland, have been
identified as particularly prospective, with several large (~0.1 km®)
peralkaline rhyolite domes having consistent ore element concentration
of ~0.6% ZrO, and ~ 0.15% TREO (Chandler and Spandler, 2020).
Zirconium and REE are hosted by an agpaitic magmatic assemblage of
dalyite and eudialyte group minerals as well as secondary alteration
phases allanite, zirconium silicate, and REE fluorcarbonates. These ig-
neous bodies intrude through the Bowen Basin in a location im-
mediately above the boundary between the Thomson and New England
Orogens. As with Toongi and Brockman, high metal contents were
achieved via extensive fractionation of alkali mantle-derived magma,
with hydrothermal alteration only responsible for localised REE redis-
tribution within each volcanic complex (Chandler and Spandler, 2020).

2.3. Unconformity-related

An unusual ore style labelled unconformity-related REE miner-
alisation was defined by Nazari-Dehkordi et al. (2018, 2020), based on
studies of the Browns Range heavy REE mineralisation, as outlined
below. This mineralisation type is of particular economic interest due to
their elevated contents of highly sought-after metals Dy and Tb. The ore
style is made distinct by its simple ore mineralogy dominated by xe-
notime, and a structurally-controlled, sediment host ore setting with no
genetic link to magmatism. While most economically-significant mi-
neralisation of this type is currently recognised from north-western
Australia, this REE mineralisation style has been identified in the
Athabasca Basin Canada (Rabiei et al., 2017), and in phosphate-rich
Cambrian sedimentary sequences that unconformably overlie the
Mount Isa Inlier (e.g., Korella; Jaireth et al., 2014).

2.3.1. Browns Range

The western portion of the Browns Range Dome, northern Tanami
Region (Fig. 3a), contains numerous heavy REE orebodies that lie close
to, or on, a regional unconformity between Archean meta-arkose and
meta-sandstones of the Browns Range Metamorphics and overlying
Proterozoic Birrindudu Group sandstones (Nazari-Dehkordi et al. 2017,
2018, 2020). Most of the orebodies occur as stockworks of hydro-
thermal veins and breccias (up to 400 m in lateral extent and 10 m in
width) within steeply-dipping faults and shear zones in the Browns
Range Metamorphics. The ore minerals are xenotime and minor flor-
encite, which both occur in several generations, together with quartz,
hydrothermal white mica and hematite (Cook et al., 2013; Nazari-
Dehkordi et al., 2020). Currently defined resources of 9.19 Mt. of ore
grading at 0.66% TREO (Northern Minerals Ltd., 2019) are contained
within the seven discrete orebodies, and it is likely that further re-
sources will be defined in the near future.

In-situ U-Pb dating of ore xenotime from several deposits/prospects



C. Spandler, et al.

produced an age range for mineralisation of 1.65 to 1.60 Ga (Nazari-
Dehkordi et al., 2020); this timeframe does not correspond to any
known magmatism or orogeny in the region, and is appreciably younger
than the ca. 1.72 Ga regional metamorphism (Fraser, 2002). Far field
stresses produced by the distal Isan and Liebig Orogenies are invoked as
drivers of large-scale fluid flow and faulting/shearing to accommodate
ore formation in the region (Nazari-Dehkordi et al., 2018, 2020). Later
stage(s) of xenotime recrystallisation between ca. 1.5 to 1.6 Ga may
record distal effects of the Isan and Chewings Orogenies.

REE geochemistry and Sm-Nd isotope data provide clear evidence
that the REE for mineralisation were leached from the Browns Range
Metamorphics by saline fluids (Nazari-Dehkordi et al., 2018), while
geochemical, fluid inclusion and stable isotope data (Nazari-Dehkordi
et al., 2018, 2019, 2020; Nazari-Dehkordi and Spandler, 2019), all
support an ore formation model that involves mixing between REE-
bearing fluids from the Browns Range Metamorphics with phosphorus-
bearing acidic fluid from the Birrindudu Group sandstones. Fluid
mixing led to precipitation of REE phosphate minerals, and was most
effective in fault zones on, or near, the regional unconformity.

2.3.2. John Galt

The John Galt prospect shares many similarities to the Browns
Range mineralisation, except it is hosted within the 1.80 Ga Red Rock
Basin of the Halls Creek Orogen (Fig. 3a; Tyler et al., 1995; Page et al.,
2001). The Red Rock Basin largely comprises fine- to coarse-grained
quartz-rich sandstones with interlayers of pebbly sandstone and con-
glomerate (Blake et al., 2000). As with Brockman and Cummins Range,
John Galt is located close to the Hall Creek Fault, but perhaps of more
significance is its proximity to the regional unconformity between the
Red Rock Basin and overlying Paleoproterozoic Osmond Basin and
Birrindudu Group sandstones (Hancock and Rutland, 1984).

REE mineralisation is exposed as networks of quartz-xenotime veins
and breccias along major N-S trending faults and, most distinctively,
along a ~ 100 m high ENE-trending escarpment. This structure extends
for over 9 kms, with mineralisation recognised over a strike length of at
least 1.2 kms and to a depth of at least 100 m. While a mineral resource
is yet to be defined, assays of surface samples are particularly rich in
heavy REE, with many returning very high TREO, in excess of 50% in
some cases (Northern Minerals Ltd., 2019).

A mineralisation age for John Galt of 1.62 Ga was determined by
U-Pb in xenotime by Morin-Ka et al. (2016), which is comparable to the
timing of mineralisation at Browns Range, but again is significantly
younger than any local magmatism or major orogenic event (Tyler
et al., 2012). Ore genesis processes at John Galt are likely to be very
similar to Browns Range given the parallels in geological setting and
mineralisation style between the two areas.

2.4. Skarn and I0CG related

2.4.1. Mary Kathleen

High-temperature skarns have the potential to be an important
global source of REE (Sahlstrom et al., 2019). This deposit group in-
cludes the Mary Kathleen U-REE deposit that is hosted within the Mary
Kathleen Fold Belt of the Mount Isa Inlier, Queensland (Fig. 3b). The
host rocks to mineralisation are a steeply-dipping sequence of calc-si-
licate rocks of the Corella Formation that experienced regional skarn
metamorphism due to intrusion of the Burstal Granite at 1740 Ma,
followed by deformation and amphibolite-facies regional meta-
morphism at ca. 1580 Ma (Oliver et al., 1999). Mineralisation at the
Mary Kathleen deposit, and nearby Elaine Dorothy Cu + REE prospect
(Fig. 3b), formed between 1550 and 1500 Ma (Oliver et al., 1999;
Spandler et al., 2016), which postdates the regional skarn and de-
formation events.

The Mary Kathleen ore consists of high-grade uraninite + alla-
nite + garnet veins and vein networks that form ore shoots within the
western limb of a tight regional syncline and alongside the N-S trending
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steeply-dipping Mary Kathleen shear zone (Oliver et al., 1999). Despite
high REE grades (~4 wt% REE; Jaireth et al., 2014), the deposit is
uneconomic for REE extraction due to challenges of mineral processing
and radioactivity. Geochemical and Sm-Nd isotope data are consistent
with local crustal source for the REE, rather than a mantle source
(Oliver et al., 1999; Hammerli et al., 2014; Spandler et al., 2016), al-
though A-type granitic magmatism of the regional 1540-1500 Ma
Williams-Naraku Batholith (Wyborn, 1998) has been implicated as
providing fluid, and/or heat for mineralisation (Spandler et al., 2016).
Ore metals were mobilised by saline fluids, with ore mineral pre-
cipitation triggered by fluid mixing, or fluid unmixing/reaction, in an
active regional shear system (Oliver et al., 1999; Hammerli et al.,
2014).

2.4.2. Milo

Milo is a structurally controlled IOCG-style deposit with a REE-en-
riched halo that lies approximately 20 km east of the Mary Kathleen
deposit in the Tommy Creek Domain of the Mount Isa Inlier (Fig. 3b).
The deposit lies just north of the Highway Fault Zone, which represent a
major bounding structure between the Tommy Creek Domain and the
Mitakoodi Culmination (O'Dea et al., 2006). The inferred REE resource
at Milo stands at 187 Mt. at 0.06% TREO (GBM Resources Limited,
2019). The deposit is hosted in a highly altered and structurally dis-
rupted metasedimentary package, with calc-silicate rocks containing
the bulk of the mineralisation (Harvey, 2014), although mineralisation
is currently open to the north, south, and at depth.

Research work on Milo is limited to the honours thesis of Harvey
(2014), who documented two main ore types; an early REE miner-
alisation, and an overprinting breccia style pyrite + pyrrhotite +
chalcopyrite + magnetite (= Au = Co) IOCG mineralisation. Gold
occurs as the electrum inclusions in pyrite. Dark red apatite is the
primary REE ore mineral, although allanite, REE-rich titanite, and
REE-carbonates have also been documented. The REE ore occurs as
discontinuous apatite-rich pods and zones within calc-silicate rock
(Fig. 8a). The apatite is complexly zoned with primary CIl-REE-rich
apatite partially replaced and overgrown by an assemblage of allanite
plus F-bearing, REE-poor apatite (Harvey, 2014). In situ Sm-Nd isotope
analysis of this latter assemblage by laser ablation multi-collector ICP-
MS (see Spandler et al., 2016, for analytical details) provides an iso-
chron age of 1544 + 41 Ma (Fig. 8), which represents a minimum age
for primary REE mineralisation. A maximum age for mineralisation is
constrained to ca. 1600 Ma based on preliminary dating of pre ore
metamorphic titanite (Harvey, 2014).

The Nd isotope composition of the ore (Fig. 8) together with the Cl-
rich nature of the primary REE ore assemblage (Harvey, 2014) support
an ore genesis model involving dissolution and transport of REE from
crustal sources via advection of Cl-rich fluids, followed by REE ore
deposition in structural traps in calc-silicate rocks. Development of the
subsequent IOCG-style mineralisation was likely controlled by redox/
desulfidisation reactions during fluid ingress along the contacts be-
tween calc-silicate and black slate units (Harvey, 2014). In general, this
ore genesis model is comparable to those proposed for the Mary
Kathleen and Elaine-Dorothy systems (Oliver et al., 1999; Spandler
et al., 2016), and may be applicable to REE mineralisation across the
Mount Isa region.

2.4.3. Olympic Dam

The supergiant Olympic Dam IOCG deposit contains in excess of
10.7 billion tonnes of Cu-U-Au-Ag ore (BHP, 2019), which also con-
tains 0.3 wt% light REE (Schmandt et al., 2017). Major REE ore mi-
nerals are bastnésite and florencite with subordinate synchysite, mon-
azite and xenotime (Ehrig et al., 2012). Details of the geology and
setting of the deposit are outlined in Ehrig et al. (2012), Skirrow et al.
(2018) and Reid (2019). Although one of the largest concentrations of
REE in the world (Fig. 1), extraction of REE is currently uneconomic
due to the low grade, low heavy REE content, and fine grainsize of the
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Fig. 8. REE ore from the Milo Deposit. (A) core photo of apatite (red) rich calc-silicate ore. (B) Backscattered electron (BSE) image of apatite rich ore with primary
high-REE apatite (medium BSE intensity phase), and a secondary assemblage of low-REE apatite (low BSE intensity phase) and allanite (bright BSE). (C) Sm-Nd
isochron of secondary REE-poor apatite and allanite ore assemblage. The age of this mineral assemblage provides a minimum age for primary mineralisation at Milo.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ore minerals. As with other ore metals, the REE mineralisation is as-
sociated with an extensive hematite-sericite-chlorite alteration assem-
blage within the Olympic Dam Breccia Complex, which itself is largely
within the Roxby Downs Granite (Ehrig et al., 2012; Reid, 2019).

Olympic Dam lies in a major lithospheric boundary zone along the
eastern margin of the Gawler Craton of South Australia. Geophysical
surveys reveal that the deposit overlies a zone of highly metasomatised
lithosphere that marks a major crustal scale fault zone that offsets the
Moho (Heinson et al., 2018; Skirrow et al., 2018). The deposit was
formed at ca. 1590 Ma and is interpreted to be coeval with emplace-
ment of the extensive A-type Gawler Range Volcanics and Hiltaba
Granite suites. An intracontinental extension setting is widely inferred
for the region at this time, with various authors invoking various dri-
vers of metamorphism and magmatism including a mantle plume (Betts
et al., 2007) or lithospheric delamination (Skirrow et al., 2018). Mi-
neralisation is thought to result from large scale mixing of deep litho-
spheric- or mantle-derived oxidised fluids, or igneous-derived fluids,
with upper crustal (meteoric?) fluids (Heinson et al., 2018; Skirrow
et al., 2018; Reid, 2019).

Geochronology of ore and alteration-related minerals reveal a pro-
tracted hydrothermal evolution for the deposit, with ages of 1400 to
1370 Ma, ca. 1100 Ma, 820 Ma, and 450-300 Ma (Huang et al., 2015;
Cherry et al., 2018; Hall et al., 2018) obtained (Fig. 5). These ages are
interpreted to reflect thermal perturbation or hydrothermal alteration
related to regional orogenic or magmatic activity (Hall et al., 2018).

3. Discussion
3.1. Origin and formation of Australia's REE ore deposits

The complexity and diversity of REE ore deposits represents a
challenge to understanding of how and where REE orebodies are
formed. Nevertheless, a crucial advantage of studying these ore systems
is that REE minerals tend to be excellent archives of geological events
and conditions, as they sequester a large range of elements and isotopes
that can be used to unravel geological histories and evolution.
Combining mineral data with other geological information provides
insights into the general processes and tectonic settings of ore forma-
tion. Consistent with the global situation (Weng et al., 2015), most of
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Australia's REE deposits are related to intraplate alkaline magmatism,
including carbonatites, A-type granites, and peralkaline trachytes and
rhyolites. By and large, these magmas are interpreted to be derivatives
of primary magmas formed by low-degree melting of enriched mantle
sources (e.g., Spandler and Morris, 2016; Marks and Markl, 2017).
Extensive fractional crystallisation is considered to be crucial for
magmatic enrichment of REE, as the enhanced solubility of REE in al-
kaline, fluorine-rich melts impedes early crystallisation of REE minerals
and REE depletion from the evolving magma (Marks and Markl, 2017).
Cumulate processes may nonetheless have been important for con-
centrating REE ore minerals in carbonatite-related deposits, such as
Yangibana, Cummins Range and Nolans Bore (Anenburg and
Mavrogenes, 2018; Slezak and Spandler, 2020).

In most of these magmatic deposits, hydrothermal alteration caused
relatively minor and localised REE redistribution (e.g., Taylor et al.,
1995b; Schoneveld et al., 2015; Spandler and Morris, 2016; Anenburg
et al., 2018). Hydrothermal processes are, however, considered to be
essential to ore formation in deposits where links to alkaline magma-
tism are equivocal (Mary Kathleen, Milo) or absent (Browns Range,
John Galt). Defining the composition of hydrothermal fluids from an-
cient ore environments is always challenging, but for Browns Range and
Mary Kathleen, the mineralising fluids are recognised to be high salinity
brines sourced from underlying metasedimentary units (Oliver et al.,
1999; Nazari-Dehkordi and Spandler, 2019). These fluid compositions
are known to be effective REE transport agents (Williams-Jones et al.,
2012).

All of the REE deposits described here are spatially associated with
crustal-scale shear zones (e.g., Nolans Bore, Mary Kathleen) or bound-
aries between major crustal blocks (Yangibana, Mount Weld, Olympic
Dam, Milo, Cummins Range, Brockman, Toongi, Peak Ranges) (see
Table 1; Fig. 9). This association is unlikely to be coincidental; rather,
these structures are regarded to be fundamental to ore formation, as
they served as channelways to transport and focus metal-bearing fluids
and/or melts from the deep crust and mantle to the site of ore forma-
tion.

3.2. Tectonic setting of Australia’s REE ore deposits

Most of Australia's REE deposits are Mesoproterozoic in age and are
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hosted in orogenic belts that have undergone extensive and repeated
episodes of magmatism and orogenesis prior to REE mineralisation (see
Table 1). The time gap between orogenic activity and REE ore forma-
tion ranges between ~100 and > 800 million years (Fig. 5). This prior
history of orogenesis is considered to be crucial for mineralisation, as
associated subduction-related metasomatism and magmatism led to the
generation of subcontinental lithospheric mantle fertilisation (i.e., en-
richment in incompatible elements and volatiles; see Fig. 9, stage 1).
Subsequent melting of these enriched mantle domains is invoked to
produce the distinctive alkaline magma compositions that are fertile for
REE mineralisation (e.g., Marks and Markl, 2017). This premise is
supported by radiogenic isotope signatures of the REE ores, including
initial eNd values that largely fall in the range from —5 to +4 (Table 1;
Fig. 6); these values are distinct from Mesoproterozoic to modern de-
pleted mantle (eNd = +6 to +10), but are consistent with derivation
from enriched mantle sources (Hawkesworth et al., 1984). Neodymium
model ages for some ores also conform to episodes of prior orogenesis
(e.g., Yangibana; Slezak and Spandler, 2020), although the geological
significance of Nd model ages derived from REE-enriched materials is
questionable.

The geodynamic setting responsible for producing REE ore-forming
alkaline magmatism has been variably ascribed to mantle plumes
(Pirajno, 2015), continental rift zones (Goodenough et al., 2016) and
intracontinental fault activation due to far-field stresses (e.g., Downes
et al., 2016; Slezak and Spandler, 2019). In many parts of the world
spatial and temporal correlations exist between alkaline rock (e.g.,
carbonatites) and large igneous provinces (Ernst and Bell, 2010).
However, for almost all of Australia's REE ore deposits, there is an
absence of any spatial or temporal association with voluminous mafic
magmatism (e.g., Huston et al., 2016; Downes et al., 2016; Spandler
and Morris, 2016; Zi et al., 2017; Nazari-Dehkordi et al., 2018). Yan-
gibana was linked to the ca. 1075 Ma Warakurna large igneous pro-
vince by Pirajno et al. (2014), but is now well established to predate the
Warakurna event by ca. 200 m.y. (Zi et al., 2017; Slezak and Spandler,
2019). Therefore, almost all of Australia's REE ore deposits do not
conform to a mantle plume origin. The exceptions are Peak Ranges that
formed as part of the Cosgrove hot spot track (Davies et al., 2015), and
possibly the Mary Kathleen and Olympic Dam deposits, which have
been suggested to have broad links to a mantle plume (Betts et al.,
2007), although alternative geodynamic settings have also been pro-
posed (e.g., delamination, Skirrow et al., 2018). In general, we do not
consider hotspot-related magmatism to be particularly conducive for
producing REE ores, as elevated mantle geotherms favour high-degree
melting, which dilutes concentrations of incompatible elements such as
REE in the melt. Nevertheless, deformation of the lithosphere distally to
upwelling mantle plumes may be important for activation/reactivating
lithospheric-scale structures to permit tapping of ore-fertile alkaline
magmas from the mantle towards the surface (Ernst and Bell, 2010;
Pirajno, 2015).

Of Australia's REE deposits, only the Brockman deposit is inter-
preted to have formed in a developing continental rift setting. While
continental rifts are ideal for producing alkaline magmas that are fertile
for REE mineralisation (e.g., Goodenough et al., 2016), active uplift and
erosion, and structural dismemberment associated with these environ-
ments translates to a poor preservation potential for REE ores. This is
especially true for Proterozoic mobile belts of Australia, which have
experienced extensive and repeated periods of deformation and erosion.

Most of Australia's REE deposits are interpreted to have formed in
intracontinental settings in isolation of active plate margins or mantle
plumes (Fig. 9). The carbonatite-related ore deposits (Yangibana,
Mount Weld, Cummins Range and, probably, Nolans Bore) likely de-
veloped during reactivation of lithospheric-scale fault zones due to far-
field continental rifting or plate reorganisation. For example, formation
of the Yangibana mineralisation is linked to distal effects of rifting of
the North China and West Australian Cratons, which ultimately may
also be linked to development of the Bayan Obo deposit at 1300 Ma
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(Fig. 4). A similar scenario is invoked for the Toongi deposit, which
formed distally to the Karoo-Ferrar large igneous province along a
major lithospheric boundary (Fig. 7). Such settings distal from active
plate margins or voluminous magmatism may be especially conducive
for the formation and preservation of REE ore deposits. Reactivation of
lithospheric structures without anomalously high mantle geotherms
(i.e., mantle plumes) or active asthenospheric upwelling (e.g., at plate
margin environments) may provide ideal conditions for low-degree
melting of enriched mantle lithosphere to produce incompatible-ele-
ment enriched alkaline magmas; the most fertile magmas for REE mi-
neralisation. Magma production may be triggered by decompression of
enriched mantle lithosphere upthrown during fault movement, or
heating of enriched lithosphere via juxtaposition with hot astheno-
sphere along a developing lithospheric step (e.g., King and Anderson,
1998; Skirrow et al., 2018). Fault reactivation also provides the con-
duits for transporting these fertile melts to the site of ore formation in
the overlying crust (Fig. 9).

Unconformity-related deposits have no clear links to magmatism or
mantle sources, but nonetheless also formed distal to active orogenesis
and have a strong structural control on ore distribution (Nazari-
Dehkordi et al., 2018; Nazari-Dehkordi et al., 2020). The broad tectonic
setting of skarn and IOCG-related REE deposits remains highly debated
(e.g., Reid, 2019), a situation further complicated when considering the
essential role of local hydrothermal processes for mineralisation.
Nevertheless, these deposits do have links to enriched mantle litho-
sphere and/or are controlled by large-scale intracontinental structures
(e.g., Skirrow et al., 2018).

3.3. Post-mineralisation resetting events

Most REE ore deposits, being rich in phosphate and/or carbonate
minerals, have contrasting rheology to their silicate host rocks. This,
together with their close proximity to major crustal structures, means
that REE ore deposits are susceptible to recystallisation or disturbance
due to deformation events that may significantly postdate primary ore
formation. As REE minerals have an affinity for Th and U, REE ores also
retain radiogenic heat, which may further aid ore mineral re-
crystallisation. For example, Huston et al. (2016) calculated a radio-
genic heat production of 270 uW/m? for the Nolans Bore deposit; a
value more that 50 times the modern Australian crust value. This pre-
disposition for REE mineral recystallisation presents a challenge for
accurately dating primary ore formation, as radiogenic isotope systems
commonly employed for this task (e.g., U-Pb or Sm-Nd) will also be
reset or disturbed. We stress that interpretations of age dating results
should be made in conjunction with careful textural evaluation and
chemical analysis of mineral assemblages (e.g., Anenburg et al., 2018;
Slezak et al., 2018). Without this detailed work, primary mineralisation
ages may be incorrectly assigned much younger ages, as has been the
case for Yangibana (see Pirajno et al., 2014; Zi et al., 2017; Slezak and
Spandler, 2019), and the Bayan Obo deposit of Inner Mongolia (see
Song et al., 2018).

Although these resetting events can complicate mineralisation age
determinations, the geochronology and isotope geochemistry of REE
ore minerals can also provide useful archives of regional tectonic or
deformation events. This is well demonstrated by the mineral records of
Nolans Bore, Yangibana, Cummins Range, Browns Range and Olympic
Dam, all of which were subject to repeated ore mineral recystallisation
during orogenic events that, in some cases, postdate the primary mi-
neralisation by more than a billion years (Fig. 5, Table 1). For Nolans
Bore and Yangibana, Nd isotope fingerprinting shows that these ore
mineral recystallisation events were closed system; in other words, they
were not accompanied by any additional external REE input, such as
repeated alkaline magmatism (Fig. 6). Repeated reactivation of long-
lived structures is recognised from continents across the globe (e.g.,
Will and Frimmel, 2018), but dating these events has long been a
challenging endeavour. Using the geochronological archive of REE
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deposits can therefore compliment other thermochronometers applied
to dating orogenic/structural events, such as Ar-Ar dating of micas.
Australian deposits may be particularly useful in this regard, given their
dominantly Precambrian age and their wide distribution across the
country (Fig. 2).

3.4. Comparison to global REE deposits

In general, Australia's inventory of REE ore deposit types is similar
to global record, with a majority related to carbonatites, peralkaline
igneous rocks and IOCG systems (Weng et al., 2015; Van Gosen et al.,
2017; Fig. 1). A notable difference is that Australia's peralkaline ig-
neous-hosted deposits are volcanic in nature, whereas other deposits of
this class around the world are related to intrusive rocks. The un-
conformity-related mineralisation style of Browns Range and John Galt
is also not recognised globally, with the exception of the Maw Zone
Deposit, Canada (Rabiei et al., 2017). However, this mineralisation
style has only recently been defined (Nazari-Dehkordi et al., 2018), so
we expect more occurrences of this type to be discovered across the
globe in the future.

The generic model proposed here for many of Australia's REE de-
posits involves low degree melting of enriched sub-continental mantle
lithosphere in an anorogenic setting, followed by extensive fractional
crystallisation (with or without REE mineral accumulation). This model
may apply to many other deposits across the globe, including
llimaussaq, Greenland (Marks et al., 2004), the Strange Lake deposit,
Canada (Siegel et al., 2017), the Mianning-Dechang REE belt, China
(Hou et al., 2006; Liu and Hou, 2017), and the supergiant Bayan Obo
deposit of Inner Mongolia, China (Smith et al., 2015), to name a few. It
follows, therefore, that periods of relative quiescence in global tectonic
activity may in fact be conducive for REE ore formation. We assess this
premise by examining the age distribution of the world's REE ore de-
posits with reference to global tectonic conditions across Earth history.

Smith et al. (2016) showed that the world's largest REE deposits
(n = 15) have age distribution peaks in the Mesoproterozoic and
Phanerozoic. Our analysis of a much larger compilation of global REE
deposits (n = 139) shows a similar age distribution (Fig. 10). The vast
majority (~90%) are related to carbonatite and alkaline silicate mag-
matism. There is a notable dearth of deposits older than ~2.0 Ga, which
we attribute to the lack of early convergent margin tectonics required to
develop the enriched mantle sources that, in turn, are needed to pro-
duce ore-productive alkaline magmas. Many of the Phanerozoic de-
posits are associated with continental rift zones (e.g., Kola Peninsula;
Goodenough et al., 2016), and are likely highly represented due to the
relative abundance (Fig. 10) and favourable preservation conditions of
these relatively young rocks.

The other major age clustering of REE deposits is from ca. 1.8 Ga to
ca. 1.0 Ga (Fig. 10). Despite this time period accounting for only ~10%
of the exposed continental crust (Goodwin, 1996), it accounts for
around 35% of the world's—and most of Australia's—REE ore deposits
(Fig. 10). This is all the more significant when considering that many of
the world's largest REE resources, such as Bayan Obo, Ilimaussaq, and
Mountain Pass, also formed within this timespan. This time period has
previously been labelled the “boring billion” (Goldfarb et al., 2010;
Roberts, 2013), due to a lack of environmental change or gold and base
metal mineralisation forming during this time. On the other hand, the
time window is recognised to be an important period for A-type mag-
matism, kimberlite emplacement and IOCG mineralisation (Goldfarb
et al., 2010; Cawood and Hawkesworth, 2015). The period encompasses
the transition from Nuna (or Columbia) to Rodinia, which was char-
acterised by persistence of a stable supercontinent core, rather than
extensive breakup and reassembly of a supercontinent mass (Roberts,
2013; Cawood and Hawkesworth, 2014). The relatively subdued geo-
dynamic setting at this time may have been especially conducive for
REE ore formation and preservation, for a number of reasons:
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Fig. 10. Histograms of the age of; (A) Australian, and; (B) global REE ore de-
posits. The timing of amalgamation of the Nuna and Rodinia Supercontinents
are shown in B, as well as the episode labelled the “boring billion” (Goldfarb
et al., 2010). The present-day surface ages distribution curve (dashed green in
panel B) is from Goodwin (1996), with percentage scale provided on the right
side axis. Note the significant proportion of REE deposits in the Mesoproter-
ozoic and Phanerozoic. A list of ore deposits with locations, ages and references
are provided in Appendix 1. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

1. Episodes of rifting of continental fragments and development of
seafloor spreading leads to upwelling and high-degree melting of
asthenosphere. Likewise, high-degree mantle melting is associated
with convergent margin setting. Magmas produced in these setting
are therefore not overtly fertile for REE mineralisation.

2. Previous episodes of plate convergence and supercontinent forma-
tion (e.g., Kenorland and Nuna supercontinent cycles) produced the
enriched mantle sources that are required for generation of miner-
alisation-fertile magmas.

3. The mantle in the Mesoproterozoic was likely still sufficiently hot to
allow low-degree partial melting with even slight physical or che-
mical perturbations, for example, by lithospheric deformation/
faulting or volatile fluxing (e.g., Vaughan and Scarrow, 2003). By
contrast, the overlying continental lithosphere was sufficiently cool
and rigid (Cawood and Hawkesworth, 2014) to allow development
of lithospheric-scale fault zones that could act as conduits for mi-
neralisation-fertile magmas to ascend and evolve within the crust
(Fig. 9).

4. Crustal preservation tends to be enhanced in stable continental in-
terior, rather than in settings of continental rifting and/or amalga-
mation of continental fragments (Hawkesworth et al., 2009).

Far field stresses on the continental interior due to ongoing orogenic
activity at the margins of the supercontinent, or distal plume events, are
invoked as the drivers of lithospheric-scale fault activation, or re-
activation (e.g., Jelsma et al., 2009), and associated low degree melting
of the lithospheric mantle. In this sense, the REE ore productive
magmas and mineralisation may be more easily produced through
tectonic ‘nudges’ of continents, rather than extensive continental frag-
mentation or amalgamation. These conditions were well suited to the
Mesoproterozoic or ‘Earths middle ages’ (Cawood and Hawkesworth,
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2014), and may provide a rationale for the abundance of REE ore de-
posits, as well as kimberlites, IOCGs and A-type magmatism, formed at
this time. The Mesoproterozoic is, therefore, far from ‘boring’; rather, it
can be seen as an important period of Earth's history linked with en-
dowment in critical metals, such as REE, Zr, Nb, Ta, Cu and Co, that are
of growing importance for sustaining modern society into the future.

4. Conclusions

® Australia hosts a diverse array of hard-rock REE ore deposits and is
well placed to be a major REE producer into the future. Most de-
posits are related to alkaline igneous rocks, although hydrothermal
processes were crucial to the formation of many deposits, most
notably the unconformity-related REE deposits. REE enrichment via
supergene alteration is also important for the economic viability of
carbonatite-hosted REE deposits.

e Most deposits formed in an anorogenic setting in isolation of plate
margins or mantle plumes. Ore-producing alkaline magmas were
sourced from melting of enriched mantle sources, with extensive
fractional crystallisation being a crucial process leading to ore for-
mation. All deposits are closely associated with lithospheric-scale
structures that likely act as conduits for transporting REE-bearing
fluids and/or melts within the crust.

® A majority of Australia's deposits are Mesoproterozoic in age, al-
though many preserve records of REE mineral recrystallisation due
to orogenic or deformation events subsequent to ore formation. REE
ore minerals can therefore be useful archives of geological events
that affect continental interiors.

e The complex geology of most deposits, coupled with their remote
locations, presents challenges for ore processing and economic via-
bility, but also provides optimism that there may be many other REE
orebodies within the Australian crust awaiting discovery.
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