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magma that ponded at mid-crustal levels (ca. 0.3  GPa) 
and underwent extensive fractionation under low-oxygen 
fugacity conditions. The high Na2O, peralkaline nature of 
the Toongi Deposit trachyte developed via extensive frac-
tionation of an alkali olivine basalt parental magma ini-
tially in the mid-crust and subsequently at shallow levels 
(ca. 0.1  GPa). This extended fractionation under low fO2 
and relatively low H2O-activity conditions limited volatile 
release and allowed build-up of rare metal contents to ore 
grades. We speculate that the ore minerals may have origi-
nally formed from rare metal-rich sodic-silicate melt that 
formed immiscible globules (subsequently crystallized 
to EGM) in the magma shortly before emplacement and 
rapid cooling. Subsequent hydrothermal alteration caused 
relatively limited and localized remobilization of some ore 
metals into fractures and vesicles in the rock.

Keywords  Peralkaline magma · Rare metal 
mineralization · Toongi · Crystal fractionation · Liquid 
immiscibility · Eudialyte · Zirconium

Introduction

The study of lithophile trace elements such as Y, Zr, Nb, 
Ta and rare earth elements (REE) has greatly facilitated our 
understanding of many aspects of Earth geochemistry from 
early Earth evolution (Harrison et al. 2005), solid Earth dif-
ferentiation and crust formation (Hofmann 1997; Rudnick 
and Gao 2003), to surface water compositions (Elderfield 
and Greaves 1982) and surficial environmental processes 
(Aubert et  al. 2002). These elements, also known as rare 
metals, are also critical economic commodities as they are 
required for a large range of modern technological applica-
tions including medical instrumentation, defence systems, 

Abstract  The Toongi Deposit, located in central NSW, 
Australia, hosts significant resources of Zr, Hf, Nb, Ta, Y 
and REE within a small (ca. 0.3 km2), rapidly cooled tra-
chyte laccolith. Toongi is part of regional Late Triassic 
to Jurassic alkaline magmatic field, but is distinguished 
from the other igneous bodies by its peralkaline composi-
tion and economically significant rare metal content that 
is homogenously distributed throughout the trachyte body. 
The primary ore minerals are evenly dispersed throughout 
the rock and include lueshite/natroniobite and complex Na–
Fe–Zr–Nb–Y–REE silicate minerals dominated by a eudi-
alyte group mineral (EGM). The EGM occurs in a unique 
textural setting in the rock, commonly forming spheroidal 
or irregular-shaped globules, herein called “snowballs”, 
within the rock matrix. The snowballs are often protruded 
by aegirine and feldspar phenocrysts and contain swarms 
of fine aegirine and feldspar grains that often form spiral 
or swirling patterns within the snowball. Secondary ore 
minerals include REE carbonates, Y milarite, cataplei-
ite and gaidonnayite that fill fractures and vesicles in the 
rock. Based on bulk-rock geochemical and Nd isotope 
data, and thermodynamic modelling of magma fractiona-
tion, the alkaline rocks of the region are interpreted to rep-
resent extrusive to hyperbyssal products of mantle-derived 
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high-strength and corrosion-resistant alloys, electronics, 
and energy generation and storage (e.g. Weng et al. 2015). 
Nevertheless, despite the growing demand and commercial 
interest in these metals, our understanding of the geological 
processes that lead to their concentration to ore grades is 
rather limited. In most cases, rare metal enrichment can be 
regarded as a multi-stage process. These elements behave 
incompatibly during most magmatic processes, so the first 
step towards ore formation usually involves magma formed 
as products of extensive fractional crystallization, or by 
low-degree melting of enriched sources (e.g. Chakhmoura-
dian and Wall 2012). Subsequent upgrading of metal con-
centration has been attributed to a vast range of processes 
including—but not limited to—extreme magmatic differen-
tiation (Schmitt et  al. 2002; Chakhmouradian and Zaitsev 

2012), liquid immiscibility (Thomas et al. 2006; Vasyukova 
and Williams-Jones 2014), magmatic crystal accumula-
tion (Sheard et al. 2012), hydrothermal and/or metasomatic 
alteration (Salvi and Williams-Jones 1996; Williams-Jones 
et al. 2012; Dostal et al. 2014), and weathering and super-
gene processes (Horbe and da Costa 1999; Chakhmoura-
dian and Wall 2012). These subsequent processes are often 
essential for obtaining ore grade status, but in general are 
not well understood.

Arguably the greatest insights into ore formation pro-
cesses are made from study of actual ore deposits. Here, 
we present the first detailed geological description of 
the world-class Toongi multi-rare metal deposit, located 
approximately 20  km south of the city of Dubbo, New 
South Wales, Australia (Fig. 1). The Toongi Deposit (also 

Fig. 1   a Relevant basement geology of southeast Australia, with 
location of Toongi Deposit. b Bouguer gravity anomaly map of the 
Dubbo area overlain by outcropping areas of Cenozoic alkali basalt 

and TAMF igneous rocks. There is a clear spatial association between 
the TAMF rocks and the zone of gravity high in the lower left of the 
image. c Geological map of the Toongi Deposit region
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known as the Dubbo Zirconia Project) contains over 
73 Mt of mineral resources (measured and inferred) grad-
ing at 1.96 wt% ZrO2, 0.04 wt% HfO2, 0.45 wt% Nb2O5, 
0.03  wt% Ta2O5, 0.14  wt% Y2O3 and 0.75  wt% REE2O3 
(Alkane Resources Ltd 2015). Most other major ore depos-
its with similar metal inventories (e.g. Thor Lake, Strange 
Lake, Tanbreez; Gysi and Williams-Jones 2013; Sheard 
et  al. 2012; Weng et  al. 2015) are hosted by peralkaline 
intrusive rocks and pegmatites that underwent relatively 
slow cooling after formation (see also Dostal 2016). By 
contrast, Toongi is hosted within a small subvolcanic tra-
chytic laccolith that underwent relatively rapid cooling 
during emplacement. This unusual ore formation setting 
provides an opportunity to examine primary mineralization 
features that have been little affected by subsequent subsoli-
dus recrystallization or hydrothermal alteration. This paper 
outlines the general geological setting and geochemistry of 
the alkaline igneous rocks of the local area, provides details 
of the ore textures and mineralogy and discusses magmatic 
and hydrothermal models for ore formation. These results 
are not only of significance to the evolution of the Toongi 
Deposit, but are argued to be more broadly relevant to rare 
metal ore forming processes in general.

Geological setting

Regional geology

Toongi is one of numerous small alkaline igneous bodies 
(most are >2 km2) that collective form a region henceforth 
called the Toongi Alkaline Magma Field (TAMF; Fig. 1b). 
The TAMF lies at the boundary between the Permo-Triassic 
Gunnedah Basin to the north (Meakin and Morgan 1999; 
Totterdell et al. 2009) and Late Cambrian to Carboniferous 
Lachlan Fold Belt to the south (Foster and Gray 2000). The 
basement units in the region (Fig. 1c) include the Late Silu-
rian to Devonian Cudal, Toongi and Gregra Groups of the 
Lachlan Fold Belt that comprise mixed volcaniclastic and 
clastic sedimentary sequences with minor rhyolite and lime-
stone (Meakin and Morgan 1999). These units are uncon-
formable overlain by Early-Middle Triassic coarse immature 
sandstones within interbedded siltstones of the Napperby 
Formation that is part of the Gunnedah Basin. All of these 
sedimentary units are host to TAMF igneous bodies.

From the late Triassic to late Jurassic there was wide-
spread, but volumetrically minor, alkaline volcanism across 
large areas of New South Wales and Victoria (Dulhunty 
1967; Meakin and Morgan 1999; McDougall 2008). Zircon 
fission track and bulk-rock K–Ar dating from the TAMF 
have returned ages of ca. 170–220 Ma (Meakin and Mor-
gan 1999; Sutherland pers. comm. 2013), confirming a late 
Triassic to Early Jurassic age of magmatism. Subsequent 

Cenozoic geological activity in the region includes exten-
sive mafic lava flows now preserved to the north and south 
of Dubbo city (Zhang and O’Reilly 1997; Fig. 1b) and the 
development of thin (>4  m) discontinuous alluvium and 
colluvium. The mafic lavas range in composition from oli-
vine tholeiites, basanites, alkali olivine basalts, hawaiites 
and mugearites, and are expected to derive from partial 
melting of both asthenospheric (plume) and subcontinental 
lithospheric mantle (Zhang and O’Reilly 1997).

Geology of the TAMF

The TAMF comprises approximately 30 relatively small 
(0.2 to ~10 km2) elliptical alkaline igneous bodies the out-
crop within an area of ca. 200 km2 to the south of Dubbo. 
The field is distinguished in regional geophysics as a zone 
of anomalously high gravity (Fig.  1b) and relatively high 
Th and U (Meakin and Morgan 1999). The bodies are pre-
dominately of trachyte composition, but also include two 
small syenite intrusions and minor alkali basalts (Fig. 1c); 
in this paper, we focus on the trachytes and syenites. The 
trachytes formed at shallow intrusive to extrusive levels as 
volcanic plugs, laccoliths and lopoliths, flows, and pyro-
clastic deposits (Fig.  2b; Meakin and Morgan 1999). The 
trachyte bodies in the immediate vicinity of the Toongi 
Deposit (Fig. 1c) share many common features. These bod-
ies tend to show concentric zonation, with relatively fine-
grained, flow-banded outer margins and relatively homoge-
nous, coarser-grained interiors. Where observable the outer 
contact of the bodies tends to be sharp, with minor hornfels 
and quartz veining extending a few metres to 10 s of metres 
in the country rocks.

The trachytes tend be to fine- to medium-grained and 
are often vesicular and/or porphyritic, with alkali feldspar 
phenocrysts ranging in size from several mm to 2 cm. The 
degree of alteration varies from absent to strong. They may 
be massive or foliated in outcrop and hand sample, but flow 
banding in the trachytic matrix is commonly observed in 
thin section. In general, the trachyte and syenite samples 
share similar mineral assemblages (excluding the Toongi 
Deposit, which is described in detail below). They are 
dominated by alkali feldspar [K/(K + Na) = 0.5–0.7], and 
titanomagnetite, usually with aegirine-augite and/or arfved-
sonite (see Electronic Appendix 1) in the groundmass and/
or as micro-phenocrysts. Other igneous minerals that form 
interstitially in the matrix include Mn-rich fayalite, eudia-
lyte, the rare mineral wilkinsonite (Na2Fe6Si6O20; see Dug-
gan 1990), and sparse µm-sized zircon and REE-rich apa-
tite. Quartz is rarely present as an igneous phase, but is a 
major constituent (together with Fe oxides/hydroxides and 
sericite) of hydrothermal alteration products. Some bodies 
with elevated rare metal contents (e.g. Railway prospect; 
Fig. 1c) are extensively silicified and altered.
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The trachytes bodies are easily recognized by their radi-
ometric signatures (see Meakin and Morgan 1999). Three 
groups of trachyte bodies are defined (Fig. 1c): (1) A high 
K, low U, low Th variety (e.g. Dowds Hill; Fig.  1c); (2) 
high-K, moderate-Th + U ovoid bodies found mainly to the 
west of Toongi Deposit and (3) high-Th and high-U bod-
ies, which include the Toongi Deposit and Railway pros-
pect. There is little petrographic distinction between rocks 
of various types, except that some of the high-Th + U tra-
chytes tend to be more intensely altered. Nevertheless, we 
retain this division of the trachytes for geochemical evalua-
tion, as outlined below.

Geology of the Toongi Deposit

The Toongi rare metal deposit is entirely contained within 
a ca. 0.3-km2 elliptical trachyte laccolith located near the 
centre of the TAMF (Fig.  1c). Zircon fission track dating 
of the intrusion returned an age of 184 + 19 Ma (Meakin 
and Morgan 1999). Exploration drilling reveals that the 
body varies from ~50 m thick in the west to 150 m thick to 
the east (Fig. 2b). At the surface the deposit is in intrusive 
contact with the Napperby Formation, whereas the basal 
contact is with the underlying Gregra Group, and is marked 
by a fine-grained silicified zone of several metres thickness. 
The magma feeder structure is not currently recognized; 
however, based on regional structural trends (see Glen in 

Meakin and Morgan 1999), we speculate on the existence 
of a NE-orientated normal fault on the eastern side of the 
intrusion (Fig. 2b). Although evidence is for such a struc-
ture is limited, it would explain the offset of the unit bound-
aries within the country rocks across the intrusion (Fig. 2b) 
and may provide a possible feeder structure for the intru-
sion. Overall, there is very little lithological variation 
across the intrusion, although flow banding and magmatic 
brecciation features can be observed in some outcrops and 
from drillcore. The deposit largely consists of fine-grained 
(<0.5  mm) trachyte that may be weakly porphyritic and/
or vesicular and varies in appearance from cream coloured 
in the least altered samples, to mottled green to blue-grey 
with increasing degree of alteration (Fig. 3a). This altera-
tion gives the rock a turbid light brown appearance in thin 
section.

Up to 10% of the trachyte may consist of 2–4-mm-long 
elongate vesicles that are horizontally aligned with the 
magmatic flow foliation. The vesicles are mostly empty 
voids, but in some cases are partly to completely filled with 
prismatic quartz and/or a translucent green–brown phase 
(Fig.  3a) later identified as yttrian milarite (see below). 
Also sporadically dispersed through the rock are irregu-
lar dark blotches up to 1 cm in size (Fig. 3b) that consist 
of fine-grained Mn oxides (likely pyrolusite) and Mn-rich 
silicates (likely rhodonite) set within the feldspathic rock 
matrix.

Fig. 2   a Geological map of 
the Toongi Deposit trachyte 
showing locations of drillhole 
collars. b Interpreted cross sec-
tion of the Toongi Deposit with 
drill hole traces, and speculative 
feeder fault structure
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The mineralogy of the Toongi Deposit trachyte differs 
significantly from other igneous rocks of the TAMF. The 
intermediate-composition alkali feldspars, primary mag-
netite, and sodic-calcic pyroxenes and amphiboles that 
comprise other trachyte and syenite bodies in the area have 
not been found in the Toongi Deposit. Instead, most of the 
groundmass and phenocrysts (up to 1 mm) are composed 
of feldspar that is either near end-member albite or pure 
K-feldspar in composition (Fig.  4a; Electronic Appen-
dix 1). The phenocrysts are commonly oscillatory zoned, 
although most phenocryts and groundmass grains have 
albite rim zones of variable thickness. Textural evidence 
suggests that these feldspars are of igneous origin, with 
the exception of the thin albite rim zones that may be of 
hydrothermal origin. The pyroxene is aegirine (Electronic 
Appendix 1) and occurs as occasional micro-phenocrysts 
and as fine (<0.1 mm) acicular crystals as part of the tra-
chytic matrix of the rock (Fig.  4). Arfvedsonite has not 
been identified, and rare fine-grained quartz may be found 
interstitial to feldspar and aegirine in the matrix.

The main ore minerals include Na–Ca–Zr silicates, 
lueshite/natroniobite and REE carbonates that are dispersed 
throughout the trachyte matrix. The identification, com-
positions and textural settings of these ore minerals are 
described in a separate section below.

All of the rock mass has undergone post-magmatic 
hydrothermal alteration, although the degree of altera-
tion varies considerably, even at the centimetre scale. 
The most altered samples have pervasive sericite, chlorite 
and goethite alteration throughout the rock, with only the 
albitic cores of phenocrysts and aegirine micro-phenocrysts 
remaining free of alteration.

Extensive drilling and chemical assay of samples of the 
Toongi Deposit by Alkane Resources Ltd (see Fig.  2a, b) 
allows delineation of the extent, distribution and variabil-
ity of ore metals throughout the orebody. The assay data 
(>4000 1-m composite samples) show that the dimensions 
of the orebody correspond precisely to the trachyte intru-
sion volume, with no elevation of rare metal content in the 
immediate surrounding country rocks (i.e. no mineraliza-
tion envelope). Moreover, there is a remarkable uniformity 
in ore metal grades throughout the deposit, with ca. 95% of 
the rock volume having ore metal concentrations (Nb, Zr, 
Y and REE) that are within 30% of the mean concentra-
tion value (see Fig. 5). There is also no apparent correlation 
between metal grade and degree of rock alteration. This 
level of grade homogeneity across the deposit is excep-
tional when compared to many other ore deposits that tend 
to have a power law (fractal) distribution between ore grade 
and mineralized rock volume (e.g. Wang et al. 2010).

Ore mineralogy and textures

The fine grain size, complex textural setting and complex 
chemistry of most ore minerals in the Toongi Deposit tra-
chyte hampered efforts to identify ore minerals by opti-
cal microscope. Therefore, we have undertaken extensive 
backscattered electron (BSE) imaging and energy-disper-
sive spectrometry (EDS) using an electron microprobe to 
characterize ore mineral textures and to aid mineral iden-
tification. Most ore minerals could not be precisely identi-
fied by EDS alone, and quantitative wavelength-dispersive 
spectrometry (WDS) proved unreliable due to extreme 

Fig. 3   a Photograph of a cut surface of a Toongi Deposit trachyte 
(drillcore sample TOD3-62.5) with partly filled vesicles. The colour 
variation relates to variable degree of alteration. The fine cream-
coloured blebs disseminated through the rock are Na–Zr silicate 
ore minerals. b Thin section photograph of Toongi Deposit tra-

chyte (drillcore sample TOD3-57.1) with irregular Mn-rich blotches 
(black). c Closer view of Mn-rich zone. Eudialyte group minerals 
(EGM) are evident as the cream-coloured spherical blebs. In some 
cases, the EGM bleb has an outer rim of Mn oxides
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instability of some mineral phases under the electron beam 
(see Electronic Appendix 2 for details), so LA-ICP-MS 
analysis and Raman spectroscopy were also employed to 
identify ore mineral species and quantify their chemical 
composition. Full details of the analytical methods are pre-
sented in Electronic Appendix 2.

Examination of samples from across the deposit reveals 
a remarkable level of uniformity in the mineralogy and 
textural setting of the ore minerals. The ore minerals are 
always sub-mm in size and are distributed throughout the 
rock mass. The bulk of the ore metals are hosted in com-
plex Na–Ca–Zr silicate phases (probably eudialyte, vlaso-
vite and catapleiite) that mainly occur as subspherical to 
irregular shaped, white to cream coloured blebs (Fig.  3) 
that are dispersed throughout the rock matrix (Fig.  4a). 
These phases comprise between 5 and 10% of the rock 
volume. Their grain size is relatively homogeneous at 
the millimetre scale, but varies from sample to sample, 
from sub-50-µm grains, to 200–500-µm grains (compare 
Fig. 4a, b). In rare cases, these blebs occur in prismatic to 
hexagonal forms (Fig.  4e). These blebs are interstitial to 
feldspar and aegirine phenocrysts, and in many cases wrap 
or include phenocrysts. They are also characterized by an 
abundance of fine tabular to acicular inclusions of albite, 
K-feldspar and aegirine that are similar to the rock matrix. 
These inclusions, or clusters of inclusions, are commonly 
aligned, and often define spiral or circular forms (Fig. 4c, 
d) that do not parallel the trachytic flow foliation of the 
rock matrix. This texture resembles “snowball quartz” 
described from sodic, rare metal-rich granites from across 
the globe (e.g. Schwartz 1992; Helba et  al. 1997; Mül-
ler et  al. 2000) and henceforth will be labelled snowball 
texture. The density of the Na–Ca–Zr silicate blebs tends 
to be highest in association with the dark patches of Mn 
oxides and Mn silicates (see Fig.  3c). At these sites, the 
Na–Ca–Zr silicate blebs often feature an outer zone or car-
apace of small crystals of Mn oxide (Fig. 3c) that appear 
to have grown inwards towards the centre of the bleb, as 
can be seen in Fig. 4g.

Fig. 4   Backscatter electron images of ore minerals of the Toongi 
Deposit. a Overview of inclusion-rich blebs of vlasovite (light grey) 
within the trachytic matrix (sample TOD3-108.6). Note: the aegirine 
and zoned feldspar phenocrysts. b Snowball eudialyte group minerals 
(EGM; light grey) in sample TOD3-59.0. c, d Snowball EGM from 
sample TOD3-59.0 (c) and sample TOD3-57.1 (d) with irregular 
grain boundaries and spiral/swirling clusters of feldspar and aegirine 
inclusions. In some cases, micro-phenocrysts are seen protruding 
into, or contained within, the EGM grain. e Hexagonal catapleiite 
(light grey) in trachytic matrix of sample TOD2-31.1. The catapleiite 
contains some inclusions of feldspar and aegirine, but much less than 
the snowball EGM (c, d). f, g Snowball EGM associated with Mn-
rich blotch from sample TOD3-56.5. Image G is taken under high-
contrast conditions to highlight the Mn oxide crystals (bright grey) 
that line the outer surface of the EGM, and the internal zoning of the 
EGM. The Mn oxides appear to have grown inwards towards the inte-
rior of the grain and are interpreted to have grown in a liquid media. 
h Interstitial lueshite/natroniobite (white) in sample TOD3-59.0. 
Note that the lueshite/natroniobite and EGM (light grey) appears in 
textural equilibrium with matrix feldspar and aegirine crystals. i Sec-
ondary REE carbonates (white) with quartz and chlorite from sample 
TOD3-59.0. Note: the ragged and irregular texture of matrix aegirine 
and feldspar grains, indicating they have undergone reaction and par-
tial dissolution during formation of the secondary ore assemblage. j 
Partially infilled vesicle from sample TOD3-66.9. The outer surface 
of the vesicles is lined with fine colloform REE carbonates (white) 
and unidentified alkali Zr silicate(s). Prismatic quartz, gaidonnayite 
and yttrian milarite crystals then grew over the colloform surface into 
the vesicle void. Mineral abbreviations; aeg aegirine, alb albite, Ksp 
K-feldspar, chl chlorite, MnOx Mn oxide, REE carb REE carbonate, 
qtz quartz, gdn gaidonnayite, Y-mil yttrian milarite
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ment concentrations is limited throughout the deposit
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We have identified three principal Na–Ca–Zr silicate 
phases that comprise the ore blebs. The most abundant 
ore phase is a complex Na–Ca–Mn–Fe–REE–Y–Zr–Nb 
silicate that does not correspond to the composition of any 
known mineral. Some previous workers have given this 
phase the obscure label of “zircon gel” (Ramsden 1992). 
In most cases, this phase lacks crystal habit, contains abun-
dant microscale inclusions and best preserves the snowball 
textures (Fig.  4c, d). In some rare cases, hexagonal crys-
tal forms or zoning structures are preserved. Raman spec-
tra (532 nm laser) of this phase are characterized by broad 
peaks at wavenumbers around 550 cm−1 and ca. 1000 cm−1 
(Electronic Appendix 3). We tentatively labelled this phase 
a Na + Ca-poor, REE-rich eudialyte group mineral (EGM) 
(Table 1). Members of the eudialyte mineral group span a 
very broad range of chemical composition (Schilling et al. 
2011) and have variable Raman spectral features, but all 
species feature a prominent Raman peak at wavenumber 
of ca. 550  cm−1 (http://rruff.info) and most tend to have 
atomic Si/Zr ratio between 7 and 10 (Schilling et al. 2011); 
both of these features match our data. The phase has low 
TiO2, Al2O3 and Sr contents, and high MnO (1.5–2 wt%), 
FeO (5–7 wt%), Nb2O5 (~0.8 wt%) and REE + Y (>7 wt%) 
contents (Table  1; Electronic Appendix 4). Qualitative 
WDS data indicate this phase has appreciable F (~0.4 wt%) 
and low Cl (<0.1 wt%) contents.

Based on chemical composition, we have identified 
two other Na–Ca–Zr–silicate phases that form the ore 
blebs. Both of these phases are relatively minor compared 
to the EGM. One phase that forms anhedral to subhedral 
blocky crystals and has with atomic Si/Zr of ~4 is likely 
vlasovite (Na2ZrSi4O11), albeit with variable substitution 
of Ca for Na (Table 1). The other phase also has variable 
Na/Ca, but has an atomic Si/Zr of ~3 and often has hex-
agonal habit (Fig.  4e); this is likely to be a member of 
the catapleiite mineral group with approximate formula 
NaCaZrSi3O9·2(H2O). Vlasovite contain appreciable Y2O3 
(~1.5  wt%) and Nb2O5 (~3  wt%), and appear in texture 
equilibrium with rare, fine-grained (<20 µm) REE carbon-
ate that fills interstices between matrix minerals.

The dominant Nb (and Ta) mineral is close to NaNbO3 
in composition, and is found as small (<40  µm) irregular 
grains that also formed in the interstices between matrix 
feldspar and aegirine grains (Fig. 4h). The phase is either 
lueshite or the monoclinic equivalent natroniobite. Like the 
Na–Ca–Zr silicates, these grains can be found throughout 
the rock matrix and appear in textural equilibrium with sur-
rounding igneous silicate mineral assemblage.

A second assemblage of ore minerals is found infill-
ing vesicles and micro-fractures in the rock. The dominant 
minerals of this assemblage are irregular REE (fluoro)car-
bonates that include bastnaesite ((La,Ce)CO3F), Sr-rich 
galgenbergite (Sr(La,Ce)2(CO3)2·2(H2O)) and roentgenite 

(Ca2(La,Ce)3(CO3)5F3, with bastnaesite and Sr-rich gal-
genbergite having both La-rich and Ce-rich compositions 
(Table  2). These REE carbonates often occur with sec-
ondary quartz, and are associated with sericite alteration 
of feldspar and chloritization of aegirine (Fig.  4i) within 
the rock matrix, or form thin colloform bands lining vesi-
cles (Fig.  4j). Also associated with REE carbonates are 
secondary Ca–Na–Zr–silicates that form irregular grains 
within the rock matrix, or subhedral crystals filling vesi-
cles (Fig.  4j). These phases were identified using Raman 
and LA-ICP-MS as catapleiite and its polymorph gaid-
onnayite (NaZrSi3O9·2(H2O)) (Electronic Appendix 3), 
or possibly the more hydrated equivalent-phase hilairite 
(NaZrSi3O9·3(H2O)). Again, these phases can contain sig-
nificant amounts of Nb2O5 (1–3 wt%; Table 1). The other 
major vesicle-filling phases are quartz and a Y + REE-rich 
variant of milarite (Fig.  4j; Electronic Appendix 3), with 
the approximate formula KCa1.0–1.5(REE,Y)0.5–0.9BeSi12O30 
(Table 1). These crystals are zoned in REE + Y contents, 
with some zones having REE + Y contents high enough to 
qualify for classification as agakhanovite-(Y) (Hawthorne 
et  al. 2014). However, given the substantial variations in 
REE + Y, this phase is henceforth labelled yttrian milar-
ite. Gaidonnayite, yttrian milarite and quartz can occur 
together as relatively coarse (up to 0.5 mm) prismatic crys-
tals grown inwards from the vesicle wall (Fig. 4j).

REE geochemistry of ore minerals

Further insights into the origin and paragenetic relation-
ship between ore minerals can be gained from examina-
tion of the REE composition of minerals. The EGM have 
remarkably uniform major and trace element compositions, 
with slightly LREE-enriched REE patterns that feature a 
prominent negative Eu anomaly (Fig. 6a). The pattern mir-
rors the bulk ore REE pattern, albeit with about an order of 
magnitude higher REE concentration. Vlasovite also has a 
prominent negative Eu anomaly, but is markedly depleted 
in LREE relative to HREE, which we suspect is due to co-
precipitation with LREE-rich carbonate.

The ore minerals found in fractures and infilling vesicles 
have a much greater range of REE contents, particularly for 
the LREE (Fig. 6b). Catapleiite and gaidonnayite have REE 
patterns that broadly resemble the vlasovite, but have very 
low LREE contents, which is likely due to sequestration of 
LREE into coexisting REE (fluoro)carbonates. The REE 
pattern of yttrian milarite is relatively flat with high con-
tents of MREE (Gd to Er) but relative depletion in La, Tm, 
Yb and Lu. Catapleiite, gaidonnayite, yttrian milarite and 
vlasovite all have negative Eu anomalies, but also have dis-
tinct positive Y anomalies and overall “m-shaped” REE pat-
terns most clearly characterized by concave down segments 

http://rruff.info
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between La and Nd, and between Ho and Lu. These fea-
tures are characteristic of the lanthanide tetrad effect that 
is observed in relatively low-temperature magmatic and/or 
hydrothermal minerals (Bau 1996; Monecke et al. 2011).

Bulk‑rock geochemistry

To better understand the source and genetic relationship 
between igneous rocks of the TAMF, we have undertaken 
bulk geochemical and Nd isotope analysis of rock samples 
from across the field area (Fig. 1c). Major and trace element 
analyses were conducted by XRF and LA-ICP-MS, respec-
tively, and Nd isotope analyses of rock powders were com-
pleted by TIMS. Full analytical details are presented in Elec-
tronic Appendix 2. Major and trace element, and Nd isotope 
data are presented in Table 3 and Electronic Appendix 5.

Major/minor elements

The majority of the samples have SiO2 contents between 
60 and 70 wt%, with relatively high alkali (Na2O + K2O) 
contents, and plot almost exclusively within the trachyte 
field of the standard TAS diagram of Le Maitre et al. (2002) 
(Fig. 7a). A few samples straddle the border with rhyolite/
dacite, but these were likely enriched in SiO2 by hydrother-
mal alteration, as discussed above. Despite the overall lim-
ited range of SiO2 contents, there are clear major element 
compositional trend across the suite of rock types. The 
rocks have relatively low contents of TiO2, CaO, MgO and 
P2O5, although the low- and moderate-Th +  U trachytes 
and syenites tend to have higher contents of these elements, 
as well as K2O, compared to the high-Th + U and Toongi 

Deposit trachytes (Fig. 7). Most rocks have alumina satura-
tion index (ASI; Al/[Ca − 1.67P + K + Na]; Frost et al. 
2001) values of around 1, except for some high-Th +  U 
samples that have lost Na2O during alteration (Fig.  7c), 
and the Toongi Deposit trachyte, which has a peralkaline 
signature [peralkaline index (PI) of 1.4–1.5] with relatively 
high Na2O and low Al2O3. Compared to the other igneous 
bodies, the Toongi Deposit trachyte also features elevated 
Fe2O3, low TiO2 and variable MgO and MnO for the given 
TiO2 content. Commonly used fractionation indices for 
siliceous igneous rocks such as Rb/Ba and the europium 
anomaly (Eu/Eu*) also directly correlate with TiO2 content 
across the igneous suite (Fig. 7h, i).

Our petrographic observations reveal that many of the 
samples have undergone post-magmatic hydrothermal 
alteration that manifests most obviously as silica enrich-
ment and Na2O depletion in some of the high-Th + U sam-
ples, including those from the Railway prospect. Many of 
the most altered samples also have elevated loss-on-ignition 
(LOI) values (Fig.  8), but there is no significant relation-
ship between LOI and ore metal concentration (Fig.  8b). 
Excluding the most altered rocks, we do, however, find a 
direct relationship between bulk-rock Na/Ca of various tra-
chytes, and Na/Ca of their respective alteration-free mag-
matic pyroxenes (Fig. 8c). This relationship indicates that 
bulk Na/Ca of most trachytes, including those of the Toongi 
Deposit, are indicative of their magmatic composition and, 
hence, have not been significantly modified by alteration.

Ore metals and trace elements

The concentration of the ore metals Zr, Hf, Nb, Ta, Y 
and REE all positively correlate with all of the alkaline 
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rock suites, the syenites and low-Th + U trachytes hav-
ing the lowest ore metal concentrations and the Toongi 
Deposit trachytes clearly having the highest metal con-
tents. The medium- to high-Th +  U trachytes span the 
range in between, which is consistent with the direct 
correlation between ore metals and Th and U concentra-
tion (Table 3). Ore metal concentrations (represented by 
Zr in Fig.  9) also positively correlated with most other 
incompatible trace elements, including Be, Rb, Zn, Ga, 
Sn, Sb, Cs, Rb/Ba and Pb (Fig. 9e; Table 3), but are nega-
tively correlated with TiO2 (Fig. 9a). The Nb/Ta ratio of 

all samples varies between 14 and 18, which are typical 
values of crustal rocks (e.g. Münker et al. 2003), whereas 
the Zr/Hf ratio varies from 35 to 55, which is higher than 
the chondritic value of 34 (Münker et  al. 2003). Stron-
tium and Ba concentrations do not vary systematically 
across the suites, and Cr, Ni, Sc and Co contents are 
low in all samples. The extensive alteration of some of 
the high-Th + U trachytes (e.g. Railway prospect) does 
not significantly affect ore metal grade, except for the 
light REE (represented by Ce in Fig. 9d), which shows a 
depletion trend with alteration.
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Fig. 7   Scatterplots of the geochemical composition of TAMF igne-
ous rocks. a Total alkalis versus SiO2 (after Le Maitre et al. 2002). b 
Al2O3 versus SiO2. c Na2O versus alumina saturation index (ASI). d 
Na2O versus TiO2. e K2O versus TiO2. f MgO versus TiO2. g MgO 
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field represents the composition of pantellerite trachytes from the 
Menengai and Longonot volcanos, central Kenya (from Macdonald 
et al. 1970; Rogers et al. 2004; Macdonald et al. 2011)
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Sm–Nd isotope composition

The bulk Sm–Nd isotope composition of a selection of 
samples from the low-Th +  U, high-Th +  U and Toongi 
Deposit trachyte suites were determined to aid evaluation 
of the source of the magmatic rocks and mineralization. 
εNd (calculated to the best estimate for formation age of 
185 Ma) for all samples fall within a relatively tight range 
between +3.0 and +3.8. No variation in εNd with ore 
metal content is observed (Fig. 9f).

Discussion

Origin and evolution of TAMF

Mesozoic plate tectonic reconstructions place the Toongi 
region to be well inboard of the eastern continental plate 
margin (Sutherland et al. 2012), so the TAMF likely formed 
in an intraplate setting associated with the extensive Karoo-
Ferrar-SE Australia large igneous province that devel-
oped during continental extension related to the break-up 
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of Pangaea in the early Jurassic (Veevers 2012). Although 
the TAMF rocks are intermediate in composition, they are 
associated with basalts (Meakin and Morgan 1999), and 
they have relatively radiogenic Nd isotope compositions 
(εNd of +3 to +3.8) that are indicative of derivation from a 
moderately depleted mantle source.

The boundary between the Lachlan Fold Belt to the 
south and Gunnedah Basin to the north (Fig. 1a) may rep-
resent a crustal-scale structure that allowed mantle-derived 
magma to traverse the crust towards the surface. Some 
magma reached the surface with little fractionation to form 
the basaltic dykes and lava flows of the region. Most of the 
TAMF, however, consists of relatively evolved intermedi-
ate-composition rocks, which requires magma ponding and 
differentiation prior to eruption or emplacement at, or near, 
the surface. The relatively uniform and radiogenic Nd iso-
tope compositions (Fig.  9f) rule out a significant role for 
crustal assimilation in evolution of the TAMF rocks, so we 
propose that differentiation was achieved via crystal frac-
tionation. The large gravity high that directly underlies 
the TAMF (Fig. 1b) is interpreted to represent the remnant 
mafic/ultramafic differentiates of this fractionation pro-
cess within the crust. Similar gravity anomalies reported 
beneath other intermediate to felsic alkaline complexes 
have been interpreted in a similar manner (e.g. Whitaker 
et al. 2008).

The restricted primary compositional range (from ca. 
60 to 66 wt% SiO2) of the TAMF rocks limits direct geo-
chemical evaluation of the role of crystal fractionation in 
magma evolution. Nevertheless, modelling of other alka-
line magmatic suites have shown that trachytic magma can 
be produced from a basaltic parental melt via fractionation 
of olivine, plagioclase, augitic clinopyroxene and Fe–Ti 
oxides (Baker et al. 1977; Peccerillo et al. 2003; Whitaker 
et al. 2008; Xu et al. 2010). Therefore, we have undertaken 
modelling of fractionation of putative parental magmas 
in an attempt to reproduce the trachyte compositions of 
the TAMF. We employed the Rhyolite-MELTS algorithm 
(Gualda et al. 2012) for thermodynamic modelling and used 
the composition of various Cenozoic mafic lava types from 
the Dubbo region reported by Zhang and O’Reilly (1997). 
Despite their difference in ages, these mafic volcanic rocks 
have similar Nd isotopic signatures to the TAMF (Fig. 9f), 
suggesting that both of these magma suites derive from a 
common mantle source. Based on comparison with other 
intermediate to silicic peralkaline volcanic complexes (see 
Electronic Appendix 2), we assume a relatively reduced 
fO2 condition of 2 log units below the FMQ buffer (FMQ-
2), and a starting H2O content of 0.1 wt% for the modelling 
(Table 4). Further details of the modelling are outlined in 
Electronic Appendix 2.

We first attempted to model the formation of the high-
K, low-Th + U trachytes that represent the most primitive 

trachytes of the TAMF (Model 1 in Table 4). The starting 
parental magma composition used was an olivine tholei-
ite from Zhang and O’Reilly (1997), as this represents 
one of the dominant mafic lava types in the region. After 
extensive iterative testing of model parameters, a reason-
able solution was reached by a combination of fractional 
crystallization (i.e. progressive crystal removal) of the 
parental melt at 0.3 GPa (to 50% crystallization) followed 
by equilibrium crystallization (i.e. no crystal removal) of 
the derivative liquid to a total crystallization of 90% of 
the parental magma. The fractionating assemblage was 
olivine, augite, plagioclase, spinel, Fe–Ti oxide and apa-
tite. The resulting melt composition (liquidus at 1025 °C 
at 0.3 GPa) matches well the composition of the high-K, 
low-Th + U trachyte, expect for slightly lower Al2O3 and 
Na2O, and higher K2O and CaO contents in the modelled 
melt. These differences are not considered particularly 
deleterious given the uncertainty in the starting composi-
tion and model parameters. Moreover, simple modelling 
of incompatible trace element (Zr, Nb and Ce) enrichment 
with fractionation also returns trace element concentra-
tion values that are similar to those of the high-K, low-
Th + U trachytes (Table 4). The preservation of interme-
diate-composition feldspar in these rocks indicates that 
these trachytic melts may have been tapped to the surface 
with relatively little intervening fractionation at shallower 
crustal levels (Fig. 10).

Based on the geochemistry trends (Figs. 7, 9) and phe-
nocryst assemblages, we expect that further fractionation 
of clinopyroxene, alkali feldspar and Fe–Ti oxide drove 
magma compositions from the high-K, low-Th +  U tra-
chytes and syenites to the high-Th + U trachytes that fea-
ture relatively low TiO2, low K2O and low MgO, but high 
contents of incompatible elements (Fig.  9). The progres-
sive development of the negative Eu anomalies (Fig.  7h) 
and increasing Rb/Ba (Fig.  7i) are also consequences of 
extensive feldspar fractionation. Biotite or muscovite are 
unlikely to have had any significant role in magmatic frac-
tionation, as they are not found as igneous phases, and 
all of the analysed samples have typical crustal Nb/Ta of 
around 15. Igneous rocks that have undergone extensive 
mica fractionation have low Nb/Ta (<10; Stepanov et  al. 
2014).

Some samples of the high-Th +  U trachytes, such as 
those from the Railway prospect, deviate from the frac-
tionation trends, have relatively high SiO2, high LOI and 
low Na2O and are variably depleted in LREE (Fig. 9d). Pet-
rographic observations of these samples reveal pervasive 
low-temperature alteration, including silicification, which 
likely explains their anomalous geochemical compositions. 
The mobility of LREE during alteration is consistent with 
observations from other silicic alkaline volcanic systems 
(Weaver et al. 1990).
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Evolution of the Toongi Deposit trachyte

The Toongi Deposit trachyte is distinct from other trachytes 
of the TAMF in a number of ways. Not only does the 
Toongi Deposit trachyte have ore grade concentrations of 
rare metals, but also has significantly higher concentrations 
of Na2O, MnO and incompatible trace elements (e.g. Be, 
Sn, Th, U) and lower concentrations of K2O and Al2O3 than 
other trachytes in the region. The Toongi Deposit is dis-
tinctly peralkaline (PI = 1.4–1.5), and consists of aegirine, 

K-feldspar and albite, as opposed to the calcic clinopyrox-
ene and intermediate-composition alkali feldspar of other 
TAMF trachytes. Most samples of the Toongi Deposit 
trachyte are altered to varying degrees, which is likely 
to have affected the composition of these rocks to some 
extent. However, the fundamental chemical and petro-
logical differences between the magma suites are unlikely 
due to alteration for several reasons; (1) LOI (a chemical 
proxy for alteration) does not correlate with distinguish-
ing chemical factors such as Na2O or Zr content (Fig. 8); 

Table 4   Magma fractionation modelling using Rhyolite-MELTS

See Electronic Appendix 2 for modelling details. All calculations at fO2 conditions of FMQ-2

* TRMO = Total rare metal (Zr, REE, Nb, Y) oxides

Fractionation stages

1. Average of 6 olivine tholeiite analyses from the Dubbo region from Zhang and O’Reilly (1997)

2. Derivative liquid after 50% fractional crystallization of composition 1 at 0.3 GPa

3. Derivative liquid after equilibrium crystallization of composition 2 at 0.3 GPa

4. Average high-K, low-Th + U trachyte from the Toongi Valley and Ugothery units

5. Average of 2 alkali olivine basalt analyses from the Dubbo region from Zhang and O’Reilly (1997)

6. Derivative liquid after 85% fractional crystallization of composition 5 at 0.3 GPa

7. Derivative liquid after equilibrium crystallization of composition 6 at 0.1 GPa

8. Derivative liquid after fractional crystallization of aegirine (2% of total mass), K-feldspar (1%), apatite and Fe–Ti oxide from composition 7 at 
0.1 GPa

9. Average Toongi Deposit trachyte

Fractionation stage MODEL 1: high-K, low-Th + U trachyte MODEL 2: Toongi Deposit trachyte

1 2 3 4 5 6 7 8 9

Liquidus T at 0.3 GPa (°C) 1252 1135 1025 1062 1285 1015

Liquidus T at 0.1 GPa (°C) 955 <955 <975

Crystallization mode Fractional Equilibrium Fractional Equilibrium Fractional

% Crystallization of parental melt 0 50 90 0 85 90 93

wt% oxide

 SiO2 50.03 48.59 62.51 62.38 45.15 54.84 58.81 60.18 63.02

 TiO2 1.92 3.62 0.48 0.45 2.52 0.62 0.26 0.12 0.08

 Al2O3 14.87 14.71 15.54 17.33 13.58 12.57 11.05 13.27 12.41

 FeO 11.35 14.72 4.95 5.41 12.82 13.7 9.97 5.98 6.54

 MnO 0.18 0.34 0.32 0.21 0.20 0.27 0.16 0.18 0.59

 MgO 8.21 3.67 0.65 0.31 10.60 0.20 0.02 0.03 0.19

 CaO 9.30 7.97 3.40 1.51 10.41 4.21 3.43 3.88 0.42

 Na2O 2.76 3.70 4.57 5.94 3.21 8.12 10.36 10.78 8.14

 K2O 0.95 1.81 6.52 5.4 0.72 4.15 4.46 4.16 4.17

 P2O5 0.33 0.66 0.10 0.09 0.70 0.66 0.52 0.02 0.01

 H2O/LOI 0.10 0.20 0.95 0.76 0.10 0.66 0.96 1.39 1.38

 TRMO* – – – 0.20 – – – – 3.05

Total 100 100 100 100 100 100 100 100 100

Trace element (ppm)

 Zr 140 1120 973 229 2620 13,300

 Nb 24 192 150 72 825 2810

 Ce 37 259 165 86 860 2870
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(2) the Toongi Deposit trachyte is remarkably constant in 
composition (Fig.  5; Electronic Appendix 2), irrespective 
of the degree of rock alteration (perhaps with the exception 
of Sr and Ba) and (3) the high bulk-rock Na2O is consist-
ent with the highly sodic nature of igneous aegirine from 
these rocks (Fig. 8c). Therefore, we consider these distinct 
chemical differences to reflect primary magmatic variations 
between the rock suites.

The distinct composition of the Toongi Deposit trachyte 
is unlike most other trachytes worldwide: The closest ana-
logues are the pantellerite trachytes of the Menengai and 
Longonot volcanoes of central Kenya (Macdonald et  al. 
1970; Rogers et  al. 2004; Macdonald et  al. 2011). These 
volcanic rocks have similar major element composition 
to the Toongi Deposit trachyte (Fig.  9), except they have 
significantly higher TiO2 and lower incompatible trace 
element contents. The Kenyan trachytes are also miner-
alogically distinct, having phenocrysts of alkali feldspar, 
fayalite, Fe–Ti oxide and (in some cases) aenigmatite, 
rather than two feldspars and aegirine.

The Toongi Deposit trachyte and other TAMF trachytes 
have close spatial and temporal associations and have simi-
lar Nd isotope compositions, and so are likely to have some 
direct genetic relationship. We can discount a significant 

role for crustal assimilation based on the similar Nd iso-
tope results of all suites, and we do not expect that variable 
H2O contents affected different evolutionary paths of these 
magma suites, as there are no primary hydrous phases in 
the Toongi Deposit trachyte, and there is no chemical evi-
dence of fractionation of hydrous phases, such as micas 
(e.g. fractionated Nb/Ta; Stepanov et al. 2014).

Extensive Rhyolite-MELTS testing of fractionation of 
the olivine tholeiite parent magma composition used for 
modelling of the high-K, low-Th + U trachytes (see above) 
using a range of parameters (fO2, P, T) failed to produce 
liquids of comparable composition to the Toongi Deposit 
trachyte. This result indicates that the parental magma to 
the Toongi Deposit trachyte may be distinct from that of 
other rocks of the TAMF. Therefore, subsequent modelling 
employed an alkali olivine basalt composition (see Model 
2 in Table 4) that also occurs in the Dubbo region (Zhang 
and O’Reilly 1997). In this case, we also assumed a fO2 
value of FMQ-2 and initial H2O content of 0.1 wt%. Again, 
we conducted iterative testing of model parameters and 
found a reasonable solution by a combination of fractional 
crystallization of the parental melt at 0.3  GPa to 85% of 
the starting mass, followed by equilibrium crystallization 
of the derivative liquid at 0.1 GPa to a total crystallization 
of 90% of the parental magma. The fractionating assem-
blage was again olivine, augite, plagioclase, Fe–Ti spinel 
and apatite, but in this case the combination of a different 
parental melt, more extensive degree of fractional crystal-
lization and polybaric evolution produced an intermediate 
melt composition with the low Al2O3, high FeO and high 
Na2O/K2O that is characteristic of the Toongi Deposit tra-
chyte. Based on the natural phenocrysts assemblage, we 
further removed components of aegirine (2%), K-feldspar 
(1%), and trace apatite and Fe–Ti oxide to produce an even 
better model fit to the natural composition (Table 4). The 
only significant mismatch between the model and observed 
compositions is the higher CaO and Na2O in the modelled 
melt. A simple incompatible element enrichment model 
after 93% total crystallization of the parental magma also 
fails to reproduce the very high levels of incompatible trace 
elements in the Toongi Deposit trachyte.

Our model of extensive polybaric fractionation of alkali 
olivine basalt can broadly reproduce the melt composi-
tion of the Toongi Deposit trachyte and, hence, may also 
be applicable to other pantellerite trachyte magmas such 
as at Menengai and Longonot, Kenya. Nonetheless, the 
low TiO2 and CaO, high incompatible trace element con-
tents, and abundance of aegirine and two feldspars in the 
Toongi Deposit trachyte requires further explanation. These 
features can be reconciled if the magma underwent exten-
sive further fractionation at low pressures and down to low 
temperatures (<700 °C), although modelling with Rhyolite-
MELTS produced progressively SiO2-enriched melts with 

Fig. 10   Schematic upper crustal section of the magmatic evolu-
tion of the TAMF. The large mafic/ultramafic intrusion at ca. 10 km 
depth is inferred from the high-gravity anomaly shown in Fig.  1b. 
Most TAMF bodies were formed from magma that underwent deep 
fractionation, whereas the Toongi Deposit trachyte is interpreted to 
have formed after extensive magma fractionation at shallow crustal 
levels. The Toongi magma may also have undergone liquid unmixing 
to form immiscible blebs rich in rare metal, Na silicate liquid (white 
blebs in panel C), that subsequently entrained fine crystals of matrix 
feldspar and aegirine to form snowball EMG (panel D)
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further fractionation. We suspect that the Rhyolite-MELTS 
algorithm may not be well suited to these relatively extreme 
magmatic conditions, as, for example, aegirine saturation is 
not reached. Instead, we speculate that further magmatic 
differentiation was driven by extensive aegirine plus feld-
spar fractionation, perhaps at, or approaching, eutectic-like 
conditions. Extensive feldspar fractionation is evident from 
the pronounced negative Eu anomalies (Fig. 7h) and very 
high Rb/Ba (Fig. 7i). Crystallization down to low tempera-
tures may have been facilitated by the high incompatible 
element and F contents (Manning 1981), and it provides an 
explanation for the two-feldspar mineral assemblage. The 
high peralkalinity and high Na2O/CaO composition should 
favour fractionation of aegirine over Fe oxides or fayalite 
as the dominated Fe-bearing phase (Marks et  al. 2011). 
The absence of aenigmatite is likely due to the low TiO2 
and relatively low SiO2 contents (Macdonald et  al. 2011) 
and the lack of arfvedsonite is interpreted to be due to the 
low activity of H2O in the magma. Marks et  al. (2011) 
show that aegirine crystallization is favoured in melts with 
high activity of Na2O over a large range of intrinsic oxy-
gen fugacity, but extended aegirine fractionation will lead 
to Fe3+ depleted—and hence even more reduced—melt 
compositions (Markl et  al. 2010). The lack of fractiona-
tion of a divalent cation-dominant phase also explains the 
relatively high MnO and, to some extent, MgO contents of 
the Toongi Deposit trachyte (Fig. 7g), as under these con-
ditions these elements are highly incompatible, and hence 
are enriched in the residual melt with the progress of frac-
tionation. The dark Mn-rich patches dispersed throughout 
the rock are interpreted to be late-stage precipitates of Mn 
oxide and silicates from trapped pockets of highly fraction-
ated residual melt.

Origin of the rare metal mineralization

The ore of the Toongi Deposit is remarkably uniform in 
grade (Fig.  5) and distribution and is entirely contained 
within the trachyte body with no mineralization halo in 
the surrounding country rocks. These characteristics are 
consistent with a direct igneous association to mineraliza-
tion, as has been recognized globally for rare metal min-
eralization in peralkaline igneous rocks (Chakhmouradian 
and Zaitsev 2012). Our magma evolution modelling results 
(Table  4), together with systematic trends in incompatible 
element geochemistry and a common Nd isotope signature 
for igneous rocks across the TAMF (Fig. 9f), all lend sup-
port to a model whereby ore element concentrations of the 
Toongi Deposit were obtained—for the most part—through 
extensive crystal fractionation prior to magma emplacement 
at shallow crustal levels. Crystallization likely proceeded to 
low temperatures, but the trachytic texture of the rock indi-
cates a late stage of rapid cooling, so textural evidence of an 

igneous origin for mineralization may well be preserved in 
these rocks. Thus, we now discuss ore mineral paragenesis 
based on textural associations and mineral chemistry.

Primary ore mineral assemblage

The dominant ore mineral is the Na–Zr–silicate phase, ten-
tatively identified as an EGM, that forms the snowball-tex-
tured blebs disseminated through the matrix of the Toongi 
Deposit trachyte. Simple mass balance budgeting based on 
mineral and bulk-rock composition and mineral propor-
tions (e.g. Fig.  6a) indicate that this phase, together with 
lueshite/natroniobite, host the vast majority (>80%) of ore 
metals in the deposit. Both the EGM and lueshite/natroni-
obite are dispersed throughout the rock matrix, but appear 
in textural equilibrium with igneous aegirine and feldspar. 
The snowball EGM is interstitial to igneous phenocrysts 
and matrix minerals, but also include matrix feldspar and 
aegirine crystals of igneous origin; we therefore assign the 
EGM to be a late magmatic phase. The co-crystallization of 
EGM and the Mn oxides (Fig. 4f, g) in the Mn-rich patches 
also conforms to a late magmatic origin. Further discussion 
on the origin and significance of the snowball texture of 
this phase is presented further below.

Lueshite/natroniobite is also seen filling interstices 
between igneous phases in the rock matrix (Fig. 4h) indi-
cating it formed at a similar stage of magmatic evolution as 
the EGM. Vlasovite and catapleiite are also likely to be of 
late magmatic origin, as they have similar textural settings 
to the EGM. These phases are relatively minor compared 
to the EGM, and the reason for their formation instead of 
EGM is unclear, but may relate to localized variations in 
Na/Ca or Si/Zr in the interstitial residual melt fraction.

Secondary ore mineral assemblage

Filling micro-fractures and vesicles in the trachyte is a sec-
ondary ore mineral assemblage of REE (fluoro)carbonates, 
yttrian milarite and hydrated Na–Ca–Zr silicates, such as 
catapleiite and gaidonnayite. The fractures are irregular and 
discordant to the trachytic flow foliation, and ore minerals 
occur with alteration minerals such as sericite and chlo-
rite that have reaction relationships with igneous miner-
als (Fig. 4i). Ore minerals in the fractures tend to occur as 
irregular fine-grained aggregates, whereas the vesicle fill 
occurs as fine colloidal banding, or euhedral prismatic crys-
tals that are typical of growth into open cavities. In both 
cases, these ore minerals are interpreted to have formed via 
late- or post-magmatic hydrothermal alteration. The preva-
lence of fractionated Y/Ho and the tetrad effect on the REE 
geochemistry of these phases (Fig.  7b) is also consistent 
with a hydrothermal origin (Bau 1996; Schmitt et al. 2002; 
Monecke et al. 2011). Based on the composition of the ore 
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mineral assemblage, we suggest that fluids for this altera-
tion were Ca- and Sr-bearing CO2–H2O fluids that were 
derived either as hydrothermal fluids exsolved from the 
crystallizing and cooling laccolith or from localized devol-
atilization of the Grega Group country rock due to intrusion 
of the Toongi trachyte. The latter case would be akin to the 
processes responsible for endoskarn formation (Meinert 
1992). Alteration of the cooling trachyte by these fluids led 
to localized dissolution of some of the primary ore miner-
als and redistribution into vesicles and micro-fractures in 
the rock. This metal redistribution process led to a greater 
degree of heterogeneity in ore metal distribution between 
phases (Fig. 6b), but does not appear to have modified ore 
metal grades at the hand sample scale (Fig.  5), indicat-
ing that hydrothermal ore metal remobilization was likely 
limited to the sub-metre (probably cm) scale. The lack of 
extensive alteration of the country rock around the deposit 
(e.g. lack of fenitization) also supports a limited role for 
hydrothermal activity, as other mineralized intrusions that 
have undergone extensive hydrothermal alteration and ore 
remobilization do feature an extensive zone of metasomatic 
alteration extending around the outer margins of the intru-
sion (e.g. Dostal et al. 2014).

Role of magmatic processes in ore formation

Based on the geochemical and textural data it appears 
that most, if not all, of the ore metals were concentrated 
in the deposit under magmatic conditions. Na–Zr–silicates 
and Na–Nb oxide of igneous origin have been reported 
from many alkaline igneous bodies (e.g. Chakhmouradian 
and Mitchell 1998; Marks et  al. 2011) and are consistent 
with expected phase relations for high-Na2O, low-CaO, 
peralkaline magmas that crystallize aegirine (Marks et  al. 
2011), such as Toongi Deposit trachyte. Globally, peral-
kaline igneous rocks of this association are relatively rare, 
but they often host significant Zr–Nb–REE mineralization 
because these elements have high solubilities in sodic per-
alkaline melts, allowing for high concentrations in residual 
melts formed after extensive fractional crystallization. If 
these melts have low initial H2O contents and low fO2 (e.g. 
Markl et al. 2010)—as we expect for the Toongi magma—
then H2O activity in the melt will remain low, and volatile 
saturation, if reached, will likely release CH4-dominated 
fluids (Markl et  al. 2010). These fluids are unlikely to 
sequester halogens (Cl, F), alkaline elements (K, Na) or 
rare metals (Zr, Nb, REE), meaning the concentration of 
these elements in the melt will continue to increase with 
fractionation. Elevated F content of the melt may have an 
additional effect of increasing rare metal solubility in the 
residual melt (Aseri et  al. 2015). Even if H2O-rich flu-
ids had exsolved from the crystallizing magmatic body, 
the volume of this fluid would be relatively small and its 

capacity to remove alkali elements and rare metals would 
be limited. Evidence that these derivative melts can obtain 
very high rare metal contents come from studies of melt 
inclusions from peralkaline complexes (Kovalenko et  al. 
1995; Schmitt et al. 2002), which have rare metal contents 
as high as, or higher than, the ore grades at Toongi. There-
fore, key features that distinguish the Toongi Deposit tra-
chyte from other TAMF trachytes, such as the peralkaline 
composition and extreme degree of fractionation, were also 
critically important for producing the ore grade mineraliza-
tion that is unique to the Toongi Deposit.

The possible role of liquid immiscibility

A distinctive feature of the Toongi ore is the globular 
or snowball texture of the Na–Zr–silicates (Fig.  4) and 
their near uniform distribution throughout the trachyte. 
The snowball-textured grains resemble snowball quartz 
described from peralkaline granites (Schwartz 1992; Helba 
et al. 1997; Müller et al. 2000), although the Na–Zr–silicate 
snowball grains rarely take on euhedral forms and their 
mineral inclusions tend to form swirl and spiral patterns 
within the grains, rather than aligning with growth zones 
of the host mineral, or aligning with the flow banding of the 
rock matrix. The snowball Na–Zr–silicates are also com-
monly protruded by feldspar or aegirine phenocrysts and, in 
Mn-rich zones, feature Mn oxides crystals that grew from 
the outer margin of the snowball in towards the interior of 
the grain (Fig. 4g). Collectively, these features indicate that 
the snowball Na–Zr–silicates precipitated from a liquid 
phase that was present within the rock during formation of 
the igneous matrix minerals, but this liquid was a separate 
phase to that which crystallized the matrix minerals. We 
suggest that the clusters of matrix minerals included in the 
snowball Na–Zr–silicates were entrained into the liquid, 
rather than crystallized from it. If this is the case, it would 
imply that there were two immiscible liquids present in the 
rock: one aluminosilicate melt that crystallized the feld-
spar and aegirine, and one Na–Zr silicate liquid that crys-
tallized the bulk of the ore minerals of the Toongi Deposit 
(see Fig.  10). This premise is consistent with the general 
globular texture of the EGM blebs in the rock, which 
resemble liquid immiscibility textures (e.g. Philpotts 1978; 
Kjarsgaard and Hamilton 1988) and may help to explain 
the very high concentration of ore metals throughout the 
trachyte body. Direct precipitation EGM from blebs of an 
immiscible liquid that was enriched in incompatible ele-
ments would not only explain the snowball texture and the 
homogeneous distribution of these phases, but would also 
help reconcile the unusual incompatible-element-rich bulk 
composition of this phase.

Our premise for liquid immiscibility during ore forma-
tion is based primarily on textural interpretation and, as 
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such, is tentative. Nevertheless, there is growing evidence 
that silicate liquid immiscibility can have an important role 
in forming rare metal mineralization in igneous environ-
ments. Liquid immiscibility is favoured in peralkaline melt 
compositions (Veksler 2004), and experimental studies 
have demonstrated that Zr and other rare metals are solu-
ble to high concentrations in Al-deficient, Na silicate liq-
uids (Smirnov et al. 2012; Louvel et al. 2013). Evidence of 
liquid immiscibility has been reported in many rare metal-
rich alkaline complexes (Markl 2001; Sørensen et al. 2003; 
Rajesh 2003; Petrella et al. 2014; Vasyukova and Williams-
Jones 2014), of which the most relevant here is the work of 
Markl (2001) and Petrella et  al. (2014) who propose that 
Zr, Nb and REE have strong affinities with Al-poor sili-
cate liquids, a premise consistent with our observations for 
Toongi. If silicate liquid unmixing did occur during low-
pressure fractionation of the Toongi trachyte, then sepa-
ration and concentration of the metal-rich liquid fraction 
into the laccolith structure that now represents the Toongi 
Deposit trachyte (Fig.  10) may have been an important 
process in producing the high metal grades in the Toongi 
Deposit.

Comparison to other rare metal‑rich alkaline 
complexes

A large fraction of the world’s rare metal ore resources 
is hosted by peralkaline intrusive complexes, such as the 
Strange Lake and the Thor Lake intrusions of Canada 
(Boily and Williams-Jones 1994; Sheard et  al. 2012), the 
Bokan Mountain Complex, Alaska (Dostal et al. 2014), and 
the Tamazeght intrusion of Morocco (Salvi et  al. 2000). 
Mineralization in these intrusions is thought to result pri-
marily from magmatic processes related to extensive frac-
tional crystallization of peralkaline magma (Chakhmoura-
dian and Zaitsev 2012), a model that we also propose for 
the Toongi Deposit. In many respects, Toongi and the 
Strange Lake Pluton share many features, including similar 
ore grades and ore mineralogy (Salvi and Williams-Jones 
1995; Gysi and Williams-Jones 2013), and a magmatic ore 
genesis model involving extensive crystal fractionation 
under conditions of low magmatic fO2 and H2O activity 
(Boily and Williams-Jones 1994), with a possible role for 
liquid immiscibility (Vasyukova and Williams-Jones 2014), 
and late-stage hydrothermal remobilization of ore metals 
by influx of external Ca-bearing fluids (Salvi and Williams-
Jones 1995, 1996). Late-stage hydrothermal remobilization 
of primary rare metal minerals by Ca- and/or C–O–H-rich 
fluids has also been reported from other intrusive com-
plexes (e.g. Salvi et al. 2000; Schmitt et al. 2002; Kynicky 
et al. 2011; Sheard et al. 2012) and may be common feature 
of rare metal mineralization in alkaline complexes in gen-
eral (see also Salvi and Williams-Jones 2006).

The most distinct difference between Toongi and rare 
metal-rich plutonic complexes relates to the environment 
and conditions of magma emplacement. The slow cooling 
of rare metal-rich plutons have the potential to eradicate 
primary mineralization textures via subsolidus re-equili-
bration and/or alteration during cooling, which complicates 
textural interpretation of these rocks. By contrast, Toongi 
was emplaced at very shallow depths, which allowed rapid 
cooling to form the trachytic textures of the rock. There-
fore, the primary magmatic textures and mineral compo-
sitions in the Toongi Deposit are well preserved, which 
greatly aids in understanding ore genesis processes. In 
particular, the textural evidence of liquid immiscibility at 
Toongi would be unlikely to be preserved in slow cooled 
plutonic environments. In this case, the textural preserva-
tion at Toongi may also be beneficial for understanding 
magmatic processes of rare metal mineralization more 
broadly.

As far as we are aware, the only other volcanic-hosted 
rare metal deposit of significance is the Brockman deposit 
of Western Australia (Ramsden et  al. 1993; Taylor et  al. 
1995). The Brockman deposit is similar to Toongi in that 
mineralization consists of unusual Zr silicates (so-called 
“zircon gel”; Ramsden et  al. 1993) niobate minerals and 
REE carbonates, and is hosted in peralkaline rocks of tra-
chyte to rhyolite composition. Taylor et al. (1995) suggest 
that the volcanic rocks and associated mineralization at 
Brockman evolved via extensive crystal fractionation with 
some assimilation of crustal rocks. However, Brockman 
differs from Toongi in that the Brockman ore is very fine 
grained (<20  µm) and was probably extensively remobi-
lized by F-rich hydrothermal fluids, which now manifests 
as abundant fluorite in association with the ore horizon, and 
extensive zones of Na depletion in the volcanic sequence 
(Ramsden et al. 1993; Taylor et al. 1995).

Conclusions

The Toongi Deposit is an exceptional example of rare 
metal mineralization hosted in trachyte emplaced close to 
the Earth’s surface. Rare metal concentrations reached ore 
grades primarily through extensive fractionation of mantle-
derived alkaline magma at shallow crustal levels, under 
low-fO2- and low-H2O-activity conditions. There is evi-
dence that the magma underwent unmixing to produce an 
immiscible rare metal-rich Na silicate liquid at the latest 
stages of fractionation, with this immiscible liquid form-
ing most of the ore minerals of the deposit. Subsequent 
hydrothermal alteration of the ore was limited to local-
ized remobilization of ore metals into micro-fractures and 
vesicles within the rock. The excellent preservation of pri-
mary ore textures and minerals at Toongi provides a unique 
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opportunity to study rare metal mineralization processes in 
alkaline magmatic systems and hence may be applicable 
to other rare metal deposits, including those hosted in plu-
tonic rocks where primary ore textures and minerals may 
have been modified during slow cooling.
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