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ARTICLE INFO ABSTRACT

Editor: Balz Kamber Zircon is hailed for its chemical and physical durability, but can undergo extensive chemical and structural

modification due to radiation damage via the emission of alpha («) particles, and subsequent low-temperature

Keywords: hydrothermal alteration. Here, we investigate Archean zircons from arkosic metasediments of the Browns
Rfire earth elements Range Metamorphics (BRM) to evaluate their role in the formation of local unconformity-related heavy rare
Zircon earth element (REE) ore deposits, within the Browns Range Dome, Western Australia. We determine that the
Hydrothermal

heavy REE inventory of the BRM are primarily hosted in zircon, and that these zircons have a wide range of
major element totals (77 to ~100 wt%, including low SiO2 and ZrO, contents), and high and variable ‘non-
formula’ components (U, Th, Y, REE, Nb, P, Al, Ca, Fe, Ti, F and OH™ or H,0). Concentrations of Y + REE in some
cases exceed 8 wt%. Extensive radiation damage (metamictisation) is confirmed by structural features including
porous and amorphous domains, cavities, and voids. The lack of regional thermal events over an extended period
likely prevented thermal annealing of these radiation-damaged zircons. Uptake of non-formula elements in
metamict zircon, most likely during sedimentation in the late Archean, promoted further radiation damage, such
that these grains remained highly susceptible to alteration by subsequent hydrothermal fluid circulation. We
propose that the unconformity-related REE mineralisation was formed by saline fluids leaching Y + REE (and
possibly P) from metamict zircon in the BRM, followed by ore mineral precipitation in fault zones near, and along
the regional unconformity. More broadly, this model of ore formation may be relevant to other basin-hosted
mineral systems, and could be used to guide exploration for unconformity-related REE deposits in Australia,
and globally.

Unconformity-related
Critical minerals

1. Introduction Unlike most other REE ore styles, mineralisation is distinctively HREE

rich, is definitively of low temperature (i.e., T < 300 °C) hydrothermal

The transition to a high-tech society powered by renewable energy is
driving increasing demand for critical metals such as rare earth elements
(REEs), yet ongoing supply of these metals is at risk due to the geopol-
itics of global trade, and growing requirements for environmentally and
socially responsible mining and mineral processing practices (Ali et al.,
2017; Bruce et al., 2021). The imperative for diversity of supply of REEs
is propelling exploration for new styles of mineralisation across the
globe (e.g., Spandler et al., 2020). This is particularly relevant for heavy
(H)REEs for which there are currently few alternative sources outside of
China.

Unconformity-related REE deposits are a recently defined minerali-
sation style, based on the ore deposits and prospects of the Browns
Range Dome, Western Australia (Nazari-Dehkordi et al., 2018; Fig. 1).
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origin, and is hosted in metasedimentary rocks with no apparent asso-
ciation with alkaline magmatism (Nazari-Dehkordi et al., 2017; Nazari-
Dehkordi et al., 2018; Nazari-Dehkordi et al., 2020). The REEs are
derived from basement metasedimentary rocks of the Browns Range
Metamorphics (BRM; Nazari-Dehkordi et al., 2017), yet how these ele-
ments are mobilised and concentrated to form orebodies remains a
mystery, especially considering that REE-rich minerals, and particularly
HREE-rich minerals, are known to be highly insoluble in low tempera-
ture hydrothermal fluids (Migdisov et al., 2016; Williams-Jones, 2015).
Resolution to this conundrum is needed to not only understand how
hydrothermal REE orebodies form, but also for developing effective
mineral exploration strategies to ensure the ongoing discovery of the ore
deposits that will be needed to meet global REE demand into the future.
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In this study we aim to progress the understanding of how REEs are
mobilised by hydrothermal fluids, via detailed examination of the
mineral hosts of REEs in the BRM; the recognised source of the REEs for
mineralisation in the region. Our primary focus is on zircon, which is an
important HREE host and a robust U—Pb geochronometer widely used
to provide information for provenance studies (Yang et al., 2022),
igneous petrology (Hoskin and Schaltegger, 2003), metamorphic and
impact processes (Rubatto, 2002; Wittmann et al., 2006), and early
Earth history (Hoskin, 2005; Valley et al., 2014; Wilde et al., 2001).

However, zircon has an Achilles heel; namely its affinity for U and Th
results in radiation damage to the crystal structure (metamictisation)
over time, which then allows for uptake of non-formula elements, as
well as susceptibility to fluid-aided alteration even under low temper-
ature (i.e., T < 300 °C) conditions (Delattre et al., 2007; Geisler et al.,
2003a; Geisler et al., 2003b; Hay and Dempster, 2009a; Hay and
Dempster, 2009b; Nasdala et al., 2001b; Pidgeon et al., 2019). These
processes are particularly relevant for ancient zircons, such as the
Archean zircons of the BRM (Nazari-Dehkordi et al., 2017), that have
billions of years to undergo metamictisation. By employing a combina-
tion of micro- and nano-analytical techniques, we document the unusual
composition and structure of the BRM zircons that arguably make them
amenable firstly to REE uptake, and then subsequently to REE liberation
by fluids. These results provide insights into how hydrothermal REE ore
deposits form and may guide strategies for locating and identifying REE
deposits in sedimentary basins across the globe.

2. Geological framework
2.1. Unconformity-related REE ore deposits

Heavy REE mineralisation at the Browns Range Dome, located in the
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northern Tanami region of northern Western Australia (Fig. 1), occurs as
numerous orebodies that mostly are hosted along or immediately
beneath a regional unconformity surface between late Archean silici-
clastic metasedimentary rocks of the BRM and the overlying Meso-
proterozoic Gardiner Sandstones of the Birrindudu Group (Nazari-
Dehkordi et al., 2017). The orebodies consist predominantly of xenotime
[(Y,HREE)PO4] plus quartz with minor florencite [LREEAIl3(-
PO4)2(OH)gl, and occur along steeply-dipping structures within a
stockwork of hydrothermal veins and breccias (Nazari-Dehkordi and
Spandler, 2019). The mineralisation is reported to have formed between
1.65 and 1.60 Ga at a time of tectonic quiescence, and with no links to
contemporaneous magmatism or metamorphism (ca. 1.83 to 1.72 Ga
local metamorphism; Nazari-Dehkordi et al., 2020). Samples of the BRM
are variably depleted in (H)REE compared to the sedimentary protoliths.
They also have non-radiogenic Nd isotope compositions that are com-
parable to the orebodies, but are quite distinct from the igneous rocks or
other sedimentary rocks (e.g., Birrindudu Group) of the North Australian
Craton (Nazari-Dehkordi et al., 2017). These observations demonstrate
that the REEs responsible for ore formation were derived directly from
the BRM. Mineralisation is interpreted to have occurred via mixing be-
tween saline REE-bearing basinal fluids (with up to 25 wt% salinity and
approximate T = 200 °C), and acidic P-bearing fluids from the overlying
sequences (Nazari-Dehkordi et al., 2019). Focussed fluid flow in fault
and breccia zones drove local rock alteration toward a fluid-buffered
mineral assemblage of quartz plus muscovite (Nazari-Dehkordi et al.,
2018). This mineralisation style is unusual for REE deposits, as it is
purely hydrothermal, but has been recognised across north-western
Australia (Fig. 1), including from the western Tanami (Watts Rise-
Castella also known as Killi Killi Hills) and Halls Creek Orogen (John
Galt), as well as the Athabasca Basin, Canada (Maw Zone; Rabiei et al.,
2017).
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Fig. 1. (a) Location of the field area in relation to northern Australia. (b) Simplified basement geology of the Tanami region of Western Australia (WA) and Northern
Territory (NT), with the locations of major hard-rock REE occurrences and mineralisation styles in northern Australia. (c) Geology of the western margin of the
Browns Range Dome. Hydrothermal unconformity-related REE deposits and prospects are shown. The non-mineralised Browns Range Metamorphic (BRM) samples
examined in this study are indicated by red stars. Adapted from Ahmad et al. (2013), Morin-Ka et al. (2016), Nazari-Dehkordi et al. (2018), and Nazari-Dehkordi and
Spandler (2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.2. Browns range metamorphics

The BRM are a package of immature quartzofeldspathic, meta-
arkosic sandstones, with minor medium- to coarse-grained inter-
bedded conglomerates, and less common banded ironstone, semi-pelitic
schists, and calc-silicate units (Blake et al., 2000; Nazari-Dehkordi et al.,
2017; Nazari-Dehkordi et al., 2018). Altered granitic clasts occur with
the conglomeritic units and sporadically within the arkosic units (Naz-
ari-Dehkordi et al., 2017). The BRM outcrop discontinuously over an
area of ~100 km?, on the western and southern margins of the granite-
cored Browns Range Dome (Fig. 1). The unit is unconformably overlain
by the Paleoproterozoic to Mesoproterozoic Gardiner Sandstone and
Dead Bullock Formation of the Birrindudu Group (Blake et al., 2000),
and intruded by the Browns Range Dome granite (Nazari-Dehkordi
et al,, 2017). Rock outcrop is limited, which has inhibited detailed
stratigraphic work, including determining the true thickness of the
package. However, the estimated thickness is between 1000 and 3000 m
(Maidment et al., 2020). The BRM has experienced relatively low-grade
greenschist-facies (but locally up to amphibole-facies) regional meta-
morphism at between ca. 1.83 Ga (Crispe et al., 2007) and 1.72 Ga. This
latter age is recorded by Ar—Ar dating of pre-ore muscovite from the
BRM (Nazari-Dehkordi et al., 2020). The package has been intruded by
numerous granite and pegmatite bodies (2.5 Ga) and mafic-ultramafic
rocks that were also affected by regional metamorphism. Analysis of
zircons from the BRM by Nazari-Dehkordi et al. (2017) reveal a single
detrital population of ca. 3.0 to 3.2 Ga, with the zircons having under-
gone variable levels of Pb loss. Bulk geochemical compositions are
compatible with a granitic source for the sediment, although with very
low contents of CaO and P,0s (Nazari-Dehkordi et al., 2017). The BRM
are therefore interpreted to represent clastic detritus shedding off a
Mesoarchean granitic source over a depositional window of between ca.
3.0 to 2.5 Ga (Nazari-Dehkordi et al., 2017).

2.3. Sample description

Unmineralised BRM samples selected here for detailed mineralogical
analysis include NM1, W5-1, W324-7, W16-4, and G5-5, as described
by Nazari-Dehkordi et al. (2017). Sample NM1 was collected from a
surface outcrop, whereas the other samples were collected from drillcore
at ~100 m depth (W16-4 and G5-5) and ~ 441 m depth (W5-1 and
W324-7). The samples are typically immature, coarse-grained (>1.5
mm grains), arkosic meta-sandstones exhibiting a weak to strong folia-
tion, and some with minor interbedded finer (< 0.5 mm grains) layers.
The BRM samples are all dominated by quartz (~60 to 80%) with lesser
amounts of muscovite and orthoclase (3 to 20% each), and accessory
minerals (in order of abundance) illite, iron oxides, rutile, and zircon.
Zircon accounts for ~0.03% of the samples and is described further
below. Notably, the low bulk rock CaO and P,05 contents means that
these rocks are devoid, or almost devoid, of accessory calcite, apatite,
and/or titanite, which is unusual for clastic quartzo-feldspathic meta-
sedimentary rocks.

We also analysed a core sample (W5-11) of intensely-foliated quartz-
sericite rock from an approximately 1 m wide shear zone located at
544.5 m depth, below the Wolverine Deposit. The sample consists of
bands (2-3 mm) of fine- to medium-grained foliated muscovite (~50
modal %) wrapping partly diassgregated granoblastic bands (grainsize
~0.5 to 2 mm) of deformed quartz (~45 modal %) and minor K-feldspar
(~5 modal %). Accessory minerals include rutile (up to 0.5 mm) zircon
and florencite. The sample represent a product of fluid-dominated rock
alteration (e.g., Nazari-Dehkordi et al., 2018), but is not mineralised,
and therefore is studied to inform on ore element migration associated
with fluid alteration.

3. Methods

Polished rock blocks, thin sections, and epoxy zircon grain mounts
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for all samples were imaged and analysed for chemical, mineralogical,
spectroscopic, and structural composition at The University of Adelaide,
Australia. Below, we present a summary of the analytical procedures
used in this study. Full details of all analytical methods are presented in
Appendix 1.

3.1. Mineral modes and mineral compositions of BRM samples

Automated mineralogy maps of polished rock blocks of the BRM
samples were obtained using a Bruker QUANTAX energy dispersive
spectrometry (EDS) system attached to a Hitachi SU3800 scanning
electron microscope (SEM). Mineral identification was completed using
the Bruker Advanced Mineral Identification and Characterisation Sys-
tem (AMICS) software. Automated mineralogy maps were used to
determine mineral modes and to locate potential REE-bearing phases (e.
g., zircon, xenotime, and florencite) for further investigation. Mineral
major and trace element compositions were determined on polished
rock blocks and zircon grain mounts using a Cameca SX-Five electron
probe microanalyser (EPMA), and laser ablation inductively coupled
plasma mass spectrometer (LA-ICP-MS), respectively. Two LA-ICP-MS
set-ups were employed: (1) RESOlution-LR 193 nm ArF excimer laser
ablation system, coupled to an Agilent 8900x ICP-MS for zircon trace
element and U—PDb isotope analysis, and (2) NWR213 (Elemental Sci-
entific Lasers) laser ablation system coupled to an Agilent 7900x ICP-
MS for trace element analysis of orthoclase, muscovite, and rutile.
Florencite and xenotime compositions were taken from Nazari-Dehkordi
and Spandler (2019). Quantification of mineral trace element concen-
trations employed 2’Al and *’Ti as the internal standard for orthoclase
and muscovite, and for rutile, respectively. Quantification of the zircon
trace element compositions proved more challenging due to varying
concentrations of the two major elements (Zr and Si) that could be used
for internal standardisation, even within the zones of individual zircon
grains (see below). The low and variable totals from the EPMA analyses
of the zircon also precluded internal standardisation by summing all
elements to 100%. Analysis of the major element data did reveal a
relationship between the Zr/Y value and Zr content R?= 0.64), which
could then be used to calculate an ‘internal standard’ for the Zr content
to apply to each zircon analysis. More details on this procedure are
outlined in Appendix 1. The BRM zircon samples were also analysed by
LA-ICP-MS for U—Pb geochronology following the procedures outlined
in Appendix 1.

3.2. Element distribution budgets

Element distribution budgets for REEs, Y, Th, U, and P in four BRM
samples (W5-1, W16-4, W324-7, and G5-5) were determined via a
mass balance approach that compares the measured bulk rock element
concentration (taken from Nazari-Dehkordi et al., 2017) of each sample
with a ‘calculated’ bulk rock element concentration based on the modal
proportions and compositions of the constituent minerals. The ‘calcu-
lated’ bulk rock concentrations of each element are the sum of the
elemental contribution from each mineral, which was determined by
multiplying the average geochemical composition of each mineral by its
respective modal proportion.

3.3. Textural, structural and Raman spectroscopic analysis of zircon

Zircon grains in mounts were imaged via backscattered electron
(BSE) images obtained using a FEI Quanta 450 field emission gun
scanning electron microscope (SEM). Cathodoluminescence images of
the grain mounts examined by Nazari-Dehkordi et al. (2017) were also
utilised in this study. Subsequent to imaging, and major and trace
element analysis, Raman spectra were acquired on select zircon grains
using a HORIBA Scientific (Jobin Yvon) LabRAM HR800 integrated
confocal Raman spectrometer. Raman spectra were collected to provide
estimates for the degree of crystallinity in the zircon structure (Nasdala
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et al., 1995; Nasdala et al., 2001b; Palenik et al., 2003). The system was
calibrated for each analytical session and analyses were undertaken on
exposed half sections of zircon grains in polished epoxy mounts utilising
a 532 nm Quantum Laser (150 mW), with 1800 lines per millimetre (1/
mm, or 500 nm) grating. Spectra were collected over a wavenumber
range from 100 to 4000 cm ™.

For detailed micro- to nano-scale grain characterisation, zircon
samples were prepared as foils for transmission electron microscopy
(TEM) analysis using a FEI-Helios nanoLab 600 DualBeam™ focused ion
beam (FIB) SEM. Six thinned foils were prepared targeting grain do-
mains with variable or high Y + REE and/or Th, as confirmed from
previous EPMA and laser ablation ICP-MS analyses. Milling on the sur-
face of the grains and foil cutting was performed under vacuum by using
ahigh energy Ga' ion beam. Each foil was then attached to a Cu grid and
extracted using the in-situ lift out technique, as previously outlined by
Ciobanu et al. (2011) and Wirth (2009).

The six foils were subsequently examined using high-angle annular
dark field (HAADF) scanning transmission electron microscopy (STEM)
imaging and Super-X EDS, in both spot analysis and mapping modes.
This was conducted with an ultra-high-resolution, probe-corrected FEI
Titan Themis STEM, with an operation voltage of 200 kV. This set-up
was able to deliver a spatial resolution for imaging of ~1 nm. The
EDS spot analyses and elemental maps focused on Zr, Si, Th, P, Y, and
REE.

4. Results
4.1. Element distribution budget

The calculated trace element distribution budgets for the BRM are
presented in Fig. 2. Calculations were based on the mineral phases in
these samples that are potential hosts of REE, Y, Th, U, and P; these being
orthoclase, muscovite, and accessory phases zircon, xenotime, flor-
encite, apatite, monazite, and rutile. Although trace-element budgeting
can be difficult due to complex mineralogy and grain-size limitations,
the distribution of HREE, along with Th, U, and P in samples from the
BRM are well-constrained, with a few exceptions.

The data indicate that the majority of REE, Th, U, and P in the BRM
are stored in accessory phases, which is consistent with previous studies
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on trace element distributions in metasedimentary rocks (e.g., Hammerli
et al., 2016; Spandler et al., 2003). On average, the HREE are well-
balanced at 80% (where 100% represents a total trace element distri-
bution accounted for by the mineral phases in the bulk rock), although
this varies between samples (e.g., W5-1 is balanced at 95%, whereas
W16-4 is balanced at 65%; Fig. 2). Aside from sample W5-1 (Fig. 2a),
which is the only sample that contains observable but rare xenotime, the
HREE are primarily hosted in zircon (e.g., in sample G5-5, the zircon
hosts at least 85% of bulk rock HREE content; Fig. 2d).

The mass balance for the LREE is significantly poorer, being between
58% (sample W5-1) and 19% (sample G5-5). The major phases iden-
tified as contributing to the LREE budget are florencite (15-35%), zircon
(9-18%), and xenotime (10-12%). The remaining unaccounted pro-
portion of LREE is likely attributable to an underestimate of the flor-
encite proportion (due to the fine grain-size), and/or micro-inclusions of
monazite in the muscovite (Appendix 1). A similar result was obtained
for Th and U, which were balanced only to average values of 16% and
56%, respectively. These elements are hosted in zircon and muscovite,
and likely, also fine-grained florencite, monazite and xenotime. Phos-
phorous is also balanced poorly at between 10 and 38% between sam-
ples (Fig. 2). Minerals which contribute to the P budget are florencite
(5-21%), muscovite (1-15%), orthoclase (2-8%), and zircon (~1%).
The remaining unaccounted proportion of P is likely hosted in rare,
small (<10 pm) apatite grains.

4.2. Zircon textures

Zircon grains from the BRM samples are generally euhedral to sub-
hedral, and range from 30 to 250 pm in length, with length to width
ratios of 1:1 to 4:1. A minority of the grains have well-defined, oscilla-
tory zonation under cathodoluminescence (CL) imaging, whereas most
grains appear dark under CL imaging, but feature abundant fractures
and cavities, and ‘sponge-like’ or pitted textures (Fig. 3). Qualitative
EDS analyses reveal that these zircons contain variable contents of so-
called ‘non-formula’ elements, such as Y, P, Th, Ca and Al. Identified
mineral inclusions in zircon include xenotime and quartz, but these are
relatively rare.

Zircon grains in the quartz-sericite shear zone sample W5-11 range
in size from ~10 to 200 pm, and have subhedral to anhedral forms. Most

100 pm

Fig. 2. Element distribution budgets among possible REE-bearing mineral phases (zircon, xenotime, florencite, orthoclase, muscovite, and rutile) of non-mineralised
BRM. The 100% dashed line represents the bulk rock composition. Element budgets that do not approach the total of 100% are attributed to unidentified mineral
phases (i.e., those with low abundance and small grain size). Graphs (a) to (d) illustrate samples W5-1, W16-4, W324-7, and G5-5, whereas (e) depicts the average
of these samples, with the average modal proportions of minerals in the BRM samples shown on the right. Accessory minerals account for <1% of the total mineral
assemblage, but host significant amounts of REE, Th, U, and P. The HREE budget of the BRM are dominantly hosted in zircon, which accounts for only 0.03% of the

bulk rock mineral assemblage.
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Fig. 3. Backscattered electron (BSE) images demonstrating the morphology and structure of zircon from the BRM. (a) Euhedral zircon with patchy internal zonation
and cavities (sample W5-1). (b) Oscillatory zoned and fractured zircon (sample NM-1). (c) Pitted zircon grain with fractures/cavities partly filled by quartz and partly
void (sample W5-1). (d) Quartz encasing fractured zircon (sample NM-1). (e) Fractured zircon encased in muscovite (sample NM-1). (f) high-contrast image of shear-
zone hosted zircon (sample W5-11) with non-formula element rich metamict core partly rimmed by ‘clean’ recrystallised zircon. (g) Examples of separated zircon
including pervasive cavities and fractures. Where, i) sample W324-7; ii) Sample G5-5; iii) Sample NM1; iv) Sample W16-4; v) Sample W5-1; and vi) Sample W16-4.

Abbreviations: Zrn = zircon, Qtz = quartz, Mus = muscovite.

grains have highly chaotic internal zoning texture (as revealed by BSE
imaging; Fig. 3F), with levels of P, Y, Th, Al, Ca, and Fe detectable by
EDS. These grains often have discontinuous rim zones with homogenous
BSE response (Fig. 3F) and low to undetectable (by EDS) levels of non-
formula elements.

4.3. Zircon chemistry

4.3.1. Major elements in zircon

Between 24 and 48 EPMA spot analyses of zircon were conducted for
each BRM sample (NM1, W5-1, W324-7, W16-4, and G5-5) resulting in
175 analytical spots in total. Detailed results for each analytical point for
the samples are provided in Appendix 2.

The BRM zircon analyses yielded a wide range of major element
totals (77-102 wt%) with two groups evident; a minority of analyses
with totals between 98 and 102%, and the majority with totals of 96% or
lower (Fig. 4). Zircons with totals close to 100% have ZrO, and SiOy
contents that are comparable to end-member zircon; however, across the
entire dataset, both ZrO, and SiO; contents decrease linearly with
decreasing analytical totals (Fig. 4). The HfO, contents are mostly be-
tween 1.0 and 1.8 wt%, without correlation to ZrO,. The zircons also
have high and variable concentrations of so-called ‘non formula’ ele-
ments including UO5 (up to 0.9 wt%), ThO; (up to 14.8 wt%), Y203 (up
to 8.5 wt%), P5Os, (up to 7.9 wt%), Al,O3 (up to 2.4 wt%), CaO (up to
1.6 wt%), FeO (up to 2.7 wt%), TiO2 (up to 0.5 wt%), and F (up to 0.6 wt
%). There is a strong negative correlation between the concentrations of
most of these elements and ZrO; and SiO, (Fig. 5). Although trends with
Al,03 and FeO are not well defined, analyses with low totals (and low
ZrO3 and SiOy) clearly have elevated Al,O3 and FeO. Other non-formula
elements (MgO, K,0, Na;0, Nb,Os) tend to have concentrations below
0.2 wt%. Broadly speaking, zircons from the various samples show
similar trends, although NM1 zircons tend to have high FeO, Al,Og3,
P,0s, and lower CaO and Y203 compared to the other samples.
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Fig. 4. Binary plot of total major elements (wt%) versus SiO» (filled black el-
lipses, base) and ZrO, (empty black ellipses, top) for the BRM zircon. Theo-
retical endmember pure zircon indicated by the green field (where total major
elements = 100 wt%, SiOy = 32.5 wt%, and ZrO, = 66.5 wt%). Data obtained
by EPMA. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 5. Scatterplots of selected major element oxides (Y»03, Al,O3, FeO, ThO,, CaO, and F; wt%) against ZrO, (wt%) for the BRM zircon. Data obtained by EPMA.

4.3.2. Trace elements in zircon

Trace element compositions of 390 zircon grains from all BRM
samples were analysed to complement the major element data, although
we note that differences in the spatial resolution of data acquisition, and
destructive (LA-ICP-MS) vs. non-destructive (EPMA) sampling means
the two datasets may not be directly comparable. The trace element
compositions for each analytical point are provided in Appendix 2.

Similar to that seen for the major element compositions, the BRM
zircons have high and variable contents over a range of trace elements
including REE, Y, Nb, Ti, Th, U, and P. Average U and Th concentrations
are between 864 and 3727 ppm and 7850 to 32,543 ppm, respectively,
which is consistent with the EPMA results. Thorium/U varies signifi-
cantly from <0.1 to >40, with most being above 3; values that are well
above typical magmatic zircon values (Kirkland et al., 2015). Across our
dataset we do not observe any clear relationships between Th/U and the
concentrations of other elements. By contrast, there are clear positive
correlations in the concentrations of most other trace elements, as
exemplified by plots of P versus Y, Ti, and Nd, and Nb versus Y (Fig. 6).
Again, sample NM1 is distinct, forming correlation arrays between P and
Y (Fig. 6a), and Nb and Y (Fig. 6d), that are different from the other
samples.

Combined Y and total REE (Y + REE) contents from the zircons are,
for the most part, anomalously high, in some cases exceeding 8 wt%.
Chondrite-normalised Y + REE patterns for zircon are displayed in Fig. 7
(Palme and O'Neill, 2014), and almost all feature the characteristic
positive Ce and negative Eu anomalies that are typical of igneous zircon,
with average Ce/Ce* and Eu/Eu* values (Anenburg and Williams, 2022)
across all samples being 3.56 and 0.70, respectively (see Appendix 2 for
details on individual sample values). The relatively HREE enriched
patterns remain consistent, with Lay/Yby values across all samples
ranging between <0.00 to 0.23 (average 0.01), despite variations in the
total Y + REE within and between samples (Fig. 7). Sample NM1 is again

the exception having a much larger range of Y + REE pattern slopes and
contents, particularly for the light to middle REEs (Fig. 7a). For example,
sample NM1 Y LREE (La to Gd) ranges from 14 to ~18,000 ppm
(average 4500 ppm), while in all other samples > LREE range ~ 4300 to
~18,500 ppm (average 6600 ppm). Nonetheless, all zircons have
significantly higher REE contents than their corresponding bulk rock
REE content, and plot similarly to bulk ore (>1.0% total rare earth
oxide; TREO; Fig. 7f).

4.4. Raman

Crystalline zircon typically exhibits distinct sharp peaks in Raman
spectra at 357 cm’l, 439 cm’l, 975 cm’l, and 1008 cm ™! (Fig. 8). These
peaks correspond to intense vibrational bands involving the SiO4
tetrahedra and Zr** cation, and internal SiO4 symmetric and asymmetric
stretching vibration bands (Dawson et al., 1971; Kolesov et al., 2001;
Syme et al., 1977). Here, we measured the Raman spectra for BRM
zircon grains from 100 cm ™! up to 4000 cm ™}, to examine a full range of
possible spectral features, including the presence of HyO and/or hydroxl
ions in zircon. We also measured spectra for Mud Tank zircon (Gain
et al., 2019) using the same analytical conditions in order to provide a
reference frame relative for pristine zircon. Baseline corrections were
applied to each analysis. Analysis of the Mud Tank zircon produced
spectra with sharp, high intensity (e.g., >10,000 a.u. for the main
v3(SiOy) peak at 1008 cm 1) peaks entirely consistent with spectra from
crystalline zircon.

Spectra obtained for the BRM zircon were highly variable both be-
tween grains and between domains within grains. All of the BRM zircon
spectra were strongly attenuated compared to the Mud Tank zircon,
with the intensity of the main zircon peak shifted to ~1000 cm™* and
only reaching one tenth, or less, of the intensity of the equivalent peak
for Mud Tank (Fig. 8). In all cases, BRM zircon peak shapes were
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Fig. 6. Scatterplots of selected trace elements (in ppm) for the BRM. All plotted data were acquired by LA-ICP-MS except where stated. (a) Phosphorous versus Y,
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significantly broader than for pristine zircon. The BRM zircon spectra
also feature a broad convoluted peak of varying intensity between 3100
and 3800 cm ™! (Fig. 8b), with a prominent peak at 3400 cm™!; these
features are consistent with H»O, as either hydroxl groups or molecular
H,0, within the crystal structure (Kolesov, 2006; McMillan, 1989;
Thomas et al., 2009).

There is a general inverse correlation between the intensity of the
‘H,0’ peak region (3100 to 3800 cm™?) and the intensity of the main
v3(Si0O4) peak at ~1000 em™? (Fig. 8), with the BRM zircon domains
having the lowest major element totals and the highest content of ‘non-
formula’ elements, along with higher H;O peaks and lower v3(SiO4)
peaks. In some analyses of zircon with very low major element totals, the
v3(Si04) peak is not resolvable at all from the spectra. Raman spectra
from these zircons commonly feature additional peaks not assigned to
zircon, including at 1145 cm ™! (Fig. 8a), and a broad composite feature

with a peak at 2480 cm™!. These peaks may be due to P—O or U—O
stretching (Lv et al., 2016; Ma et al., 2007; Shibata et al., 1981), and
P—H or Al-H»0 vibrational bands (Ma et al., 2007; Sergeeva et al.,
2019), respectively.

4.5. Nanostructural and chemical characterisation with STEM

Our STEM analysis of six zircon foils from three BRM samples in-
cludes high resolution nano-scale (nm-scale) elemental mapping and
zircon structural characterisation. In general, we observe similar
chemical and structural features in all of the examined samples.
Elemental mapping using STEM (nm-scale; Fig. 9) and the highest res-
olution EPMA maps (step size 1 pm; see Appendix 1) confirm the high
REE, Y, Th and P content in zircon, and show that these elements are
distributed within distinct oscillatory growth zones (pm to 10s of pm
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Fig. 7. Chondrite-normalised (Palme and O'Neill, 2014) REE patterns for BRM zircon (a-e), with geometric mean shown in solid black lines and equivalent bulk rock
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reader is referred to the web version of this article.)

wide; Fig. 9g-k). We also observe elemental enrichments along rare nm-
scale linear features that appear to cross-cut the oscillatory zoning
(Fig. 9), which we interpret to be nm-scale annealed fractures or fluid
alteration zones within the grains. We find no evidence for pm- or nm-
scale mineral inclusions that could account for the high content of
non-formula elements as determined from EPMA and LA-ICP-MS
analysis.

High resolution imaging, including HAADF STEM imaging, of the
zircon foils reveal the presence of voids spaces, fractures, and highly
porous ‘sponge-like’ domains (Fig. 9a-g, Fig. 10e—f). These features are
observed at both the pm- down to the nm-scale. They were not formed
during foil preparation (see Wirth, 2009), and do not have any direct
relationship with the distribution of non-formula elements in the zir-
cons. Structural characterisation of trace-element rich zones reveals that
the crystallinity of the grains is also not uniform. Lattice misorientation
or screw dislocation defects are common (Fig. 10a-b), and semi-
crystalline and amorphous zones are present throughout the mineral
grains (Fig. 10c-d).

5. Discussion
5.1. Importance of zircon for hosting HREE in metasedimentary rocks

Accessory minerals are commonly the most important hosts of trace

elements in metasedimentary rocks (Hammerli and Kemp, 2021; Ham-
merli et al., 2016; Hermann, 2002; Spandler et al., 2003; Spandler and
Pirard, 2013). Our data indicate that zircon is the major repository (60
to 90%) of HREE in the BRM (Fig. 2). This is consistent with the
chondrite-normalised REE patterns demonstrating that all BRM zircons
have significantly higher REE contents than their corresponding bulk
rocks (Fig. 7). This dominance of zircon for hosting the HREE contrasts
with other studies of low- to medium-temperature (~350 to 500 °C)
garnet-free, clastic metasedimentary rocks, where the HREE are
distributed among a number of accessory phases including xenotime,
zircon, titanite, apatite, and calcite, with zircon only hosting ~7 to 30%
of the HREE (e.g., Hammerli and Kemp, 2021). At higher metamorphic
grades, garnet is the dominant HREE host (e.g., Spandler et al., 2003).

An explanation for why zircon dominates the HREE inventory in the
BRM is that these rocks have very low bulk CaO contents (average 0.03
wt%) and P05 contents (average 0.05 wt%; Nazari-Dehkordi et al.,
2017), meaning they contain only rare accessory calcite, apatite, and/or
titanite (with very little xenotime), which is unusual for clastic quartz-
ofeldspathic metasedimentary rocks. There are two possibilities
regarding the lack of these REE-hosting mineral phases (i.e., calcite,
apatite, and titanite) in the BRM. (i) The BRM represents immature
clastic detritus shedding off a Mesoarchean granitic source with an A-
type affinity (Nazari-Dehkordi et al., 2017). A-type granites tend to have
low bulk CaO and P50s5 contents (compared to I- and S-type granites),
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and consequently they lack significant amounts of apatite and titanite
(Broska et al., 2004; Collins et al., 1982; Whalen et al., 1987). However,
we do observe rare apatite grains included in detrital quartz from the
BRM (Appendix 1), indicating the host granite did contain at least some
apatite. (ii) The BRM, or the source of the BRM, contained other HREE
phases such as apatite and titanite, but these were removed or destroyed
during erosion and sediment deposition (Harlavan and Erel, 2002), or
subsequently during hydrothermal alteration and/or metamorphism. In
this case, CaO and P,Os were lost from the rocks, and the released HREE
(plus some Th and U) would have been sequestered into the zircon.
Further analysis of this latter point is presented below.

Neodymium isotope and REE geochemistry demonstrate that the
BRM is the source of REEs for unconformity-related HREE deposits in the
region (Nazari-Dehkordi et al., 2018), which in turn implies that these
HREE were sourced from zircon in the BRM. With this in mind, we now
examine the chemistry and structure of the BRM zircons, with the
objective of understanding HREE mobilisation and mineralisation
processes.

5.2. Composition of the BRM zircon

Although zircon has been hailed for its chemical and physical
durability and robustness, it can undergo significant structural and
chemical modification due to: (i) radiation damage due to the emission
of alpha (a) particles and subsequent recoil (Cherniak and Watson,
2003; Ewing et al., 2003; Meldrum et al., 1998; Murakami et al., 1991);
(ii) intragrain microstructures (e.g., dislocations, low-angle orientation
boundaries, and sub grains) formed by crystal-plastic deformation
(Reddy et al., 2006); and (iii) hydrothermal, dissolution-reprecipitation
reactions (Geisler et al., 2002; Geisler et al., 2007; Hay and Dempster,
2009a).

The BRM zircons are clearly far from pristine ideal zircon in chem-
istry and crystal structure. Major element analyses yielded a wide range
of totals (77-102 wt%) with both ZrO, and SiO, contents decreasing
linearly with decreasing analytical totals (Fig. 4). These zircons also
have high and variable concentrations of so-called ‘non-formula’ ele-
ments (including U, Th, Y, REE, Nb, P, Al, Ca, Fe, Ti, and F), and either
OH™ or Hy0 (Fig. 8) that in general have a strong negative correlation
with the ZrO, and SiO; contents (Fig. 5). Contents of Y + REE, and Th in
the zircons can exceed 8 wt%, and 10 wt%, respectively, which is clearly
well above the most enriched of igneous zircons (~1 wt% and < 3 wt%

respectively; Hoskin and Schaltegger, 2003; Kirkland et al., 2015). There
are clear positive correlations between the concentrations of most other
trace elements (Fig. 6), despite the elemental systematics of sample NM1
being distinct from the other samples. Micrometre- to nm-scale
elemental mapping (Fig. 9) confirm that the high contents of REE, Th,
P, and Y in zircon are not due to pm-scale mineral inclusions, but instead
indicate element incorporation into the mineral structure, either along
oscillatory growth zones or in nm-scale linear features that appear to
cross-cut the oscillatory zoning (Fig. 9). These latter features are inter-
preted to be nm-scale annealed fractures or fluid alteration zones within
the grains.

To a large extent, Y + REE, P, and Nb of the BRM zircon can be
accounted for by a xenotime substitution mechanism, where (Y +
REE)** + P = Zr** + Si**, or via a (Y + REE)®>T + Nb°+ = zr*+ + si*+
type substitution (Finch et al., 2001; Hanchar et al., 2001; Finch and
Hanchar, 2003; Fig. 6). Sample NM1 is the exception having much
higher P and Nb contents compared to Y + REE. Other trivalent elements
such as Al>", and possibly Fe3", may substitute via similar mechanisms
(particularly for NM1), or via substitutions involving M3t + HY
replacing Zr*t (Nasdala et al., 2001a), which would be consistent with
the low major element totals and the presence of HyO as revealed by
Raman analysis (Fig. 8b). Any further detailed evaluation of elemental
substitution mechanisms may not be particularly meaningful, as our
Raman spectra and HAADF STEM imaging reveal extensive amorph-
ization of the zircon structure. Elemental uptake in these amorphous
zones can proceed without adherence to crystal lattice constraints of
ionic charge balance and ionic radius controls on element substitutions.

The high and variable levels of non-formula elements, and variably
low SiO2 and ZrO; contents of the BRM zircons are entirely inconsistent
with a primary igneous origin (Hoskin and Schaltegger, 2003). Instead,
these characteristics are distinctive of metamict or radiation damaged
zircons (Delattre et al., 2007; Geisler et al., 2003b; Hay and Dempster,
2009b), whereby non-formula elements are taken up into radiation-
damaged or amorphous domains of the zircon once the inherent radia-
tion dose exceeds the percolation threshhold of 2 x 10'® a-decays/g
(Ewing et al., 2003; Fig. 11). Extensive radiation damage to the BRM
zircons is confirmed by: (i) structural and textural features of the BRM
zircons, including the presence of void spaces, fractures and highly
porous ‘sponge-like’ domains throughout the zircon grains from the pm-
down to the nm-scale (Fig. 3, Fig. 9a-g, Fig. 10e-f) and the semi-
crystalline to amorphous nature of the grain structure at the nm-scale
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Fig. 9. Summary of STEM and STEM-EDS imaging of a BRM zircon, (sample W324-7, grain 19, foil #3), highlighting structural, textural, and chemical features. (a,
b) Overview of sample foil with corresponding areas of interest. (c) Open fracture or linear void structure. (d—e) High-resolution images showing high-porosity zones
with ‘sponge-like’ textures. (f) Fractured domain with nm-scale mineral overgrowth on open fractures (note, the Pt coating in the fracture toward the top of the image
is an artefact of foil preparation). (g-k) STEM-EDS maps corresponding to the area indicted in (a). Note the oscillatory growth zonation and inverse concentration
relationship between Si + Zr (dark blue and purple) and Th + Y (cyan and red). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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(Fig. 10 b, d); and (ii) complex and variable Raman spectra that include
a vibrational band for OH™ and other non-formula components, as well
as v3(Si04) vibrational bands that are broad and attenuated, or absent
altogether (Fig. 8). These have all been documented as features char-
acteristic of high levels of metamictisation of zircon (Chakoumakos
et al.,, 1987; Ewing et al., 2003; Meldrum et al., 1998; Mezger and
Krogstad, 1997; Nasdala et al., 1995; Nasdala et al., 2001b; Trocellier
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Fig. 10. High resolution HAADF-
STEM images of various BRM zircons
highlighting nm-scale structural and
textural features. (a) Example area
from sample G5-5, grain 56, foil #6.
(b) High magnification image of the
lattice structure demonstrating lattice
misorientation or screw dislocation
defects with apparent atom replication
shown in the yellow field and yellow
dashed lines. (c) Example area from
sample NM-1, grain 80, foil #2. (d)
High magnification image with
apparent amorphous zones contrasted
against semi-crystalline zircon. (e)
Example area from sample W324-7,
grain 19, foil #4. (f) High magnifica-
tion image showing a high-porosity
zone with ‘sponge-like’ texture and
numerous void or pore spaces. (For
interpretation of the references to
colour in this figure legend, the reader
is referred to the web version of this
article.)
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and Delmas, 2001; Pidgeon et al., 2019), and are consistent with the
high stage II to stage III radiation damage accumulation of Murakami
et al. (1991).

Uptake of non-formula elements in metamict zircon is proposed to
occcur either by a dissolution-reprecipitation mechanism, which would
be facilited by the porous nature of the zircon, or via a diffusion-reaction
process (Geisler et al, 2007), or potentially both mechanisms.
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Regardless, it is clear that this elemental uptake will obscure the primary
chemical composition of zircon. With the trace element composition of
zircon increasingly being used to interpret conditions of primary zircon
crystallisation (e.g., Grimes et al., 2015; Loucks et al., 2020), this may
then lead to erroneous interpretations from zircon chemistry. For
example, Ti in zircon is widely used as an igneous thermometer, yet the
BRM zircons span a huge range of Ti contents, from <10 ppm to >1000
ppm (Fig. 6b). Using the Ti-in-zircon thermometer of Watson et al.
(2006) and assuming an activity of TiOp = 1, these Ti contents would
correspond to crystallisation temperatures of ~700 °C to over >1400 °C;
the latter of which is clearly unrealistically high for zircon crystallisation
in crustal rocks. The BRM zircons are likely an extreme case, but
nonetheless it is prudent to carefully consider potential chemical
modification of zircon following radiation damage, prior to interpreting
primary crystallisation conditions from the trace element composition of
the zircon.

5.3. Timing of ‘non-formula’ element uptake in metamict BRM zircon

Constraining when non-formula elements such as REE were seques-
tered into the metamict BRM zircon is crucial for evaluating the role of
BRM zircon as a source of metals for unconformity-related REE miner-
alisation at Browns Range. A first order constraint is that the zircon
structure needs to be sufficiently radiation damaged to allow incorpo-
ration of these non-formula elements. Using the age (i.e., ca. 3.1 Ga;
Nazari-Dehkordi et al., 2017) and original Th and U contents of the BRM
zircons (taken from the least altered zircon domains), we have calcu-
lated the o radiation dose evolution of the BRM zircons through time,
using the formulation of Holland and Gottfried (1955). The modelled
radiation dose evolution (Fig. 11) indicates that these zircons would
have reached the percolation threshold, i.e., the interconnection of
aperiodic domains throughout the crystal structure (Ewing et al., 2003)
by ~2.6 Ga, assuming minimal structural annealing during this period.
Once the percolation threshold is exceeded, the zircon grains are open to
fluid infiltration/reaction, and can take up non-formula elements.

We consider three potential events of element uptake during the
geological history of the Browns Range zircon: (i) element uptake during
pre 2.5 Ga sedimentary deposition of the BRM (labelled 1 on Fig. 11); (ii)
element uptake during regional metamorphism between ca. 1.83 and
1.72 Ga (labelled 2 on Fig. 11); and (iii) element uptake during modern
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exposure and weathering (labelled 3 on Fig. 11). Although modern
weathering has been proposed as a mechanism for element uptake in
metamict zircon (Delattre et al., 2007; Hay and Dempster, 2009b), most
of the samples examined here are drillcore samples derived from ~100
m or ~ 441 m below the surface, which is well below the weathering
zone. Therefore, the bulk of non-formula element uptake cannot be due
to modern surface weathering processes. Sample NM1 was the only
sample collected from a surface outcrop, and does have a distinct zircon
composition with relatively high Fe, Al, Nb, P, and variable Y + REE
contents (Figs. 6 and 7). These specific features may be attributed to
modern weathering, and ultimately could contribute to understanding
the behaviour of trace elements in low temperature weathering envi-
ronments (e.g., Jowitt et al., 2017).

Element uptake in zircon, due to hydrothermal alteration related to
ca. 1.8 Ga regional metamorphism (Crispe et al., 2007), would be
consistent with the hydrothermal model proposed by Geisler et al.
(2003b) for hydrated metamict zircons rich in trace elements from the
Eastern Desert, Egypt. For Browns Range, elements sequestered in zircon
may be sourced via metamorphic reactions involving the breakdown of
phases such as titanite, chlorite, and apatite, although this is largely
speculation as there is little information on the nature of this meta-
morphic event. It is likely, however, that metamorphic conditions
exceeded the thermal limits for zircon annealing (~300 °C), which
would tend to inhibit trace element uptake in zircon due to structural
recovery (Hartel et al., 2021).

Our preferred scenario for trace element uptake by the metamict
BRM zircon is during original sedimentary deposition of the BRM, likely
around 2.5 to 2.6 Ga (labelled 1 on Fig. 11). Continental weathering and
erosion during the Late Archean operated within a high-COj, relatively
low-pH atmosphere (Catling and Zahnle, 2020). These are the condi-
tions that would have favoured complete breakdown of any detrital
apatite (Hao et al., 2020a; Hao et al., 2020b) and titanite (Novoselov
et al., 2020) during surface weathering, which provides an explanation
for the lack of these phases in the BRM. These phases are also important
repositories for REE, Y, Th, U, P, Ca, Nb, and Ti (Hammerli and Kemp,
2021; Hammerli et al., 2016), therefore their breakdown would have
allowed redistribution of these elements into metamict zircon. The
timing of non-formula element uptake by zircon is difficult to determine
directly, as element uptake is expected to disturb isotopic geo-
chronometers such as the U—Pb system. Previous U—Pb age dating by
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Nazari-Dehkordi et al. (2017) produced a ca. 3.1 Ga primary age for the
BRM zircons, but these authors specifically targeted zircon domains with
minimal radiation damage. We have acquired a more comprehensive
U—Pb geochronology dataset for the BRM zircons examined here,
including on highly-metamict grain domains (see Appendix 2). The vast
majority of our analyses are highly discordant (>30% discordance),
consistent with variable levels of recent Pb loss. The discordant analyses
are likely on metamict zircon domains, as metamict zircons are known
to be susceptible to Pb loss (e.g., Nasdala et al., 2001b), and we observe a
clear correlation between U (and Th) contents of zircon and the degree
of discordance (see Appendix 2; Fig. A2.1). On a Concordia diagram
(Appendix 2; Fig. A2.2) these discordant data plot within a field defined
by discordia arrays between the zero age and ca. 3.1 Ga (primary zircon
crystallisation age) and ca. 1.6 Ga (REE mineralisation age), with an
intermediate array between zero and ca. 2.6 Ga, the latter age inter-
preted to be the timing of sedimentation of the BRM and non-formula
element uptake in metamict zircon.

The uptake of non-formula elements into the metamict zircon in-
cludes substantial amounts (up to wt% levels) of Th and U, which in turn
will further exacerbate radiation damage in the zircon. We have
modelled the radiation dose evolution of these Th + U enriched zircon
domains for the various scenarios of elemental uptake discussed above
(shown as red curves in Fig. 11). These radiation dose trends project to
very high radiation dose levels at the present day (~5 to 8.5 x 10'°
a-decays/g; Fig. 11), which is consistent with the extensively damaged
and amorphous nature of the BRM zircons, as revealed from our
chemical, Raman, and crystal structure results.

5.4. Mobilisation of ‘non-formula’ elements from metamict BRM zircon,
and implications for unconformity-related HREE mineralisation

Leaching experiments with saline fluids demonstrate that the solu-
bility of, and element mobility from, metamict zircon are several orders
of magnitude higher than for pristine zircon (Ewing et al., 2003; Geisler
et al., 2003a), especially at dose rates above 3.5 x 10'® a-decays/g
(Ewing et al., 2003; Fig. 11). We suggest that significant levels of REE
can be leached from zircon by saline fluids under these conditions
(Geisler et al., 2003a). However, a crucial aspect of the conditions for
ore formation is that the ore fluids remained below ~300 °C. At higher
temperatures, the element solubility capacity of the saline fluids is likely
to be higher (e.g., Migdisov et al., 2016), but the zircons will undergo
thermal annealing or structural recovery (Hartel et al., 2021), thereby
‘locking’” away its contained REEs from fluid leaching. This concept of an
effective ‘temperature ceiling’ for ore formation processes is somewhat
counter-intuitive, as increasing temperature is often regarded to have a
direct and primary control on the element transport capacity of hydro-
thermal fluids. In this case, remaining below the ~300 °C temperature
ceiling is crucial, not only at the time of hydrothermal fluid flow, but
also for at least 100 m.y. prior to ore formation to ensure that the zircon
remains in a metamict (and hence fluid soluble) state above the perco-
lation threshold (Fig. 11) during the fluid alteration event. With this in
mind, an understanding of thermal histories is a key criterion for
assessing regional prospectivity for unconformity-related REE
mineralisation.

Demonstrably, the REE for the unconformity-related mineralisation
at Browns Range were sourced from the BRM (Nazari-Dehkordi et al.,
2018; Nazari-Dehkordi et al., 2020), and zircon is the primary host
(60-90%) of Y + HREE in the BRM (Fig. 2). Hydrothermal xenotime
mineralisation formed from REE-bearing, high-salinity (up to 25 wt%)
fluids at temperatures of 100 to 250 °C (Nazari-Dehkordi et al., 2019).
Mineralisation occurred at 1.65 to 1.60 Ga (Nazari-Dehkordi et al.,
2018; Nazari-Dehkordi et al., 2020), at which time the BRM zircons
would have experienced extensive levels of radiation damage (orange
stars on Fig. 11), regardless of when non-formula element uptake by
zircon had occurred (i.e., either case 1 or 2 in Fig. 11). In all cases, the
BRM zircon would have been highly amenable to element leaching at
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this time, as temperature conditions were too low (i.e., < 300 °C) to
allow for the annealing of the zircon grains. Therefore, we propose that
Y + REE were leached from metamict zircon in the BRM by circulating
saline brines, which then precipitated the REE ore minerals xenotime
(and minor florencite) in fault zones and along the unconformity surface
during fluid cooling and/or mixing (Nazari-Dehkordi et al., 2018; Naz-
ari-Dehkordi et al., 2020).

Detailed investigation of the process of fluid leaching for metamict
zircon is beyond the scope of this study. Nonetheless, the quartz-sericite
shear zone formed by extensive fluid alteration (sample W5-11), con-
tains metamict, non-formula element rich zircon domains that are rim-
med by a pristine, or ‘clean’ zircon generation (Fig. 3F) that is largely
devoid of non-formula elements (from EDS analysis). We interpret this
new zircon rim to represent the residual product of fluid alteration of the
metamict zircon, with the ‘non-formula’ element components (e.g., REE,
Y and P), removed by the altering hydrothermal fluids. These zircons,
therefore, may record the grain-scale fluid reaction processes that leads
to REE transport by saline fluids. Research work is underway to inves-
tigate these processes further.

The experiments of Geisler et al. (2003a) demonstrate that between
60 and 80% of REE can be leached from metamict zircon by saline fluids
at temperatures between 175 and 350 °C. If we assume a modest
leaching efficiency of 10%, then the fluid infiltration and leaching of a
rock volume of approximately 1 km® of BRM (with ~270 ppm Y + REE;
Nazari-Dehkordi et al., 2017) would be required to mobilise all of the
~81,000 t of total REE oxide (TREO) mineralisation currently recog-
nised within the Browns Range Dome (Northern Minerals Ltd, 2022).
This volume of leached rock from the BRM is plausible, as the miner-
alisation is spread over an exposed area of ~100 km? (Fig. 1), and the
BRM extends to at least 500 m depth (as confirmed by drilling at the
Wolverine Deposit; Northern Minerals Ltd, 2022).

The HREE-rich nature of the Browns Range REE deposits stands as a
conundrum as HREE are expected to be significantly less mobile in most
hydrothermal fluids than LREE (Haas et al., 1995; Migdisov et al., 2016).
Sourcing REE from metamict zircon represents a neat resolution to this
enigma, as the zircon itself is enriched in HREE over LREE (Fig. 7), so
there is no requirement for significant fractionation of REE during fluid
leaching or ore deposition in this case. Indeed, many of the geochemical
characteristics of the REE ores at Browns Range closely resemble the
compositions of the BRM zircons (Fig. 7F, Fig. 12), indicating limited
element fractionation during fluid leaching, migration, and ore forma-
tion. Among the exceptions are low contents of Th, U, and Zr in the ores
(Fig. 12 B, D), which we suggest may be due to relative immobility of
quadrivalent cations (compared to trivalent REE) during saline fluid
leaching (e.g., Nisbet et al., 2018).

Previous studies have suggested that the P and REE required for the
xenotime (and minor florencite) mineralisation were derived from dif-
ference sources (Nazari-Dehkordi et al., 2018; Nazari-Dehkordi et al.,
2020), with REE from the BRM, and the P from the overlying Gardiner
Sandstone (base of the Birrindudu Basin), despite there being no
currently recognised P source within this unit. The rationale for this
model is that REE phosphates are too insoluble to be transported
together in low T hydrothermal fluids (Gysi et al., 2015; Louvel et al.,
2015; Migdisov et al., 2016), such that fluid mixing in fault zones or
along the unconformity surface would be an efficient mechanism by
which to precipitate ore minerals (Nazari-Dehkordi et al., 2018; Nazari-
Dehkordi et al., 2020). Our new data show that the P:REE values of the
BRM zircon and REE ores are similar (Fig. 12E, F), which would support
an alternative premise that both the REE and P for the mineralisation
were derived from the BRM zircons. Low pH saline fluids could have
transported these components as REECI*" or REECIS and Hy(PO4) ™,
respectively (Gysi et al., 2015; Hao et al., 2020a; Hao et al., 2020b;
Migdisov et al., 2016), though further work is required to evaluate the
solubility and species stability in fluids leaching zircon at low temper-
ature (< 300 °C).
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Fig. 12. BRM zircon (black) versus bulk ore (red; >1% total rare earth oxide; TREO) trace element binary plots (in ppm). (a) Lutetium versus Dy. (b) Lutetium versus
Th. (c) Yttrium versus Nd. (d) Yttrium versus U. (e) Phosphorus versus Nd. (f) Phosphorus versus Y. Bulk ore data (n = 2673, whereas for P n = 1496) from Northern
Minerals Ltd. (2022). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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6. Conclusions

Archean zircon from the arkosic metasediments of the BRM have
unusual compositions (high non-formula element contents: U, Th, Y,
REE, Nb, P, Al, Ca, Fe, Ti, F, and OH™ or H,0), and structural features
(porous and amorphous domains, cavities and voids) that are consistent
with extensive radiation damage, followed by uptake of non-formula
elements during weathering and sediment deposition. These zircons
host the majority of HREE inventory of these rocks, and are herein
demonstrated to be the source of REE for local unconformity-related
HREE ore deposits. Based on our data and the regional geological his-
tory, we outline a sequence of events that led to ore formation:

(1) Zircons from a Mesoarchean granitic source region were subject
to radiation damage and metamictisation between ca. 3.1 and
2.6 Ga.

Weathering and erosion of the granitic source during the late
Archean (possibly under high CO»-rich, relatively low pH surface
conditions), led to the breakdown of detrital apatite and/or
titanite, with REE, P, Th, and U liberated from these phases and
sequestered into metamict zircons as ‘non-formula’ elements. The
relatively short transport distance of these sediments led to
deposition of the arkosic BRM, without extensive mechanical
breakdown of zircon.

BRM zircons, now with elevated Th and U contents, evolved to a
state of extreme radiation damage. Metamictisation is sustained
due to a lack of thermal annealing across the Late Archean into
the Paleoproterozoic.

Regional metamorphism at ca. 1.8 to 1.7 Ga may have partially
annealed the zircons, or may have allowed further non-formula
element uptake, or both.

Pervasive circulation of saline basinal brines at ca. 1.65 to 1.62
Ga allowed leaching of REE and possibly P from the metamict
zircons. Migration of these element-laden fluids into fault zones
or along the overlying unconformity led to ore formation. Fluid
mixing in these locations was likely a key driver for REE ore
mineral precipitation (Nazari-Dehkordi et al., 2019). Impor-
tantly, the fluid temperature remained below the temperature
ceiling of ~300 °C, preventing thermal annealing of the metamict
zircons.

(2)

(3)

(C)]

(5)

This model for ore formation provides an elegant explanation for
why these deposits are HREE rich, and why they are dispersed across the
Browns Range Dome (Fig. 1). We suspect similar ore genesis processes
were responsible for unconformity-related, HREE mineralisation at John
Galt, Mount Mansbridge, and Watts Rise-Castella (also known as Killi
Killi Hills) Australia; (Fig. 1), and the Maw Zone, Athabasca Basin,
Canada (Rabiei et al., 2017), all of which are associated with Archean to
Paleoproterozoic clastic sedimentary rocks that likely contain metamict
detrital zircon (Card et al., 2007; Cross and Crispe, 2007). More broadly,
fluid leaching from metamict zircon may be an important metal source
for other basin hosted ore deposits, including unconformity U and
orogenic U ore deposits (e.g., McGloin et al., 2016; Sun et al., 2021). In
this case mineral exploration would be enhanced by comprehensive
knowledge of the age and thermal history of basins and detailed un-
derstanding of regimes of hydrothermal fluid flow through, within and
between (i.e., across unconformities or structural breaks) basin systems.
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