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Abstract

Fresh flotation tailings represent an underutilized archive of mineralogical and geochem-
ical information in which multiple strands of evidence for ore-forming processes and
post-depositional modification can be preserved. Detailed characterization of tailings is
also vital for assessment of their future potential as a secondary source of recoverable
by-products. This study investigates residual mineral speciation and mineral distributions
in size fractions of tailings from the Prominent Hill iron oxide—copper—gold (IOCG) deposit,
South Australia, with emphasis on rare earth element (REE) minerals and associated phases
containing uranium (U). Assemblages of REE minerals can be highly complex at the mi-
cron scale and include sequences of mineral replacement, notably monazite — florencite,
and monazite — synchysite. Bastnédsite-(Ce) commonly appears paragenetically early
and is frequently altered or replaced by synchysite and parisite, supporting episodes
of REE remobilization and reconcentration over geological time. Uranium is closely as-
sociated with REEs, and U-mineral assemblages are similarly characterized by intricate
replacement relationships between uraninite and secondary phases. Uraninite is vari-
ably replaced by coffinite and the U-carbonate wyartite, reflecting changes in redox state,
silica activity, and fluid composition. Additional replacement pathways from uraninite
to Cu-Fe sulphides, including bornite and chalcopyrite, are documented and indicate
coupled dissolution-reprecipitation of sulphides and U-minerals during superimposed
hydrothermal activity. Preservation of mineralogical relationships within tailings drawn
from multiple parts of a large deposit highlights their value as an essentially untapped
library of information to reconstruct deposit evolution, complementing traditional study
of selected drill core samples. Systematic investigation of tailings from large deposits can
improve genetic models for large copper deposits, including but not restricted to IOCGs,
and provide essential insights into REE behaviour, uranium remobilization, and critical
metal potential. These findings emphasize the scientific and economic value of tailings-
based studies for improved resource characterization, refining metallogenic interpretations,
guiding future exploration strategies, and assessing opportunities for reprocessing and
metal recovery in large ore systems worldwide across diverse geological settings.

Keywords: flotation tailings; iron oxide-copper-gold deposits; Prominent Hill; REE
minerals; uraninite; coffinite; mineral replacement; uranium carbonates
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1. Introduction

Iron oxide—copper—gold (IOCG) deposits are one of the most economically significant
types of mineral systems, not only supplying copper and precious metals, but also exhibit-
ing considerable potential as a viable source for a range of other strategically important
by-product elements (e.g., [1-3]). Paramount among these are rare earth elements (REEs),
which are commonly hosted as fluorocarbonates, phosphates, and various accessory min-
eral phases, as well as substituents in common ore and gangue minerals (e.g., [4,5]). Large-
scale IOCG mining operations generate substantial volumes of tailings that retain complex
mineralogical assemblages, including unrecovered REE-bearing phases, prompting efforts
to identify economically viable options for their recovery as by-products (e.g., [6-9]). Such
studies are, however, reliant on detailed and comprehensive understanding of the min-
eralogy and mineral composition of tailings, both fresh and in long-term tailings storage
facilities. Likewise, understanding the geochemical behaviour of all contained elements,
whether target or non-target, is critical if the resource potential is to be unlocked [10,11]
and the environmental impact effectively managed.

The growing interest in REEs reflects their expanding role in modern society. Rare
earths are indispensable to advanced technologies, including electronics, renewable energy
systems, high-performance magnets, and defence applications [12]. The ability to access
additional sources beyond primary REE-dominant orebodies has become increasingly
important [9]. Stored flotation tailings, produced over decades of mining activity, represent
a significant and readily accessible repository of these critical elements, with the potential
to supplement traditional supply chains [13].

Uranium remains a cornerstone of nuclear energy production and is a common compo-
nent of some IOCG-type ores, even if seldom present at concentrations allowing economic
recovery [14]. At subeconomic concentrations, uranium is largely a nuisance component
of these ores that can compromise concentrate quality and place additional demands on
tailings management.

Detailed characterization of IOCG tailings from Carrapateena, South Australia, pro-
vides fundamental insights into the distribution, mode of occurrence, and mineral hosts
for REEs [15]. REEs and associated HFSE elements are often finely disseminated or locked
within refractory mineral phases that are not targeted during conventional processing
to recover copper and contained precious metals. Advanced microanalytical techniques,
including mineralogical, microstructural, and geochemical approaches, are essential to
accurately identify patterns of REE deportment, determine the textural relationships of
key minerals, and assess their association with iron oxides and other gangue phases. Aug-
mented by the study of coexisting non-target minerals, including those containing U, such
knowledge underpins the evaluation of tailings as secondary resources [15] and supports
the development of targeted extraction and processing strategies [16].

The development of methodologies to characterize and potentially reprocess REE-
and U-bearing tailings aligns with broader trends in improving resource efficiency while
potentially benefitting from technological innovation within the mining sector [13,17].
By quantifying the mineralogical controls on element distribution and recovery, tailings
characterization supports informed decision-making regarding processing optimization,
resource valuation, and long-term planning of mining—processing operations. Moreover, it
enables the mining industry to respond to evolving societal needs for secure and diversified
supplies of critical raw materials, reinforcing the strategic importance of IOCG systems
beyond production of copper and other primary metals.
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There is currently a growing research focus on mine tailings in general to improve
metallurgical performance and guide environmental and geotechnical management prac-
tices (e.g., [18,19]). Tailings are also recognized as repositories of unrecovered REEs and
other critical elements [20]. Despite this, comprehensive characterization studies of IOCG
tailings remain relatively limited, and few have examined the critical importance of size
distribution and mineral association. Moreover, given the coexistence of REEs, uranium,
and radionuclides resulting from decay of U and thorium (Th) within ore feed and in
processing circuits for such ores [21-23], a sound understanding of the intimate textural
relationships between REEs and phases containing U and its daughters is vital fundamen-
tal knowledge to support any recovery strategy. Important knowledge gaps include the
texture- and size-dependency relationships among REE- and U-bearing mineral phases.

The characterization of fresh tailings from mining—processing operations such as
Prominent Hill (South Australia), in which REE enrichment is recognized, has an important
role to play in resolving such issues, in turn helping to determine factors that impact the
viability of future REE recovery. Although finely ground tailings implicitly lack some
geological information, examination of tens of thousands of tailings particles derived
from a diverse range of ore facies located across a complex and lithologically diverse ore
deposit carries the major advantage of being more representative than the more traditional
characterization of samples selected (commonly with unintended bias) from drill cores.

By combining detailed mineralogical, microstructural, and geochemical analyses,
this study aims to elucidate the principal hosts for REEs and associated U in tailings,
replacement relationships among minerals, and the distribution patterns of individual
mineral phases. This investigation not only enhances understanding of the controls on
critical element capture and release within IOCG tailings but also provides a framework
for evaluating tailings as potential sources of strategic elements in support of resource
diversification and sustainable mineral utilization. In addition, emphasis is placed on the
invaluable mineralogical information that careful characterization of tailings and their com-
ponent minerals can deliver to complement existing models of ore genesis and subsequent
evolution over geological time.

2. Prominent Hill Deposit

The Prominent Hill deposit is located within the Olympic Cu-Au Province of South
Australia, a Mesoproterozoic metallogenic province situated on the eastern margin of
the Gawler Craton (Figure 1). The province [24] hosts some of the world’s largest (IOCG)
systems, thus making it one of the world’s most significant provinces for copper, gold, silver
and uranium mineralization [25]. Major IOCG deposits, represented by the active mines
and processing facilities at Olympic Dam, Carrapateena, and Prominent Hill, along with
the recently discovered Oak Dam prospect, are broadly associated with ca. 1.60-1.57 Ga
Gawler Range Volcanics and coeval Hiltaba Suite intrusions [26]. Mineralization is, in
part, structurally controlled by long-lived crustal-scale fault systems that facilitated fluid
flow, brecciation, and iron metasomatism, notably at Olympic Dam [27]. The resource
endowment of the Olympic Cu-Au Province is dominated by the Olympic Dam deposit,
which is by far the largest IOCG system. Olympic Dam is characterized by a broad
alteration footprint and a marked enrichment in U compared to the other deposits, as well
as REEs [27,28].
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Figure 1. (a) Outline and location of Gawler Craton in South Australia. (b) Simplified geological map
of eastern Gawler Craton (area marked as rectangle in (a)), showing the location of Prominent Hill
alongside other major IOCG deposits in the Olympic Cu-Au Province (after [29]). Main lithologies and
structures compiled from the Geological Survey of South Australia (https://map.sarig.sa.gov.au/).

The smaller Prominent Hill Cu-Au-Ag deposit is located on the southern margin of
the Mount Woods Domain, ca. 150 km NW of Olympic Dam and 650 km NW of Adelaide.
Like Olympic Dam, the deposit comprises hematite-dominated breccias developed within
variably altered (meta)volcanic and metasedimentary rocks (e.g., [30,31]). The breccia
complex also contains fragments of granitoid and porphyry that are considered part of
the Gawler Range Volcanics/Hiltaba Suite magmatic event at 1600-1570 Ma [32]. U-Pb
hematite ages (authors” unpublished data) yield ages of ~1595 Ma, firmly placing formation
of the Prominent Hill deposit during the Gawler Range Volcanics/Hiltaba Suite magmatic
event within the Olympic Cu-Au province. °Ar-3 Ar dating of sericite from breccias in
the southern part of the deposit yields a ~1575 Ma minimum age for sericitization [32],
further corroborating formation of the Prominent Hill deposit during the Gawler Range
Volcanics/Hiltaba Suite magmatic event.

Copper—gold mineralization is closely associated with intense iron oxide alteration
and structurally controlled breccia systems [31,33,34]. The deposit was first discovered
in 2001 [35], and the Prominent Hill mine was commissioned in 2009. Proven reserves at
Prominent Hill as per 30 June 2025 comprise 26 Mt @ 1.07% Cu, 0.59 g/t Au, and 3 g/t
Ag, with reported metallurgical recoveries of 88% for Cu and 72% for both Au and Ag.
Prominent Hill produces one of the highest grades of copper concentrate in the world [36].
The present study addresses fresh tailings only. Information on tailings storage facilities at
Prominent Hill is provided by Cooke [37].

https:/ /doi.org/10.3390/min16070671


https://map.sarig.sa.gov.au/
https://doi.org/10.3390/min16070671

Minerals 2026, 16, 671

50f 33

3. Sampling and Methodology
3.1. Analytical Methodology

This study addresses the variation in chemical composition, mineral abundance,
and textures among minerals with respect to particle size. We have undertaken a pm-
scale analysis of ten size fractions of a sample of fresh flotation tailings (PHRT) from the
Prominent Hill processing plant (October 2023): +125 um, +106 pm, +75 pm, +53 pm, +C1,
+C3, +C4, +C5, +C6 and +C7. Particles from each fraction are mounted in a 2.5 cm diameter
epoxy block and polished, exposing tens of thousands of individual particles at the surface.
Mass balances are included in Table 1.

Table 1. Assay data for major elements and selected minor elements/traces, including lanthanides, in
the head sample and each of the ten size fractions (in ppm, unless otherwise indicated). Size (in um)
and mass% proportions for each fraction are also indicated.

Texture Fraction Size pm Mass % F*% Al % Ca% Fe % K % Mg % Mn % Na % P % Si % Ti % CO; %
PHRT Head 0.39 3.92 1.60 2607  2.03 0.98 0.09 011 018 1976  0.30 2.76
PHRT + 125 +125 12.3 0.36 4.60 172 1114 240 1.16 0.09 005 013 2893 033 3.27
c PHRT + 106 +106 47 0.34 3.91 1.63 1693  2.04 1.03 0.09 005 015 2554 032 3.14
oarse PHRT + 75 +75 10.9 0.34 3.34 143 2358 174 0.88 0.08 004 015 2241 0.30 2.72
PHRT + 53 +53 13.0 0.30 2.76 126 3119 142 0.73 0.07 0.04 014 1863 028 2.34
PHRT + C1 +31 8.1 0.21 1.48 076  47.73 075 0.40 0.05 002 013 892 0.26 1.45
PHRT + C3 +15 13.8 0.35 2.55 1.60 3073  1.30 0.83 0.09 003 015 1792 029 2.95
Fine PHRT + C4 +11 6.4 0.38 2.38 195 3019  1.19 0.95 0.10 003 019 1740 030 3.64
PHRT + C5 +9 42 0.43 2.45 216 3074 122 1.04 0.12 003 022 1718 031 410
PHRT + C6 +4 6.2 0.47 3.02 220 2893 153 1.11 0.13 004 025 1732 032 424
Very fine  PHRT + C7 —4 20.4 0.60 8.00 152 1921  3.86 1.36 0.10 006 023 1914 027 3.02
Texture Fraction Au* Ag As Bi Co Cu Mo Ni Pb Sn Th U304 W Zn
PHRT Head 0.18 0.60 436 1.26 25.7 742 39 23 19 16 16.64 105 30 17
PHRT +125 0.30 0.97 314 1.50 28.8 1657 23 24 16 8 1441 72 11 21
c PHRT + 106 0.32 0.83 34.2 1.78 254 1298 31 21 17 11 1566 77 17 17
oarse PHRT + 75 0.26 0.60 409 1.37 221 993 40 19 18 15 1511 82 26 16
PHRT + 53 0.24 0.83 49.0 1.22 20.2 734 45 17 20 21 1373 91 37 15
PHRT + C1 0.32 0.35 62.4 1.16 15.3 712 59 13 31 32 1221 121 59 33
PHRT + C3 0.24 0.34 437 1.00 20.1 720 38 18 30 19 1356 98 34 37
Fine PHRT + C4 0.16 0.50 424 1.00 21.4 741 39 20 32 18 1455 102 33 32
PHRT + C5 LS. 0.31 424 0.96 23.7 678 39 22 51 17 16.16 107 31 39
PHRT + C6 0.11 0.36 4238 1.06 269 650 39 26 47 17 1911 111 29 58
Very fine ~ PHRT + C7 0.11 0.98 465 1.66 433 947 36 44 34 12 2166 136 16 61
Texture Fraction Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb
PHRT Head 335 1001 1467 123 306 271 1081 134 1.46 788 142  3.69 0.54 3.29
PHRT + 125 31.4 554 813 69.4 178 167 648 8.9 1.09 6.04 115 327 0.51 3.20
c PHRT + 106 31.4 754 1116 93.0 229 219 832 10.2 1.43 643 127 350 0.50 3.39
oarse PHRT + 75 28.6 794 1160 97.7 244 238 856 10.4 1.22 606 113 323 0.44 3.02
PHRT + 53 27.3 793 1161 9.9 242 27 827 10.0 122 567 109 284 0.40 2.58
PHRT + C1 245 786 1152 96.9 246 230 829 9.51 1.09 544 096 251 0.38 2.34
PHRT + C3 30.6 791 1178 99.4 252 249 867 12.0 1.35 643 118  3.30 0.46 2.80
Fine PHRT + C4 34.9 955 1456 127 321 308 1120 144 1.59 778 147  3.62 0.53 2.99
PHRT + C5 39.8 1177 1800 157 405 392 1430 180 2.00 894 163  4.00 0.63 3.30
PHRT + C6 453 1506 2322 201 510 501  17.80  22.0 242 108 1.83 476 0.61 3.59
Very fine ~ PHRT + C7 474 1661 2343 199 478 399 1610 187 223 113 196 550 0.82 457

Other minor elements assayed include Cr (61-223 ppm in all fractions), Sc (12 ppm in PHRT + C7, 4-8 ppm in all
others), Nb (11.5-20.4 ppm in all fractions), Sb (<6 ppm in all fractions), Se (<3 ppm in all), Ta (<1 ppm), Te (2 ppm
in PHRT + C7, <2 ppm in all others), Sr (367 ppm in PHRT + C7, 133-278 in all fractions), V (72-111 ppm in all), Zr
(125-168 ppm in all fractions), and Lu (<1 ppm in all fractions). Analytical methodologies: four-acid-HBr/ICP
mass spectroscopy (Ag, As, Bi, Co, Cu, Ni, Pb, Se, Te, Zn), lithium borate fusion/ICP optical emission spectroscopy
(Al, Ca, Cr, Fe, K, Mg, Mn, Na, P, Sc, Si, Ti), and lithium borate fusion/ICP mass spectroscopy (Ce, Dy, Er, Eu,
Gd, Ho, La, Lu, Mo, Nb, Nd, Pr, Sm, Sn, Sr, Tb, Th, Tm, U3Og, W, Y, Yb, Zr). * Total fluorine and gold fire assay
data was generated at the laboratories of Bureau Veritas (Adelaide). Minimum limits of detection: F 0.004%, Al
0.01%, Ca 0.01%, Fe 0.01%, K 0.01%, Mg 0.01%, Mn 0.005%, Na 0.01%, P 0.01%, Si 0.01%, Ti 0.005%, CO, 0.05%,
Au 0.02 ppm, Ag 0.95 ppm, As 5 ppm, Bi 0.01 ppm, Co 0.1 ppm, Cu 1 ppm, Mo 1 ppm, Ni 1 ppm, Pb 5 ppm, Sn
1 ppm, Th 0.05 ppm, U303 0.5 ppm, W 1 ppm, Zn 1 ppm, Y 0.5 ppm, La 0.02 ppm, Ce 0.5 ppm, Pr 0.05 ppm, Nd
0.1 ppm, Sm 0.05 ppm, Eu 0.05 ppm, Gd 0.05 ppm, Tb 0.02 ppm, Dy 0.05 ppm, Ho 0.02 ppm, Er 0.05 ppm, Tm
0.05 ppm, and Yb 0.05 ppm. LS.: insufficient sample; not enough for an accurate gold assay.
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3.2. Mineral Liberation Analysis

Mineral Liberation Analysis (MLA) is a widely used quantitative automated min-
eralogy technique, which combines scanning electron microscopy (SEM) with energy-
dispersive X-ray spectroscopy (EDS) to characterize mineral grains in terms of mineral
species, grain size, shape, associations, and degree of liberation. These characteristics are
critical for understanding the role of mineralogy and ore textures in mineral processing
(e.g., [38]). In this study, quantitative mineral proportion and association datasets were
determined in each of the ten polished blocks at ALS Global, Brisbane, Australia, following
procedures outlined in [39]. Data used in this contribution was obtained via the Extended
Liberation Back-Scatter (XBSE) method. It was, however, supplemented with grain-based
X-ray mapping (GXMAP) to help resolve sericite, KAl,(AlSizO19)(OH);, and K-feldspar.
MLA data were not collected on the finest fraction (+C7) because the particle size was
below the reliable detection limit of the MLA system. The resolution of the MLA technique
(i.e., pixel size) varies with screen size, and error margins on the proportion of each mineral
phase are dependent on the concentration of each mineral in each size fraction.

3.3. Microanalysis

After MLA investigation, each polished block was carbon-coated and examined at
high magnification on a Quanta 450 scanning electron microscope (SEM) manufactured by
FEI (Hillsboro, OR, USA) and housed at Adelaide Microscopy (Adelaide University). High-
contrast imaging was performed in back-scattered electron (BSE) mode. The instrument
was operated at 10 nA beam current and 20 kV voltage. The built-in energy-dispersive
spectrometer (EDS) (Oxford Instruments, High Wycombe, UK) allowed the acquisition
of compositional data for particles in the tailings. The EDS method is standardless and
the total of all measured concentrations is normalized to 100%, excluding any OH or H,O
present. The carbon coating added for improved conductivity impairs accurate analysis of
carbon-containing minerals; however, roughly, analyses containing more than 10-12% C
contain structurally bound carbon. Although favourably comparing with electron probe
microanalysis for many common minerals, EDS data are normalized to 100% and cannot
adequately navigate complex X-ray interferences among, for example, individual HREEs.

4. Results
4.1. Assay Data

The sample head and each of the ten individual size fractions were assayed commer-
cially for a total of sixty-three elements at the laboratories of Intertek, Adelaide, Australia
(with exception of F and Au at Bureau Veritas, Adelaide). Analytical methodologies can be
found in the footnote to Table 1. Residual copper is highest in the coarser size fractions.

Chondrite-normalized REE fractionation trends for the ten size fractions and calcu-
lated unsized sample (Figure 2a) show subtle variations. The finest fractions (+C6 and
+C7) exhibit patterns that are similar in shape to the coarser fractions yet at significantly
higher XREE concentrations. Fractionation patterns for all size fractions show a steep
downwards trend from LREEs to HREEs but are relatively flat across the HREE segment.
The enrichment in LREEs (La through Nd) relative to MREEs and HREEs is commensurate
with the observations described below. The +125 pm and +C1 fractions display the lowest
overall REE concentrations. All size fractions display a clear positive Eu anomaly and a
barely perceptible negative Y anomaly.

Figure 2b clearly demonstrates the relative significance of the finest fraction as a major
REE host, accounting for >50% of the total REEs in the sample.

The concentration of U3Og reaches a maximum of 136 ppm in the very fine (+C7,
+2 pum) fraction (Figure 3). The adjacent fine fractions (+C3 to +C6, 4-31 pm) exhibit slightly
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lower concentrations, whereas the +C1 fraction (+31 um) also shows a relatively elevated
value of 121 ppm. This anomaly is attributable to separation during cyclosizing being
dependent on density, and to some extent also particle shape, as well as particle size.
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Figure 2. (a) Chondrite-normalized REE fractionation trends and summary of REE concentration
data (in ppm) for different size fractions and head sample. Chondrite values after [40]. LREE: La, Ce,
Pr and Nd; MREE: Sm, Eu, Gd, Tb and Dy; HREE: Ho, Er, Tm, Yb, Lu and Y. (b) Partitioning of REY
across the size fractions.
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Figure 3. Variation in U3Og concentration (ppm) across different size fractions.
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4.2. Mineral Liberation Analysis Data

In the coarse size fractions, REE-bearing minerals show a strong association with
gangue minerals, across all size fractions. Hematite is the most common gangue mineral
associated with REE minerals, indicating its persistent textural relationship with REE
phases irrespective of grain size. Second in importance is quartz (SiO;), with which up to
40% of florencite, (Ce, La, Nd, Ca, Sr)(Al, Fe)3(PO4),(OH)g, and bastnisite, (Ce, La, Nd, Pr,
Ca) (CO3)F, is associated in some fractions. Additional, albeit minor, gangue hosts for REE
phases include sericite and chlorite.

Across the three coarsest fractions (+125 pm, +106 pm, and +75 pm; Supplementary
Materials Figure S1), xenotime, Y(POy), shows a particularly strong association with car-
bonate minerals, with proportions reaching up to approximately 25%. Xenotime is the sole
REE-bearing mineral to exhibit such a strong association with carbonates; the other REE
minerals show only minor or no association with carbonates.

The degree of liberation of REE minerals is generally low in the coarser size fractions,
not exceeding 10% in some cases, such as monazite, (Ce, La, Nd, Fe, Ca) POy, and xenotime
in the +125 um and +106 pm fractions. However, synchysite, Ca (REE, Y, Fe, Th, U) (COs),F,
and florencite show the highest degree of liberation in the coarse and medium fractions
(+53 pm, +C1 and +C3; Supplementary Materials Figure S2) with proportions that can
reach up to 59.52% and 52.31% for synchysite and florencite, respectively.

In contrast, the finest size fractions (+C4, +C5, and +C6) contain a high proportion
of liberated REE minerals (Figure 4). Liberation increases progressively with decreasing
particle size and exceeds 90% in the +C6 fraction. Association with gangue minerals is only
minor in these fine fractions. Instead, there is a strong association with other REE-bearing
minerals (up to 38.65% in some cases, e.g., xenotime).

Among the different REE minerals, monazite and bastnésite show the highest degrees
of liberation (Figure 4) whereas xenotime exhibits the lowest proportions of liberated grains
(only 18.74% in the +C4 fraction and 68.48% in the +C5 fraction). In the finest fraction
(+C6) (Figure 4), liberation of xenotime reaches 93.48%, comparable with that of other
REE minerals.

4.3. REE Mineral Size-Dependent Variation

A plot of particle size and percentage of exposed surface area for different REE-bearing
minerals (Figure 5) reveals the expected inverse relationship between the two variables.
Distinct patterns among individual REE minerals indicate a strong mineralogical control,
where discrete REE phases show greater surface exposure than those occurring as inclusions
or intergrowths within gangue. These textural relationships are consistent with the SEM-
EDS observations detailed below and carry important implications for REE liberation
and thus potential recovery. While fine grinding enhances surface exposure, REEs hosted
in complex mineral matrices may remain partially inaccessible. Figure 5 shows that the
proportion of surface exposure is highest in the very fine size fraction for all REE minerals,
as expected, and decreases markedly in the +4 to —15 pum size range (+C6 to +C4).

Xenotime and APS minerals (woodhouseite, goyazite, svanbergite, etc., loosely com-
bined as phases of the ‘crandellite group” in the MLA software library, and typically
containing a few wt.% REEs) display the lowest overall degrees of surface exposure among
the REE minerals (Figure 5). Synchysite shows relatively low surface exposure in the fine
fractions but exhibits a progressively fluctuating increase toward coarser sizes, with a
pronounced peak in the +106 um fraction. In contrast, florencite and apatite record the
highest surface exposure in the fine size fractions and, consistent with other REE minerals,
display a fluctuating decrease in exposure with increasing particle size.
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Figure 4. Bar charts showing the associations of five REE minerals in three fine size fractions. For
the purposes of this figure, all chlorite-group minerals (both Fe- and Mg-rich) are grouped together.
‘Carbonates’ represents calcite + dolomite + siderite + ankerite. ‘Hematite’ is all Fe-oxides. See text
for additional explanation. ‘REE minerals’ represents the total of monazite + xenotime + bastnésite +
synchysite + florencite + APS minerals (Ca-Sr-dominant aluminum-phosphate—sulphate minerals of

the alunite supergroup).
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Figure 5. Comparison of particle size vs. % surface area exposed for different REE minerals. Note
the marked difference between parameters for monazite and xenotime (little surface exposure of
particles over 10 um), and those for florencite, synchysite and bastnésite.

4.4. Rare Earth Mineralogy

The tailings contain several dozen different minerals (Supplementary Materials
Table S1), including a diverse ecology of REE- and U-bearing species. These display a
range of mutual, and often complex, replacement relationships. Alongside discrete REE
minerals, rare earths are also detected at trace to minor levels within zircon ZrSiOy, urani-
nite (ideally UO;) and coffinite, USiO4-nH,O.

4.5. REE Phosphates

Imaging and MLA data indicate that monazite is the most abundant REE mineral.
Monazite commonly occurs as relatively coarse grains, reaching approximately 10-20 um
in size, and is typically associated with gangue minerals. The euhedral to subhedral
monazite aggregate in Figure 6a, for example, is enclosed within a chlorite-quartz matrix.
Higher-magnification imaging reveals that this monazite aggregate has a structure encom-
passing micro-pores. Monazite also appears enclosed (i.e., locked) within assemblages of
hematite—sericite, where it also displays visible micro-fractures and pores (Figure 6b,c).
Disseminations of monazite, 1-5 pm in size, are also commonly observed within gangue
minerals, such as hematite (Figure 6d) and sericite. Other textures involving monazite are
observed, such as the ‘massive’ aggregate of microcrystals in association with hematite and
quartz (Figure 6e).

EDS analysis reveals that only monazite-(Ce) is present. Contents of La always exceed
those of Nd in all grains of monazite we have analyzed (11.0-25.8 wt.% La, Nd never
exceeding 9 wt.%). There is a marked inverse correlation between the two elements in
which samples with greater La (e.g., 25.8 wt.% La) contain the least Nd (3.1 wt.%). Traces
of other LREEs are noted in monazite, including samarium (Sm), praseodymium (Pr), Fe
and Ca, but no measurable HREEs.

Florencite is the second most abundant REE phosphate. Two species are observed:
florencite-(Ce), the more abundant of the two, and florencite-(La). Various textures of
florencite are noted, where well-crystallized grains form aggregates with sericite, quartz
and/or hematite (Figure 6f,g). Florencite also infills particles containing bornite (Figure 6h).
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Florencite-(Ce) contains measurable Nd (up to 3.1 wt.%), whereas Nd is not detected in
florencite-(La). Alongside LREEs, strontium (Sr) is the most common trace element in
florencite (typically 1-3.4 wt.%).

Figure 6. BSE images showing different textural aspects of monazite (Mnz), florencite (Flo), and their
mutual replacement relationships. (a) Monazite grains within a polymineralic particle. (b) Monazite
grains locked within an assemblage of hematite (Hem), sericite (Ser), and chlorite (Chl). (c) Polymin-
eralic particle hosting relatively coarse fractured monazite. (d) Disseminations of monazite within
fine-grained hematite. (e) Massive aggregate of microcrystalline monazite within hematite-quartz
(Qz). (f) Well-crystallized florencite associated with hematite, sericite and quartz. (g) Fine aggregate
of florencite associated with acicular hematite. (h) Mixed particle showing fine-grained florencite
associated with hematite, bornite (Bn) and quartz. (i) Monazite replaced by florencite and preserved
only as relicts within a matrix of sericite. (j) Replacement of monazite by synchysite (Syn) in a particle
also containing baryte (Brt) and hematite. Yellow lines indicate boundaries between minerals that are
not otherwise easily distinguishable.
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Monazite exhibits incomplete replacement by other REE minerals. Notably, florencite
is seen to commonly replace monazite, with remnants of the original monazite preserved as
relict grains (Figure 6i). Although the phenomenon appears rare, monazite is also observed
in the early stages of replacement by synchysite (Figure 6j).

4.6. REE Fluorocarbonates

REE fluorocarbonates are observed in all size fractions, although generally subordinate
to REE phosphates. Several species are noted. REE fluorocarbonates can be represented by
the general formula (REE,Ca)(CO3)Z, where Z represents a site that may be occupied by
fluorine (F), chlorine (Cl), or hydroxyl (OH) anions [41].

Among the REE fluorocarbonates, bastnédsite, commonly associated with quartz,
hematite and sericite, displays the broadest range of textures including euhedral lamellae,
infilling hematite, or randomly oriented aggregates (Figure 7a—-d). Disseminated, acicular
crystals of bastnésite occur within hematite—chlorite—quartz associations (Figure 7e). Bast-
nésite also appears as intensely fractured polymineralic particles, ~20 um in size, in which
the micro-fractures are infilled by bornite (Figure 7f).

EDS analysis indicates that bastnasite-(Ce) is the dominant species, and bastnésite-(La)
is subordinate. Bastnasite-(Ce) is generally richer in La than Nd. In most analyses, La is
relatively high, whereas Nd remains low. Bastnésite-(La), on the other hand, is Nd-deficient,
never exceeding 4 wt.%. Although bastnasite is primarily an LREE mineral, small amounts
of HREEs, notably Y, are detected yet remain below 1.5 wt.%. Bastndsite also contains
measurable amounts of other LREEs, including Sm and Pr, as well as traces of Fe and Ca.

Lamellar aggregates of bastndsite and synchysite appear generally fractured, exhibit-
ing textures indicative of partial or advanced replacement. In most, though not all, cases
(e.g., Figure 8a,b), textures are suggestive of partial replacement of bastnésite by synchysite,
with the former only preserved as corroded relicts (Figure 8b). REE fluorocarbonates are
commonly intergrown with one another and are associated with sericite, hematite, and
quartz (Figure 8c-g). These intergrowths typically range from 5 to 20 um in size. Bastnésite
is also observed to form lamellae parallel to synchysite within quartz-hematite associations
or even overgrow the synchysite (Figure 8c). Bastnésite also occurs as fine acicular crystals
oriented in multiple directions within synchysite, which is in turn enclosed by chlorite
(Figure 8g). Synchysite-(Ce) is the only species of synchysite identified. Like bastnasite-(Ce),
synchysite-(Ce) is richer in La than Nd; however, it typically contains greater concentrations
of Nd than coexisting bastnésite whenever the two minerals appear together. Synchysite
also contains measurable amounts of other REEs, including Sm and Pr, as well as minor Y.

More rarely, parisite, Ca(Ce,La)(CO3)3F,, is observed as particles displaying lamellar
intergrowths with bastnésite and in association with quartz (Figure 8h,i). In such cases, in-
ternal textures suggest an early stage of replacement of bastnésite by parisite, rather than co-
crystallizing relationships between the two REE fluorocarbonates. Micro-fractured parisite
occurs as ~10 pm sized particles and contains small inclusions of bastnésite (Figure §j),
which are likely surviving relicts from incomplete replacement.

Of direct relevance for understanding cycles of remobilization-recrystallization and
the relative age of REE minerals and overprinting events at Prominent Hill is the observation
that the F content of bastnisite is systematically higher (roughly double) than that of
the replacive Ca-rich fluorocarbonate (synchysite or parisite) whenever they are seen to
spatially coexist (e.g., Figure 8h—j). Given that Cl and OH occur in the Z site alongside
F, and no measurable Cl is recorded, the inference is that the OH content of the Ca-rich
fluorocarbonate must be higher. Assuming full occupancy of the Z site, this interpretation
would, however, require independent verification, e.g., via in situ analysis of OH content.
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Figure 7. BSE images showing textural aspects of bastnésite (Bst) and its association with various
gangue and ore minerals. (a,b) Bastnisite enclosed in hematite (Hem) and quartz (Qz). (c) Micro-
veinlet of bastnésite within fine-grained hematite. (d) Randomly oriented bastnasite within assem-
blage of sericite (Ser) and hematite (Hem). (e) Acicular bastnisite disseminated within fractured
hematite. (f) Polymineralic particle showing bastnésite fractured and replaced by bornite (Bn).
Sd—siderite; Flo—florencite; Chl—chlorite; Fap—fluorapatite; Ccp—chalcopyrite.
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Figure 8. BSE images showing different textures of REE-fluorocarbonate minerals and their mutual
intergrowths. (a,b) Incomplete replacement of bastnéasite-Ce by synchysite (Syn). Fap—fluorapatite.
(c) Lamellar bastnésite-Ce intergrown with synchysite and enclosed within quartz. (d) Intergrowth
of synchysite-Ce with bastnésite-Ce enclosed within quartz. (e) Intergrowth of bastnésite-Ce and
synchysite-Ce (Syn) associated with sericite (Ser) and hematite (Hem). (f) Micro-fractured intergrowth
of bastnésite-La (Bst-La) and synchysite-Ce associated with quartz. (g) Needle-like bastnésite-Ce
intergrown with synchysite-Ce and enclosed within chlorite (Chl). (h,i) Bastnisite-Ce (Bst-Ce)
intergrown with parisite-Ce (Pst) and associated with quartz (Qz). (j) Relatively coarse, homogeneous
parisite with marginal bastnésite. Parisite appears light grey on BSE images, consistent with its lower
Ca content relative to synchysite.
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4.7. Uranium Mineralogy

Uranium-bearing minerals are observed in all size fractions. Uraninite and coffinite
are the most abundant species. Wyartite, CaU%*(UO,),(CO3)O4(OH).7H,0, is observed in
minor amounts. Uraninite displays a wide range of textures and is associated with different
minerals. Uraninite is widely noted as micro-inclusions with a characteristic cubic cross-
section, a few pm in diameter, within hematite (Figure 9a,b). In some cases, uraninite occurs
as clustered inclusions, typically just 1-5 pm in size within hematite (Figure 9¢,d). EDS
data shows uraninite to contain highly variable contents of Pb (between 1.3 and 18.4 wt.%).
In addition to Pb, EDS analyses reveal the presence of REEs in uraninite, notably Ce, Nd,
Dy and Y, and minor Th, as well as Fe (from hematite matrix), Ca and Mn (alteration?).
Monazite grains also host tiny inclusions of uraninite (Figure 9e).

Figure 9. BSE images illustrating the distribution of uraninite (Urn) within hematite (Hem).
(a,b) Micro-inclusions of uraninite with cubic cross-section within hematite. (¢,d) Dense concentra-
tions of uraninite within hematite. (e) Tiny uraninite inclusion enclosed within monazite (Mnz).
(f) Zoned hematite associated with sericite (Ser) and highlighted red zone is rich in U (+Pb). (g) Zoned
hematite associated with quartz (Qz) and highlighted red zone is rich in U with fine inclusions

of uraninite.
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High-contrast BSE imaging (Figure 9f,g) shows that some hematite grains are compo-
sitionally zoned, in which the brighter and apparently homogeneous zones are relatively
enriched in U (reaching several wt.%) and, in some cases, also measurable Pb (highlighted
red zone in Figure 9f). EDS analyses reveal contents of U as high as 4.5 wt.%. In other
cases, high-magnification imaging of hematite shows the U as finely disseminated uraninite
nano-inclusions (highlighted red zone in Figure 9g). Clustered inclusions of uraninite in
hematite are a common feature throughout the South Australian IOCG ores (e.g., [42]).
They are the product of U release during recrystallization of the host hematite, as well as
healed micro-fractures that have trapped circulating (remobilized) uranium.

Uranium carbonates, particularly wyartite, are commonly associated with uraninite. Thin
seams of wyartite enclose relict uraninite within larger multiphase (hematite-bornite—chlorite)
particles. Wyartite also typically occurs as fine, sub-um-scale intergrowths within coarser
“cobweb” uraninite (Figure 10a—). The presence of Ca and Mn in our EDS analyses of
uraninite suggests early-stage incipient replacement of uraninite by very fine-grained wyartite.
Conspicuous textures like these, displaying a rhythmic intergrowth of uraninite with Cu-Fe
sulphides, are described in Olympic Dam and were interpreted to represent a replacement type
of uraninite (“third class of grains”; [43]), formed late relative to the small, euhedral grains like
those in Figure 9a—d. Distinct from the Olympic Dam uraninite is the presence at Prominent
Hill of wyartite associated with cobweb uraninite that exhibits lower Pb concentrations. Unlike
uraninite, which it replaces, the wyartite contains no detectable REEs. EDS analysis of other
wyartite in different fractions reveals measurable REE (Ce and Y reaching almost 2 and 3 wt.%,
respectively). Traces of Fe, Mg, and Mn are also noted.

Marginal replacement of uraninite by bornite is also observed. In such cases
(Figure 10d), the marginal uraninite area (darker on the BSE image; no Pb, elevated Ca,
Si, and slightly increased Y) is compositionally distinct from the remainder (brighter on
the BSE image; measurable, relatively low Pb, generally <5 wt.%, with minor Ce and
Y). The composition of the darker regions in Figure 10d is suggestive of a possible early
formation of coffinite—xenotime as a replacement of uraninite. Coffinite (Figure 10e-h)
forms a matrix enclosing finely disseminated uraninite, suggesting either incomplete re-
placement of uraninite by coffinite or, alternatively, formation of “new” uraninite following
partial decomposition of coffinite. These textures are observed in polymineralic particles
5 to 10 um in size. Associated minerals include quartz, hematite, sericite and TiO; (rutile,
possibly also anatase). In addition, liberated grains of coffinite preserving uraninite relicts
are observed. Coffinite also occurs as micro-veinlets within quartz.

EDS analysis indicates that coffinite is a carrier of several minor and trace elements,
including Ca and Fe, as well as a few wt.% REEs (notably Nd and Ce, although not
exceeding 2.2 wt.% and 2.0 wt.%, respectively). Relatively high concentrations of yttrium
(Y) are, however, detected (1.6-5.6 wt.%). We note, however, an absence of phosphorus (P)
in coffinite, a feature often taken, along with elevated Y, to indicate coffinite—xenotime solid
solution. Phosphorus is only detected within “pure” coffinite, in which uraninite relicts are
absent. This discrepancy hints at the correctness of the interpretation involving incomplete
“coffinitization” of uraninite.

EDS data indicates that both zircon, ZrSiO4, and xenotime-(Y), YPOy, are minor hosts
for U (<1 wt.%).
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Figure 10. BSE images of polymineralic particles containing U-minerals and associated replacement
textures. (a) Cobweb uraninite displaying rhythmic core-to-margin intergrowths of uraninite (Urn),
chalcopyrite (Ccp) and Fe-rich baryte (Brt). Yellow lines indicate mineral boundaries otherwise not
easily distinguishable. (b,c) Details of two specific areas within the cobweb uraninite in (a) showing
replacement by wyartite. (d) Liberated particle showing bornite (Bn) intergrowths with uraninite.
The orange zone highlights a darker area that exhibits a subtle deviation from the typical uraninite
composition. (e) Uraninite relicts preserved within coffinite (Cof) matrix. (f) Particle showing
replacement of uraninite (Urn) by coffinite in association with hematite (Hem), chlorite (Chl) and
sericite (Ser). (g) Detail from (f) showing well-crystallized coffinite alongside incomplete replacement
of uraninite, which is preserved as um-scale relicts. (h) Detail from (f) showing uraninite relicts
within matrix of coffinite. Gn—galena; Qz—quartz.
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4.8. Other Minerals
4.8.1. Zircon

Zircon displays a range of morphologies, textures and associations, in part as a result
of presumed diverse origins, igneous, detrital, hydrothermal, and possibly metamorphic,
but also because of superimposed alteration and radiation damage. Micro-fractured, fine-
grained zircon appears together with small grains of hematite and sericite, typically around
10 um in size (Figure 11a). In most cases, two compositionally distinct zones are clearly
visible in BSE images (Figure 11b-d). Zircon is metamict, commonly highly fractured, and
may host tiny inclusions of monazite (Figure 11e). Zircon is also associated with monazite
(Figure 11f).

Figure 11. BSE images illustrating various textures involving zircon (Zrc). (a) Micro-fractured zircon
associated with sericite (Ser) and hematite (Hem). (b,c) Zircon displays two compositionally distinct
domains. Pale-grey zones represent less-altered zircon, whereas the dark-grey zones (Zrc-U) contain
various non-formula elements, including U, Y, Ca, and Fe. (d) Zircon grain enclosed within quartz
(Qz) and hematite (Hem). (e) Partially altered zircon in association with chalcopyrite (Ccp) and
enclosed within an intergrowth of quartz and sericite. (f) Zircon associated with monazite (Mnz) and
enclosed within sericite-hematite (Hem).
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Aside from Hf, common in zircon, the dark zones on the images in Figure 11 contain
various non-formula elements, including U (up to 12.4 wt.% in some cases). Detected REEs
include Y, Nd and Ce, reaching up to 8.7 wt.%, 1.4 wt.%, and 1.4 wt.%, respectively. Altered
zircon also hosts Th, Ca, Al, and Fe. Less-altered zircon (light-grey zones on BSE images,
Figure 11) contain only Fe and Hf as impurities. Scandium (Sc) is also noted within zircon,
the only mineral containing measurable concentrations of this element within the dark
zones. The partially amorphous nature of metamict zircon reported from these ancient
rocks [29], together with the presence of micro-fractures, provides effective pathways
for fluid infiltration and alteration, which leads to significant changes in its chemical
composition, including incorporation of several non-formula elements [29].

4.8.2. Cu-(Fe) Sulphides and Associated Ore Minerals

Cu-(Fe) sulphides are intergrown with each other, notably forming ‘basket weave’
textures between bornite (CusFeSs) and digenite (CugSs), often enclosed within gangue
minerals such as sericite, chlorite and/or hematite (Figure 12a,b). In addition, Cu-(Fe)
sulphides host nanoscale inclusions of trace minerals such as monazite (Figure 12b) or
clausthalite (PbSe). According to MLA data, bornite is the most abundant Cu-(Fe) sulphide
across all size fractions, except in the +C4 fraction, where chalcopyrite (CuFeS,) is slightly
more abundant. Chalcopyrite also occurs as network lamellar intergrowths with bornite
and enclosed within chlorite (Figure 12¢) or associated with chlorite-sericite. In some cases,
chalcopyrite hosts tiny inclusions of clausthalite (Figure 12d). Chalcocite, Cuy..S, where
x = 0-0.2, is also present, occurring intergrown with carrollite, CuCo,S, (Figure 12e).

Pyrite (FeSy) occurs in several forms; most commonly as intergrowths with covellite,
CuS (Figure 12f) or bornite (Figure 12g). Pyrite also appears as framboidal aggregates
(Figure 12h) within a matrix of dolomite, CaMg(COs3),. Micro-fractured galena (PbS)
and sphalerite (ZnS) form small aggregates, ca. 10 um in size (Figure 12i). Galena also
occurs as liberated grains, locally associated with minor hematite along grain boundaries
(Figure 12j) as well as associated with bornite or intergrown with chalcocite. EDS analysis
reveals the presence of what we infer to be secondary atacamite, Cuy(OH)3Cl, within
bornite—chalcopyrite intergrowths.

Clausthalite is predominantly observed as minute inclusions within Cu-(Fe) sulphides.
In some instances, the selenide also occurs as extremely fine grains (<1 um), enclosed within
hematite (Figure 13a) and intergrown with an unidentified Cu-sulphide. Altaite, PbTe, is
the only telluride identified, occurring as tiny inclusions in bornite only a fraction of <1 pm
in size (Figure 13b). Selenide-telluride assemblages resemble those previously illustrated
by Owen et al. [44]. Molybdenite (M0S;) is noted in several size fractions as <2 um sized
disseminations within gangue (quartz, sericite, and fluorapatite) (Figure 13c) but also
with a marked association with U-minerals and monazite (Figure 13d). Measurable Co
is persistently noted in molybdenite. Scheelite, CaWOQy, is the sole tungstate detected,
identified as ~1 um inclusions within hematite (Figure 13e).

Minor volumes of arsenides are represented by safflorite, (Co,Fe)As,, and 16llin-
gite, FeAs,. Safflorite occurs as fine grains (<2 pm) within quartz (Figure 13f), enclosing
minute inclusion of uranium minerals, probably uraninite. EDS analyses indicate minor
Ni (5.4 wt.%) and traces of sulphur (<1 wt.%). Lollingite, on the other hand, is observed
only as sub-micron grains (<2 pm) within sericite-quartz association. EDS data reveal the
presence of ca. 10 wt.% Co and minor Ni not exceeding 3.4 wt.%. An alloy phase containing
Au-Pt-Ag is observed (but could not be identified) as a <1 um sized inclusion enclosed
within a zircon-xenotime intergrowth.
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Figure 12. BSE images showing aspects of sulphide mineralogy. (a) Symplectite between digenite (Dg)
and bornite (Bn). (b) Digenite-bornite symplectite locked within hematite (Hem) and host to monazite
(Mnz). (c) Bornite—chalcopyrite (Ccp) intergrowth within chlorite (Chl). (d) Bornite—chalcopyrite
intergrowth hosting tiny inclusions of clausthalite (Cth) in the bornite associated with chlorite-sericite
(Ser). (e) Intergrowth of chalcocite (Cc) and carrollite (Cli) within quartz (Qz). (f) Liberated grain
comprising pyrite (Py) and covellite (Cv). (g) Rounded pyrite, corroded and replaced by bornite,
within sericite—quartz. (h) Framboidal pyrite associated with dolomite (Dol). Note tiny inclusions
of galena (Gn) and sphalerite (Sp). (i) Particle (agglomerate?) comprising brecciated galena and
sphalerite. (j) Fractured liberated galena grain surrounded by marginal fine-grained hematite.
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Figure 13. BSE images showing the occurrence of trace ore minerals. (a) Clausthalite (Cth) micro-grain
enclosed within hematite (Hem). (b) Inclusion of altaite (Alt) in bornite (Bn). (c) Molybdenite (Mol)
hosted within gangue minerals. Fap—fluorapatite. (d) Molybdenite in association with monazite
(Mnz) and gangue minerals. Ser—sericite. (e) Inclusion of scheelite (She) within hematite. (f) Safflorite
(Saf) enclosed within quartz (Qz).

4.8.3. Gangue Mineralogy

Hematite and quartz are the most abundant gangue minerals. MLA data indicates that
quartz is more abundant in the three coarsest fractions, whereas hematite dominates the
finer fractions. This difference is reflected in the textural associations of the two minerals:
hematite commonly occurs with quartz, but also with other gangue minerals such as sericite,
chlorite, baryte (BaSOy), and Fe-Ti oxides. Hematite is also intergrown with carbonates,
notably siderite and/or dolomite, indicative of the diverse ore types at Prominent Hill.
Hematite frequently hosts small mineral inclusions or occurs in close association with
a range of REE minerals, dominantly monazite and florencite, but also bastnasite and
synchysite (Figures 6d-h and 7a—c), alongside uraninite and other U (Figures 9 and 10e,f)
as well as sub-micron-scale inclusions of scheelite. Quartz, in contrast, is typically observed
with other silicates, especially sericite, or chlorite, which are often intergrown (Figure 12g).
Quartz is observed to host U-minerals and REE minerals (Figure 8i,j).

IImenite (FeTiO3) and rutile, the principal Ti-bearing minerals, are both common,
particularly in the coarser fractions, where they commonly occur alongside hematite and
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various gangue minerals. IImenite displays disparate textures and a strong association with
pyroxene and feldspar hinting at an origin from the mafic host lithologies (basaltic andesite
in the mineralization footwall [31]). A polymineralic particle in the +125 um fraction is com-
posed of intergrown hematite—ilmenite, compositionally zoned augite, (Ca,Mg,Fe),Si,Og,
and labradorite, (Ca,Na)(5i,Al)4Og (Figure 14a,b). Fluorapatite is observed in association
with ilmenite and pyroxene. Networks of fine lamellar intergrowths between hematite
and ilmenite are observed in association with labradorite, oligoclase and ferro-augite
(Figure 14c). In other cases, homogeneous, sub-euhedral ilmenite forms cores of areas
comprising hematite and hematite mottled with tiny ilmenite inclusions (Figure 14d).

Figure 14. BSE images illustrating textural aspects of ilmenite. (a) Polymineralic particle shows possi-
ble replacement of ilmenite (Ilm) by hematite (Hem) enclosed within augite (Aug) and labradorite
(Labr). (b) Detail from (a) showing ilmenite-hematite replacement. (c) Trellis ilmenite exsolved in
igneous hematite associated with labradorite. Note small anhedral grains of ferro-augite (Aug-Fe).
Dashed red line indicates mineral boundaries otherwise not easily distinguishable. (d) Sub-circular
ilmenite zone within hematite. Olg—oligoclase; Fap—fluorapatite; Qz—quartz; Ser—sericite.

Rutile is often present as micro-veins that exhibit incomplete replacement by hematite
and are enclosed within phases such as sericite (Figure 15a) or are associated with sericite
and quartz (Figure 15b). In addition, rutile frequently forms crystallographically oriented
lamellae in hematite (Figure 15¢), and in some cases, parallel sets of rutile lamellae are
hosted within hematite and associated with dolomite (Figure 15d). Some intriguing textures
involving rutile or ilmenite are observed, witnessing to both the diversity of host rocks
present in the deposit and the complexity of metasomatic reactions during ore formation.
These include hematite—rutile symplectites (Figure 15e) enclosed within an intergrowth
of sericite and chlorite. EDS analysis of rutile within this symplectite shows 16.6 wt.% Zr,
suggesting that this may be a sub-micrometre-scale intergrowth with baddelyite (ZrO,) or
possibly srilankite (ZrTiyOg).
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Figure 15. BSE images showing aspects of rutile (Rt). (a,b) Rutile micro-veinlet enclosed within sericite
(Ser) and quartz (Qz). (c) Polymineralic particle showing rutile micro-vein within hematite (Hem)
and association with sericite and baryte (Brt). (d) Parallel bands of rutile and hematite associated
with dolomite (Dol). (e) Symplectite-like intergrowth of rutile and hematite within intergrowth of
sericite and chlorite (Chl). Fap—fluorapatite.

5. Discussion
5.1. Chondrite-Normalized REE Fractionation and Metasomatism

REE-bearing species in the tailings are dominated by minerals that preferentially
incorporate LREE on crystal-chemical grounds; discrete HREE-dominant phases are minor
or absent, effectively mirroring the bulk composition of the tailings and the hydrothermal
fluid(s) from which they precipitated. As such, the chondrite-normalized fractionation
patterns provide only limited insight into evolutionary processes (e.g., [45]). HREE-hosting
minerals like xenotime or apatite exhibit more diverse and process-sensitive REE signatures,
owing to differences in site size, substitution mechanisms and redox sensitivity, making
them more informative recorders of magmatic and hydrothermal evolution [46-48].

Chondrite-normalized REE fractionation patterns (Figure 2a) show a clear positive Eu
anomaly, accompanied by subtle negative Sm and Gd anomalies. Positive Eu anomalies
are generated in reducing environments in which Eu?*, with a smaller ionic radius (1.14 A),
prevails over Eu®* (1.39 A; [49]). Eu reduction processes are generated in high-temperature
conditions [50]. Ores precipitated from hydrothermal solutions are often characterized
by strong LREE enrichment and a positive Eu anomaly. With increasing temperature, Ce,
Gd, and Y anomalies, if present, are eliminated through ion exchange with other minerals,
while Eu anomalies persist [51].

Eu?* is preferentially incorporated into plagioclase, where it substitutes for Ca®* [52,53].
Both MLA data and SEM observations confirm the scarcity of plagioclase (1.16 wt.%), hint-
ing at replacement and near-complete obliteration of the feldspar, which was plausibly a
major component of the volcanic host rocks prior to Fe-metasomatism. Despite the rarity of
plagioclase, a pronounced positive anomaly is nevertheless preserved in the REE minerals.

During the intense metasomatism following the onset of IOCG systems, igneous
feldspars record progressive transformation of igneous feldspar to hydrothermal phases.
This is accompanied by redistribution of trace elements, including REEs. At Olympic Dam,
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Kontonikas-Charos et al. [54,55] demonstrated that hydrothermal albitization and feldspar
replacement reactions involve coupled dissolution—reprecipitation (CDR) processes that
release REEs previously incorporated in feldspars into the local fluid environment, thereby
facilitating the formation of discrete REE-bearing minerals. Relict feldspars in host rocks
located proximal to ore feature highly modified REE signatures that reflect removal of
REEs from the feldspar lattice [55]. Metasomatic fluid—rock interaction thus not only alters
primary phases, plagioclase in this case, but is also a powerful driver of REE-phosphate and
-fluorocarbonate compositions in IOCG deposits and flotation tailings. Nanoscale evidence
of pseudomorphic replacement of feldspars by REE fluorocarbonates [56] underscores the
role of feldspar breakdown in supplying key elements (e.g., Ca, P, and LREESs) into fluids
that ultimately precipitate discrete REE minerals.

Overall, these results show that REE enrichment in the tailings is not just a simple
concentration effect but rather reflects, in part, initial fluid-rock reaction that is evidenced
both structurally and chemically in both the primary minerals, where preserved, and
new-formed minerals. This is, however, not the end of the story, as will be shown below.
Prominent Hill and its kin deposits in the Olympic Cu-Au Province show ample evidence
of superimposed cycles of fluid-driven remobilization and reprecipitation of elements
which further modify and refine the distribution patterns generated by early metasomatism.
Importantly, much of the latter modification does not require an input of fluids nor elements
from external sources, but rather a closed-system recycling of materials already present.

5.2. Size Dependency of REE Distributions

Most REE minerals show higher proportions of liberation within the fine size fractions,
suggesting that there is theoretical potential for recovery. However, despite the high degree
of liberation, recovery of REE minerals from these fine fractions will be challenging due
to their small particle size, which negatively affects separation efficiency during physical
beneficiation. Factors such as poor particle settling, increased entrainment, and reduced
separation selectivity during flotation or gravity concentration can significantly hinder
effective recovery, underscoring the trade-off between enhanced mineral liberation and
diminished process efficiency in fine-grained fractions.

For instance, fine and ultra-fine mineral particles (<40-50 um) are known to exhibit
poor flotation performance because low particle mass and high surface energy reduce
bubble-particle collision and attachment efficiency, while increasing reagent consumption
and entrainment of gangue minerals into the concentrate [6,56]. Additionally, gravity and
magnetic separation efficiency declines sharply with decreasing particle size as hydrody-
namic drag forces dominate over selective forces, misplacing valuable minerals into the
tailings [6].

In addition, REE minerals are commonly spatially associated with discrete U-bearing
phases. According to the MLA data, coffinite shows association with monazite within
the fine fractions, +C3, +C4 and +C5, with percentages of association of 2.58, 2.31, and
5.79%, respectively. Monazite and REE fluorocarbonates are also capable of structurally
incorporating U and Th into their crystal lattices through ionic substitution (e.g., [57]), even
if relevant data for these minerals (in material from Olympic Dam) shows only modest
concentrations [58,59]. Consequently, beneficiation processes aimed at upgrading REE
mineral fractions tend to simultaneously concentrate U and Th, yielding an REE concentrate
that may be sufficiently radioactive, thus potentially negatively impacting transport and /or
marketing of the concentrate. Furthermore, the presence of U, Th, and their daughter ra-
dionuclides introduce substantial downstream complications, including stricter regulatory
oversight, limitations on storage and transport, enhanced worker protection requirements,
and more complex permitting pathways [60]. Additional, often costly, processing steps
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are often required to remove or manage U and Th prior to refining, increasing technical
complexity, operational costs, and environmental management obligations [61].

5.3. Monazite Replacement: Phosphates and Fluorocarbonates

Monazite is the principal REE-bearing mineral identified in the studied samples. In
other deposits, monazite is reported to be replaced by various minerals, notably phosphates
such as apatite and allanite [62]. Monazite is partially replaced by florencite in tailings from
Carrapateena [15]. We see no evidence for replacement of monazite by apatite, and allanite
is absent altogether. In contrast, monazite is a relatively scarce REE mineral at Olympic
Dam and is not observed to coexist with florencite [59].

In the present study, monazite is replaced by synchysite (Figure 6j) and, conspicuously,
never by bastnésite. Prior work elsewhere has established that both monazite and allanite
are commonly replaced by rhabdophane via CDR reactions [63,64], but are also reported to
be replaced by hydrous REE carbonates “like hydroxylbastnaesite-(Ce) or synchysite” [62],
particularly when CO,-rich fluids are present.

Conversely, monazite can directly replace bastnésite at 220 °C during hydrothermal
alteration in acidic and phosphate-rich environments [65]. According to Schulz [62], the
irregular shapes of small monazite grains found within aggregates of other phosphates like
allanite are not relics preserved following incomplete replacement but instead are newly
crystallized monazite. This distinction is important because it highlights that grains which
have the appearance of surviving relicts of primary minerals may instead record subsequent
crystallization events, reflecting the dynamic nature of fluid—rock interaction and the mobil-
ity of REEs and probably also phosphorus during superimposed alteration. Such textures
therefore cannot be assumed to represent simple preservation of an early paragenesis but
may instead result from dissolution-reprecipitation processes that overprint the original
assemblage. In this context, mineral chemistry and microstructural relationships become
critical for distinguishing true relic phases from secondary growth. The apparent textural
continuity may thus mask significant chemical re-equilibration, emphasizing that element
redistribution during hydrothermal alteration can be more extensive than is evident from
petrographic observations alone.

5.4. REE Fluorocarbonates: Intergrowth and Replacement Relationships

Members of the bastnésite—synchysite series commonly form intimately intergrown
domains that reflect the modular structures of these species. Such intergrowths are reported
from carbonatite-related REE deposits [66,67] but are also known from IOCG deposits of
the Olympic Cu-Au Province [68,69]. Fluorocarbonates are especially abundant at Olympic
Dam, where they are the dominant REE minerals [27,57].

Intergrowths of bastnisite and synchysite, which often extend to the nanoscale, likely
reflect small fluctuations in Ca activity, CO32~, F~ and temperature in the mineralizing
fluid. Small shifts in phase stability promote the partial replacement of bastnasite by Ca-rich
members, notably synchysite and parisite, during cooling or fluid evolution [70]. High-
resolution imaging of nanoscale intergrowths of bastnésite and synchysite modules in REE
fluorocarbonates [69] reflects a gradual progression toward chemical equilibrium. These
fine-scale domains record stepwise compositional changes between end-member phases,
highlighting the influence of evolving physicochemical conditions during metasomatism
and accompanying mineralization.

Fluorocarbonates are, however, not always the most common REE minerals in IOCG
deposits of the Olympic Cu-Au Province. In both Prominent Hill and Carrapateena [15],
REEs are largely hosted by phosphates, monazite and florencite. Ongoing work by the au-
thors at the recently discovered Oak Dam prospect shows the presence of distinct domains
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in which bastnésite, monazite (£xenotime) and florencite are the dominant REE hosts.
These differences, both between and within deposits, highlight distinct mineralization
styles across the province but also variations in local geochemical environments during pri-
mary mineralization, and during subsequent episodes of remobilization-recrystallization.
Parameters that impact REE mineralogy include fluid composition, temperature, pH, and
the availability of phosphate versus carbonate in the system [71]. Structural controls, such
as faulting and fracture networks, may also influence fluid pathways and element mobil-
ity, leading to preferential precipitation of specific REE minerals in different deposits or
parts thereof [72]. Such variations highlight the distinct mineralization styles of individual
deposits and carry implications for the longer-term viability of REE exploitation.

The bastnisite reported here frequently occurs intergrown with synchysite and parisite
(Figure 8h—j), forming composite grains that might be interpreted as recording a progres-
sive evolution of REE-fluorocarbonate mineralization as described elsewhere. On closer
inspection, these textures exceed those of a simple intergrowth and more likely reflect a
systematic yet incomplete replacement of bastndsite by synchysite or parisite. Bastnésite is
only preserved within zones of intense alteration and fractures (Figure 8a,b) and as relicts
preserved at the late stage of replacement (Figure 8j) within parisite. Constraints on the
timing of this replacement are impossible to make, yet the conspicuous morphology of
some synchysite could indicate formation under extensional conditions.

The present study has identified significant compositional differences between pri-
mary and replacive REE carbonate phases, notably the systematically lower F content of
synchysite compared to coexisting bastnésite. If interpreted in terms of OH-for-F substi-
tution and assuming full Z-site occupancy, this could suggest that the replacive Ca-rich
phases contain greater OH, thus mirroring the scenario outlined by Ondrejka et al. [63] and
similar OH-F exchange mechanisms reported for apatite-group and REE-bearing minerals
in fluid-mediated alteration systems [73,74]. Verification through in situ OH analysis would
be needed to confirm this, but the trend provides a useful chemical marker for relative
timing of REE mineralization.

5.5. Uranium Mobility and Replacement Relationships

The new data from Prominent Hill bolster the recognition that uranium carbon-
ates occur intergrown with uraninite within multiple IOCG systems across the Olympic
Cu-Au Province. Examples include Carrapateena [15] and comparable associations
in both Olympic Dam and Oak Dam (authors” unpublished data). Textural relation-
ships suggest that wyartite formed during a late-stage hydrothermal overprint, partially
replacing uraninite.

Coupled dissolution-reprecipitation [75] is a fundamental reaction mechanism ob-
served in multiple mineral groups at Olympic Dam (e.g., [43,47,54,55,76-79]) and has
clearly played a major role in shaping the mineralogy and texture of ores as observed today.
In a CDR process, a fluid undersaturated with respect to a primary mineral initiate its
dissolution, forming a thin interfacial boundary layer at the mineral—fluid interface [75,80].
As dissolution proceeds, the local boundary layer can become supersaturated with respect
to a more stable secondary phase, allowing simultaneous replacement that preserves the
original mineral shape while altering its internal composition and structure [81].

Wyartite is a secondary uranium mineral formed in an oxidizing carbonate-rich envi-
ronment [82]. Alongside essential Ca, minor amounts of Fe, Mg, and Mn are noted in EDS
data. We assume that these elements were incorporated into wyartite during alteration
of uraninite and relate their presence to dissolution of diverse carbonate minerals (calcite,
dolomite, siderite, rhodochrosite, etc.) from the host lithologies.
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The compositional and textural diversity of U-(carbonate) minerals suggest apparent
progressive replacement pathways, such as the transformation of uraninite into Cu—Fe sul-
phides, notably chalcopyrite (Figure 10a) and bornite (Figure 10d), previously constrained
at Olympic Dam by Macmillan et al. [77]. Uraninite can be replaced by wyartite and other
uranyl carbonates [83], as seen in Figure 10a—c, or by silicates like coffinite (Figure 10e-h).
The actual processes involved are, however, more complex than a simple single-stage
replacement reaction. Each transformation is influenced by a combination of factors, in-
cluding fluid composition, temperature, redox conditions, and the presence of catalytic
ions such as Ca?* and Mg?*, which significantly affect uranyl carbonate speciation and
mobility in solution [84], and potentially also their stability. Variations in these parameters
during fluid evolution can promote different mineral assemblages, allowing uraninite to be
replaced by sulphides, silicates, or uranyl carbonates depending on the prevailing chemical
environment [85]. Furthermore, fluid—rock interaction and local chemical gradients can
produce microscale heterogeneity, leading to spatially variable alteration textures within
a single grain or domain [85]. Additionally, these pathways may not occur uniformly;
multiple alteration reactions can happen simultaneously or in overlapping stages, and
intermediate phases might form transiently before stabilizing as the observed mineral
assemblages. Therefore, while the observed compositional trends provide valuable clues,
the real mineralogical evolution reflects a dynamic interplay of physicochemical conditions
rather than a single, straightforward pathway. These compositional variations indicate pro-
gressive replacement pathways from uraninite — Cu—Fe sulphides (bornite or chalcopyrite)
and from uraninite — wyartite or coffinite.

Coffinite is a secondary uranium mineral, widely formed via a process of dissolution
of pre-existing uraninite [86-89]. Uranium released from uraninite may exhibit limited mo-
bility and recrystallize as coffinite in the near vicinity [89], as illustrated here (Figure 10e-h).
Conversion from uraninite to coffinite is marked by an increase in Si and Y coupled with a
marked decrease in Pb content. Released Pb may not migrate long distances and will form
secondary galena, thus explaining the fine inclusions of galena close to uraninite relicts
(Figure 10h). Some mobilized uranium may, however, be transported over much longer
distances, even hundreds of metres, ultimately crystallizing as the ubiquitous fine-grained
clausthalite and altaite found in these ores [44]. The conspicuous Pb-isotope signatures of
these phases [90] support remobilization and fixation as Pb-chalcogenides during a super-
imposed event that took place some hundreds of millions of years after initial formation.
This scenario is fully consistent with the different textural varieties of uranium minerals,
their disparate Pb contents [43,88,91], and the observed multiple populations of uraninite
ages [92].

The presence of several distinct textures involving uraninite indicates a complex
and multi-stage history of uranium mineralization at Prominent Hill, comparable to that
recognized across the region. These findings and interpretations could be assessed by
geochronological studies of U-bearing minerals from the Prominent Hill deposit.

Uraninite is not simply preserved as relicts of an early generation partially replaced
by coffinite and/or wyartite. Instead, it occurs in several distinct textural forms, such as
near-perfect cubic crystals with variable Pb content, small inclusions within hematite and
other minerals, and also replacing a range of different mineral species.

Cubic uraninite likely represents primary crystallization under stable (near)-equilibrium
conditions favourable for nucleation and steady growth. In contrast, the disparate replacement
textures suggest later fluid-mediated alteration, in which earlier minerals were partially
dissolved and uraninite reprecipitated in their place. Uraninite inclusions within other phases
indicate additional stages of growth, either during early mineral formation or during later
overprinting events. Together, these different textures point to multiple episodes of uranium
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mobilization, dissolution, and reprecipitation, reflecting a dynamic and evolving mineralizing
system rather than a single, preserved generation of uraninite.

The relationships between REEs and U further support this interpretation. Both
rare earth elements and uranium can be readily remobilized, particularly in oxidizing,
fluid-rich environments. Over geological time, changes in redox state, temperature, fluid
composition, and deformation can repeatedly remobilize uranium. This can lead to a
decoupling or re-association of REEs and U during different stages, recording a long history
of metasomatism, fluid interaction, and mineral re-equilibration within the system.

6. Conclusions and Implications

IOCG tailings represent a substantial and underexplored repository of REEs that could
complement the primary commodities copper, gold, and silver. Systematic mineralogical
and geochemical investigation of fresh tailings provides a foundation for assessing element
distribution, retention, recovery potential, and long-term geochemical behaviour under
oxidative conditions in tailings storage facilities.

This study demonstrates the complexity of REE mineral assemblages at the micron
scale and highlights the significance of replacement relationships among REE phosphates
and fluorocarbonates. These textures are consistent with REE remobilization and reprecipi-
tation during prolonged geological evolution. A close association between U and REEs was
also identified, with important implications for the production of clean REE concentrates.
Uranium mineralization is characterized by replacement processes, including the alteration
of uraninite to coffinite and secondary U-carbonates.

The mineralogical record preserved in the tailings provides insight into the processes
governing trace-element incorporation, retention, and redistribution during ore formation,
hydrothermal overprinting, and subsequent alteration. The occurrence and associations of
REE- and U-bearing phases with iron oxides, gangue minerals, sulphides, and other hosts
reflect the evolution of hydrothermal fluids and the physicochemical conditions controlling
element partitioning. These observations contribute to improved geological models for
REE and U enrichment in IOCG systems.

This work also contributes to broader efforts to evaluate the resource potential of
tailings across the Olympic Cu—Au Province [93]. The results identify opportunities for
resource recovery that complement ongoing efforts to produce REE concentrates from IOCG
ores [6,94]. Future studies will integrate mineralogical data from Prominent Hill tailings and
flotation concentrates to evaluate differences in REE- and U-bearing mineral assemblages,
their associations with Cu-(Fe) sulphides, and the distribution of trace elements with
potential by-product value between copper concentrates and tailings.

Overall, the results highlight the potential of IOCG systems as sources of both primary
commodities and critical minerals. Detailed mineralogical characterization is essential for
evaluating resource recovery opportunities, improving resource utilization, supporting
sustainable mining practices, and informing long-term management of mineral resources.
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