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ABSTRACT

Iron-oxide copper gold (IOCG)-uranium deposits represent South Australia’s primary
resource base for copper production. The presence of daughter radionuclides (RN) from the 238U
decay series within the ores necessitates a detailed understanding of their mineralogical
deportment as a pre-requisite for attempts to remove or reduce RN concentrations. Research
presented in this thesis contributes towards this knowledge by identifying and characterising
potential RN-carriers, migration of radiogenic lead via geological processes, and provides
evidence for RN sorption during processing. Novel approaches to RN reduction are proposed
based on mineralogical-geochemical results.

Evidence for migration of Pb within the deposit and during processing is relevant for any
assessment of RN deportment, especially since the Pb-chalcogenides galena, clausthalite (PbSe)
and altaite (PbTe) are often hosted within Cu-(Fe)-sulphides. Lead isotope values measured in-
situ by laser ablation inductively coupled plasma mass spectrometry suggest an overwhelmingly
radiogenic origin for Pb and thus extensive decoupling of radiogenic Pb from parent U- and Th-
minerals. Calculated 2°’Pb/?°°Pb ratios suggest Pb mobilisation during an event that postdates the
initial Mesoproterozoic Fe-Cu-Au-U mineralisation event, an interpretation consistent with other
studies in the Olympic Cu-Au province which indicate cycles of replacement-remobilization-
recrystallization.

A nanoscale study of the most common of the three Pb-chalcogenide minerals, clausthalite,
by high-angle annular dark field scanning transmission electron microscopy, proved highly
instructive for identifying mechanisms of remobilization and overprinting. Characteristic
symplectite textures involving clausthalite and host Cu-(Fe)-sulphides are indicative of formation
via reaction between Se that pre-existed in solid solution within Cu-(Fe)-sulphides and migrating
Pb. Observed superstructuring of clausthalite nanoparticles within chalcopyrite provides a direct
link between solid solution and symplectite formation.

Sr-Ca-REE-bearing aluminium-phosphate-sulphates (APS) of the alunite supergroup are a
minor component of the Olympic Dam orebody. They appear paragenetically late, often replacing
earlier REE-minerals. Characterisation of these compositionally zoned phases allowed them to be
defined as minerals that span the compositional fields of woodhouseite and svanbergite, and also
a REE- and phosphate-dominant group displaying solid solution towards florencite. A nanoscale
secondary ion mass spectrometry study of RN distributions in APS minerals in acid-leached
copper concentrate revealed that APS minerals readily sorb products of 238U decay, notably ??°Ra
and %1°%Pb, whereas U remains in solution. Many APS phases, particularly those that are Pb-bearing,
are stable over a wide range of pH and Eh conditions and at temperatures up to 450 °C. As such,
synthetic APS phases represent viable candidates not only for the removal of radionuclides from

metallurgical streams, but also for their safe storage and isolation from surrounding environments.

Vi



Ca-Sr-dominant phases display preferential enrichment by Pb (notably 2°Pb) during flotation.
210pp uptake then increases during subsequent acid leaching.

Mixed Ca- and Sr-bearing APS phases were synthesised by modifying existing recipes to test
the role of compositional variability of APS phases on the sorption rate of Pb from dilute Pb(NO3):
solution. Lead incorporation by the synthetic APS phases was confirmed, whereby Pb replaces Ca,
but not Sr, within the APS crystal structure. Extended X-ray absorption fine structure analysis of
the resulting solids reveals the nature of Pb sorption by the synthesized material. The data showed
that the dynamic incorporation of Pb by APS phases occurred overwhelmingly at pH 3.5, thus
verifying that uptake of Pb by synthetic APS phases may represent a robust mechanism to achieve

both reduction and immobilisation of 21°Ph within metallurgical processing streams.
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PREFACE

This thesis is comprised of manuscripts which are published in, accepted, or submitted to
international peer-reviewed journals, and an as yet unpublished manuscript presented as stand-
alone supplementary research. All of the research contained within this thesis is a contribution
toward the ARC Research Hub for Australian Copper-Uranium. Research by the 30+ members of
the Hub has been conducted with the goal of identifying pathways for removal of deleterious
components from South Australian Cu-Au ores via a large-scale interdisciplinary approach. This
thesis dissertation supports this goal by contributing towards a fundamental mineralogical
approach combined with the investigation of geochemical pathways for the removal of non-target
metals from Cu-processing streams.

Chapters 2 (unpublished) and 3 (published) form a comprehensive study on the movement of
radiogenic Pb within an economically mineralised zone of the Mt. Woods Inlier over geological
time, and its intimate relationship with the Cu-(Fe)-sulphides through the formation of
intragranular Pb-chalcogenides which are often hosted within the Cu-(Fe)-sulphides at the very
finest scale. Chapter 4 (accepted for publication) contains the first part of a study on aluminium-
phosphate-sulphate (APS) minerals within the Olympic Dam Cu-processing circuit and the
observed ability of naturally occurring APS mineral phases to scavenge radionuclides of 28U
decay from 2?°Ra onwards. The second part of this study (Chapter 5, submitted for publication)
pursues a geochemical approach for the reduction of Pb from solution by the addition of synthetic
APS phases at varying pH and Pb concentration. The final chapter (Chapter 6) summarises all of
the research contained within this dissertation, makes recommendations for the direction of future

work and makes some concise concluding remarks.

The papers which form the basis of this dissertation include:
Chapter 2. Pb isotope data for Pb-chalcogenides in the Mt Woods Inlier

Chapter 3. Owen, N., Ciobanu, C., Cook, N., Slattery, A., and Basak, A. (2018) Nanoscale
study of clausthalite-bearing symplectites in Cu-Au-(U) ores: Implications for ore genesis.
Minerals, 8(2), 67.

Chapter 4. Owen. N.D., Cook, N.J., Rollog, M., Ehrig, K., Schmandt, D.S., Ram, R., Brugger,
J., Ciobanu, C.L., Wade, B. and Guagliardo, P. (2019) REE-, Sr-, Ca-aluminum-phosphate-
sulfate minerals of the alunite supergroup and their role as hosts for radionuclides. American
Mineralogist, 104, 1806-1819.

Chapter 5. Owen, N.D., Brugger, J., Ram, R., Eschmann, B., Cook, N.J., Ehrig, K.J., Schmandt,
D.S., Rollog, M., and Guagliardo, P. (2020) A sponge for radionuclides: a study on the dynamic



uptake of lead by synthetic aluminium-phosphate-sulphates. Applied Geochemistry, (in

review).

A discussion of the key findings and implications for this collection of research, and

recommendations for future work are included in Chapter 6.
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CHAPTER 1

INTRODUCTION






1 INTRODUCTION

Australia is the fourth largest copper producer globally with almost 75% of Australia’s economic
Cu resource in South Australia. Despite this, South Australia only makes up for ~30% of national
Cu production (www.ga.gov.au). The main style of Cu-mineralising systems in South Australia
are lron Oxide Copper Gold (IOCG) deposits (http://www.energymining.sa.gov.au/
minerals/mineral_commodities/copper), a relatively newly described class of magmatic-
hydrothermal deposit in which Fe-oxides are the dominant components (Hitzman et al. 1992;
Hitzman 2000; Groves et al. 2010; Barton 2014). The South Australian Government is committed
to boosting copper production three-fold by 2030. The ARC Research Hub for Australian Copper
and Uranium, to which the research in this thesis contributes, was established to develop new
knowledge and innovation to address one challenging technical issue, the presence of uranium and
its short- to medium half-life daughter radionuclides (RN). A sound understanding of the physical
distribution of these non-target components, notably 22°Ra, 2!°Po and 2*°Pb, and their geochemical
behaviour in ore and during processing is a critical first step for the development of innovative

process designed to reduce or eliminate them in final products.

As one project among several inter-related research projects within the broader Research Hub, the

research questions addressed in this thesis fall into two main research areas, as follows:

(1) Can minor phases, notably the Pb-chalcogenides, galena, clausthalite and altaite, host
significant concentrations of radiogenic Pb, and can the mobility and chemical affiliation of
radiogenic lead be modelled from a combination of quantitative isotope analysis and examination

of mineralogical relationships at the nano- to micron-scales?

(2) The second phase of the research combines mineralogy and geochemistry to target one group
of minerals in South Australian IOCG ores shown to harbour significant concentrations of RN,
and which may represent a fresh approach towards novel ways of extracting RN from metallurgical
processing streams. Aluminium-phosphate-sulphate (APS) minerals of the alunite supergroup are
indicated as potential hosts of RN from 2?Ra onward with particular compatibility between 2°Pb
and (Ca,Sr)-bearing APS phases. The mechanism of Pb-uptake by the synthetic phases is
investigated via Extended X-ray Absorption Fine Structure (EXAFS) analysis to determine the

bonding environments of Pb that arise from Pb-bearing solutions under different conditions.

2 BACKGROUND

2.1  The Olympic Cu-Au Province

The Olympic Cu-Au Province forms a ~500 km-long belt, striking approximately N-S along the
eastern margin of the Gawler Craton (Figure 1.1). The province hosts a number of iron-oxide
copper gold (I0OCG) deposits including the world-class Olympic Dam deposit, as well as the



Prominent Hill and Carrapateena deposits, and the historic Cu-Au mining regions at Moonta and
Wallaroo (Ferris et al. 2002; Skirrow et al. 2007; Conor et al. 2010; Reid 2019). Mineralisation
throughout the Olympic Domain is broadly considered to be associated with emplacement of the
1600-1580 Ma Hiltaba Suite granites, coeval with the Gawler Range Volcanics. Mineralisation
related to this event has resulted in the largest known concentration of iron oxide, copper, gold and
uranium of any geological province world-wide. While Cu is the primary economic commaodity in

the 10CG deposits, with by-product Au and Ag also exploited, most deposits contain some

uranium. Olympic Dam is, however, is the only deposit containing U at economic concentrations
within the ore.

1
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Figure 1.1: Simplified geological map showing the location of the Olympic Cu-Au Province
within the Gawler Craton. The Olympic Cu-Au Province is host to the largest concentration of
IOCG style mineralisation world-wide and includes Prominent Hill (PH), Olympic Dam (OD),

Carrapateena (CAR) and the southern part of the district, encompassing Moonta-Wallaroo and
Hillside (HS). Modified after Skirrow et al. (2018).

Economic mineralisation in the Olympic Cu-Au Province is related to the Hiltaba Suite granites
and associated Gawler Range Volcanics, which were emplaced during a major magmatic event

(Hand et al. 2007; Reid and Hand 2012; Reid 2019), collectively termed the Gawler Siliceous



Large Igneous Province (Allen et al. 2008). Hand et al. (2007) suggest the Hiltaba Suite granites
were intruded into an overall compressional regime, suggested to be driven by Olarian Orogenic
events. However, observations from a seismic reflection transect across the Olympic Dam region
indicates that the magmatic event was accommodated by a transpressional and locally extensional
regime (Skirrow and Davidson 2007) during the development of the Olympic Dam Cu-Au
Province, and at least partially negates the compressional environment proposed by Hand et al.
(2007). Within some parts of the Olympic Cu-Au Province, Hiltaba Suite magmatism was
associated with high metamorphic grades, reaching upper amphibolite to granulite facies in
restricted areas in the southern part of the province (Hand et al. 2007; Reid and Hand 2012; Reid,
2019). Importantly, however, rocks of lower-grade metamorphic facies, i.e. Moonta-Wallaroo-
aged metasedimentary and -volcanic rocks are widespread. There are also no high metamorphic-
grade rocks observed in the Olympic Dam district (including Wirrda Well, Acropolis, Oak Dam,
and Carrapateena). Varying tectonic and alteration environments are expressed within the Olympic
Cu-Au Province, resulting in the formation of the Mt Woods Inlier in the north, which contains
the Prominent Hill deposit, the Olympic District, which hosts Olympic Dam, Carrapateena, and a
dozen or more smaller prospects, and the Moonta-Wallaroo Cu-Au region in Yorke Peninsula, that

includes the Hillside deposit.

Some of the research described in this thesis was based on sample material from the Prominent
Hill (Chapters 2 and 3) and Olympic Dam deposits (Chapter 4), necessitating a brief introduction

to the two deposits.

2.2  The Olympic Dam IOCG(U) deposit

The giant Olympic Dam Deposit (Ehrig et al. 2012) is considered as the archetypal example of
IOCG(U) mineralisation and is by far the largest in the Olympic Domain. The deposit has an
estimated resource of 10,727 Mt @ 0.72% Cu, 0.3 g/t Au, 1.0 g/t Ag, 0.23 kg/t U3Os (BHP Billiton
2018). Although copper is the prime commodity of interest, the deposit contains sufficient

concentrations of uranium for economic recovery of the element.

The deposit is hosted by the Olympic Dam Breccia Complex, which is largely though not
exclusively derived from the Roxby Downs Granite (RDG), a member of the ca. 1600-1585 Ma
Hiltaba Suite. It has been suggested (e.g. Johnson and McCulloch 1995; Pollard 2006, Bastrakov
et al. 2007; Ciobanu et al. 2013; Kontonikas-Charos et al. 2017; Verdugo-Ihl et al. 2019a) that the
Roxby Downs Granite was a major fluid source for economic mineralisation, as evidenced by its
strongly “granitophile” (U, Pb, W, Mo, Sn) signature of the ore and individual minerals (Ciobanu
et al. 2013; Verdugo-lhl et al. 2017, 2019a; Dmitrijeva et al. 2019a), and that initial deposit
formation took place immediately following granite emplacement based on comparison of U-Pb

ages for zircon and hematite (Cherry et al. 2018a; Courtney-Davies et al. 2019). The mineralogical



zonation of sulphides in the deposit from peripheries to core occurs as sphalerite — galena —
pyrite — chalcopyrite — bornite — chalcocite — non-sulphide hematite and quartz rich core
(Ehrig et al. 2012). This zoning helps define the geochemical signature of IOCG mineralization at
Olympic Dam, which is mirrored by other deposits across the region (Dmitrijeva et al. 2019a,
2019b).

Events recognised at Olympic Dam and adjacent prospects which are suggested to have impacted
on the evolution of the Olympic Dam deposit after initial formation include the ca. 1200-1100 Ma
Musgravian Orogeny (Lu et al. 1996), emplacement of Gairdner dyke swarms at ca. 830 Ma, and
the Delamerian Orogeny at 490-514 Ma. These events are all important as potential contributors
to element and isotope mobility, which in turn impacts on radionuclide distributions within Cu-
Au ores. Numerous poorly constrained events in the interval 1400-1100 Ma have been identified
(e.g. Davidson et al. 2008; Ciobanu et al. 2013). Evidence includes, but is not restricted to a 1370
Ma monazite U-Pb age obtained from the Acropolis prospect, south of Olympic Dam (Cherry et
al. 2018b). A hydrothermal event of possible Musgravian age is recorded at Olympic Dam from
Re-Os analysis of pyrite-chalcopyrite mineral separates yielding ages of 1258 +28 Ma (Mclnnes
et al. 2008). Events of this age (~1300 Ma) are also reported by Mass et al. (2011) by the analysis
of Sm-Nd data from step-leached ores from Olympic Dam. Additionally, Pb isotope data taken
from isotopically zoned pyrite in mineralized clastic sediments and galena in the ore have common
Pb model ages which suggest sediment deposition/diagenesis and U introduction no earlier than
1.3-1.1 Ga (Mass et al. 2011). Further overprinting events within the Olympic Dam district include
the emplacement of the Gairdner Dyke Swarms at ca. 830 Ma (Wingate et al. 1998; Huang et al.
2015; Apukhtina et al. 2016; Bowden et al. 2017) and the Delemerian orogeny (~500 Ma) led to
extensive faulting and late veining across the region. Recent fission track evidence (Hall et al.
2018) suggests that tectonothermal effects continued until the Tertiary. Each of these events may
have had an impact in the remobilisation of U, Pb, and other elements, throughout the Olympic
Cu-Au province, leading to the various cycles of replacement, remobilization and recrystallization
observed in several mineral groups from Olympic Dam (Macmillan et al. 2016a; Ciobanu et al.
2017; Verdugo-1hl et al. 2017, 2019b) and elsewhere (Cherry et al. 2018; Owen et al. 2018).

The host Roxby Downs Granite is suggested to be the major source of U, indicated by U isotope
ratios from Olympic Dam (Kirchenbauer et al. 2016). Uranium mainly occurs as uraninite,
coffinite or brannerite (Macmillan et al. 2016a, 2017). In zones where U concentration is high (U
> 500 ppm) the dominant mineral is uraninite while coffinite and brannerite tend to occur mainly
in uranium poor (U < 500 ppm) zones (Ehrig et al. 2012, 2017). Macmillan et al. (2016a) identify
four broad classes of uraninite evidencing U remobilisation and precipitation events throughout
the evolution of the Olympic Dam deposit. Uranium minerals are often associated with zones of

high-Fe alteration throughout the deposit and occur as massive aggregates, disseminations and
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occasionally as microveinlets which cross-cut earlier lithology. Hematite, by far the most abundant
mineral in the deposit, is the fourth most important uranium host (Ciobanu et al. 2013; Ehrig et al.
2017; Verdugo-lhl et al. 2017). The greater part of the hematite and contained U-minerals report
to flotation tails from which uranium is recovered by sulphuric acid leaching. Uranium is also

recovered by acid leaching of copper concentrates.

2.3  The Prominent Hill deposit

The Prominent Hill deposit is hosted within a large brecciated fault system in the Mount Woods
Inlier in the northern part of the Olympic Domain and is overlain by 50-400 m of Mesozoic
sediments (Belperio et al. 2007; Schlegel and Heinrich 2015; Schlegel et al. 2018). The deposit
contains an estimated resource (as of the 30" of June, 2018) of 130 Mt at 1.1 % Cu, 0.6 g/t Au, 3
g/t Ag (OZ Minerals 2018) and formed within steeply dipping hematite breccias with a Cu barren
core at the central and eastern parts of the deposit (Schlegel and Heinrich 2015; Schlegel et al.
2018). The ore-forming process at Prominent Hill is suggested to begin with the onset of Hiltaba
and GRYV igneous activity at ca. 1600-1575 Ma with related tectonothermal activity possibly
continuing until 1570 Ma (Bowden et al. 2017). Economic chalcopyrite, chalcocite and bornite
mineralisation is hosted within the brecciated wall rocks and are mainly associated with areas of
intense hematite metasomatism. The accessibility and permeability of the brecciated wall rocks
allowed for favourable alteration and mineralisation sites for later metasomatic and mineralising
hydrothermal fluids. Using 8**Sv.ctp values, Schlegel et al. (2017) have shown that the isotopic
signature of all sulphur involved with Cu-(Fe)-sulphide mineralisation at Prominent Hill matches

that of the Hiltaba Suite and The Gawler Range Volcanics.

2.4 Uranium and stable radiogenic lead

Uranium is compatible within a range of mineral crystal structures at multiple oxidation states
from U?* to U®*, and as such is able to reside in a large number of mineral species. Christy (2015)
records more than 250 different U-bearing mineral species, while 5% of all known minerals
contain U as an important structural constituent (Finch and Murakami 1999; Hazen et al. 2009),

making it a very diverse element considering its relatively low crustal abundance.

The U grade within an IOCG deposit can largely be related to the composition of the host rocks
(Hitzman and Valenta 2005). This relationship can be demonstrated when considering Prominent
Hill, which is largely hosted by metavolcanic rocks, and Olympic Dam, hosted almost entirely
within the Roxby Downs Granite (Hiltaba Suite equivalent). These host rocks have grades of <5
ppm, and 14 ppm U, respectively (Hitzman and Valenta 2005). In this instance the granitic host
rocks of the Olympic Dam deposit are suggested to be major sources of mineralisation, an
argument supported by the recognition of U-Pb-bearing hematite at Olympic Dam (Ciobanu et al.

2013) with an age concordant with the host granite. Subsequent work (Courtney-Davies et al.



2016, 2019a, 2019b) has validated the U-Pb hematite geochronometer at Olympic Dam and

elsewhere in the region.

Hitzman and Valenta (2005) recognised three main U-bearing minerals, uraninite, coffinite and
brannerite, host the bulk of U in IOCG style deposits. Within these three minerals U exists in its
tetravalent state (U**). Recently however, hematite within the Olympic Dam deposit has also been
shown to host significant quantities of U (Ciobanu et al. 2013; Courtney-Davies et al. 2016;
Verdugo-Ihl et al. 2017). Uranium minerals, uraninite, coffinite and brannerite, are more easily
eliminated from processing streams via acid leaching, thus the relative proportion of U contained
by hematite increases with processing.

When high concentrations of U are incorporated into a mineral, the mineral’s structure becomes
damaged via a-particle decay, in a process known as metamictization (Ewing et al., 2003). The
degree of metamictization of a mineral increases systematically with U-Th content up to the point
of total metamictization (Woodhead et al. 1991). In a crystal structure such as zircon, largely
comprised of tightly bound silicate tetrahedra, metamictization will be preserved for a long time.
Minerals such as uraninite, however, with its rapid annealing kinetics, can undergo multiple
metamictization events yet be restored to near original form (Janeczek and Ewing 1991). This

process makes U and its decay products more easily mobilised from such phases.

Decoupling of parent U and daughter Pb isotopes may occur via the above process, or by
dissolution of U-bearing minerals. The most common and most stable isotope resulting from the
decay of 23U within the discussed IOCG systems is 2°°Pb. Thus, understanding the mineralogy of
uranium (Macmillan et al. 2016a, 2017), deposit- and grain-scale U-Pb systematics (Kirchenbaur
et al. 2016; Courtney-Davies et al. 2019), and lead isotope ratios of single minerals (Schmandt
2019) provides valuable indirect information on the deportment of radioisotopes throughout the
238 decay chain. Lead occurs within the Olympic Cu-Au Province as both common and
radiogenic Pb. The primary Pb-bearing minerals consist of galena (PbS), clausthalite (PbSe), and
altaite (PbTe). Within the Olympic Dam deposit, galena is present in larger quantities than
clausthalite or altaite while in the Prominent Hill deposit the prevalence of Pb-bearing minerals
occurs in the order clausthalite>galena>altaite (Owen et al. 2018), indicating that areas of the
Prominent Hill deposit are slightly more enriched in Se. The majority contribution of radiogenic
Pb (i.e. formed post-1OCG mineralisation) within these minerals make them useful not only for
tracking radionuclide deportment, but also for identifying deposit-scale overprinting episodes
which may have affected the distribution of Cu mineralisation, due to their intimate relationship
with the Cu-(Fe)-sulphides (Owen et al. 2018).

Minor amounts of uranium are contained within other accessory phases in Olympic Domain I0CG

systems, notably REE-phosphates (monazite), fluorocarbonates (synchysite, bastnasite), apatite



and baryte. Recent research by Schmandt et al. (2017, 2019a, 2019b) indicate their modest
contribution to the overall RN budget within metallurgical processing streams.

2.5 Deportment and mineralogical expression of Intermediate RN from the 28U decay series,
fractionation and decoupling

The 23U decay series comprises 15 decay events from parent to daughter isotopes until it reaches
the stable 2°°Pb isotope (Figure 1.2). Intermediate RN are those that occur between parent 228U and
the stable endmember daughter isotope 2°Pb. Secular equilibrium between the parent and their
daughter isotopes exists when the daughter isotope concentrations remain at a steady state because
loss through decay is matched by formation from their parent isotopes; however, each daughter
isotope belongs to a different chemical element than its parent, and hence both physical and
chemical properties will differ. The different chemical properties of daughter isotopes, coupled
with processes like metamictization, recrystallization or dissolution, may result in decoupling of
daughter and parent isotopes. It is possible that decoupling of the daughter isotopes has occurred
at multiple times during the evolution of both the Prominent Hill and Olympic Dam deposits as
visible by the different phases of U minerals (Ciobanu et al. 2013; Macmillan et al. 2016a, 2016b,
2016c, 2017) which represent a series of dissolution, remobilization and recrystallization events.

The main isotopes addressed in this review are highlighted based on their physical properties, their
mobility, their potential mineralogical hosts, and their ability to interact with each mineral phase.

The elements and their respective isotopes are summarised as follows:

226Ra forms from its parent isotope 2°Th, which is insoluble in most conditions. When Ra forms
the salt radium chloride (RaCly), it becomes very mobile (Cowart and Burnett 1994), and is able
to migrate from its source quite easily; as such, the mineral phases in which Ra resides are of great
importance (Schmandt et al. 2019b). Radium has many similar properties to Ba, meaning that it
can be readily co-precipitated along with Ba within minerals that contain Ba, notably baryte,
forming so-called radiobarite (Lehto and Hou 2011). In a ToF-SIMS study in which baryte has
been exposed to Ra-bearing solutions for a period of time, baryte has been shown to undergo a
homogeneous uptake of Ra into the crystals (Klinkenberg et al. 2014). Radium also easily
incorporates into chlorides, sulphates and carbonates (Cowart and Burnett 1994; Walther and
Gupta 2015), however this is only preserved in young strata. 2°Ra has a half-life of 1,600 years,

after which it decays via alpha-decay to form 2?2Rn.

When ?2?Rn forms as a decay product from 2?°Ra, an alpha particle is ejected which can damage
the surrounding structure forming an alpha track (Semkow 1990). In a study of alpha-recoil
damage on mineral structures, Fleischer (1982) shows that Rn, an inert gas, can successfully escape
the crystal structure during this process. Accompanied by seismic pumping of fluids within cracks

and interconnected pores, Rn may be transported far from its source before further decay. In a



study of a range of alpha-emitting minerals, Malczewski and Dziurowicz (2015) showed that
uraninite had the lowest Rn emanation coefficient, despite having the highest U content of the
minerals analysed. This could largely be due to the relatively simple crystal structure and chemical
composition of uraninite facilitating a high rate of self-annealing (Janeczek and Ewing 1991;

Janeczek et al. 1996; Malczewski and Dziurowicz 2015).
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Figure 1.2: The 2%U decay series showing the progression of element isotopes from 23U through
to stable 2°°Pb. Each alpha decay results in a decrease in atomic mass by four and atomic number

by two; each beta decay results in an increase in atomic mass by one (Cook et al. 2018).

Polonium occurs as three isotopes following the beta decay of 222Rn in the final stages of the 238U
decay series, 218Po, 2*Po and 2°Po. Unlike Rn, Po is an extremely chemically active element,
forming complexes with a large variety of mineral types such as oxides and hydroxides (Lehto and
Hou 2011). #°Po, the most toxic naturally occurring radionuclide (Maxwell et al. 2013), was
discovered by Pierre and Marie Curie in 1898 within the mineral pitchblende and was described
to have similar properties to bismuth (Fry and Thoennessen 2013). 2°Po has the longest half-life
of the three Po isotopes in the 238U decay chain (138.4 days), while 2!8Po and ?*4Po have half-lives
of 3.1 min and 0.0002 sec, respectively. As well as its short half-life, it is extremely reactive with
acidic solutions and is extremely volatile, meaning that it is extremely difficult to detect.

Polonium’s electron configuration in its neutral state resembles that of its fellow group members
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on the periodic table, Se and Te can be considered analogous to the latter with a similar valence
electron configuration (Ansoborlo et al. 2012).

Like Po, there are three Pb isotopes in in the 2®U decay series which form from a Po isotope via
alpha decay; 2*Pb, 2%Pb and 2°°Pb. The natural abundance of common Pb is a subject that has
required constant revision over the years. Recent TIMS analysis (Thirlwall 2000) on the renowned
common lead standard, NIST SRM 981 revealed Pb isotope ratios of 2%Pb/?%Pb 16.9409(22),
207pp/2pYy  15.4956(26), 2%8Pb/2Pb  36.722(80), 2°7Pb/2%%Ph 0.91469(7) and 2%8Ph/2%PD
2.16770(21) which widely agrees with a summary of NIST SRM 981 values (Platzner et al. 2001).
Minerals containing highly radiogenic lead will be those which contain ratios of 2%Ph, 2°’Ph and
208pp to 2%4Pp significantly larger than those stated above. 2°°Pb, 2°7Pb and 2%Pb are the stable
endmembers of the 2%U, U and 2*?Th decay series, respectively. ?!°Pb is perhaps a more
important target than its daughter 21°Po for 21°RN reduction as it has a much longer half-life (22.2
years). Thus, if reduction of 2°Pb is achieved, stemming the production of 2!°Po in the process,

the radioactivity of the ore material will naturally decrease within an acceptable time frame.

Prior to the start of research within the ARC Research Hub for Australian Copper-Uranium, much
of the understanding of RN distribution in uranium-bearing copper ores and concentrates was
based on indirect information, bulk measurement, or inspired guesswork based on known
geochemical attributes of the isotopes concerned (Cook et al. 2018). Clearly, a large part of
intermediate RN are hosted within U-being minerals capable of retaining the full decay chain
(notably uraninite but also other minerals suitable for U-Pb geochronology such as zircon, hematite
and apatite). Other potential hosts were more speculative and have been systematically addressed
in this thesis and in related work. Development of nanoSIMS isotope mapping to directly visualise
RN distributions at the grain-scale (Rollog et al. 2019a) and subsequent application to different
mineral matrices (Rollog et al, 2019b, 2019c, 2019d) have proven pivotal for the much-improved

knowledge currently available at the time of completing this thesis.

2.6 Lead chalcogenides

Lead forms an unusually large number of different minerals (Christy 2015). This mineralogical
diversity is explained, largely, in terms of its outer electron configuration. Lead is a chalcophile
element and as such preferentially forms minerals with heavier chalcogenides and pnictides, only
forming oxycompounds upon subsequent oxidation (Christy 2015). Additionally, in its Pb(Il)
oxidation state, Pb contains a stereoactive lone pair of electrons, further adding to the variability,
and also complexity, of its mineral species it. In the context of identifying the potential carriers of
radiogenic lead within 10CG deposits, the three most common lead minerals, galena (PbS),

clausthalite (PbSe) and altaite (PbTe), are of particular importance. All three are relatively
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abundant within ores and their respective concentrates from Olympic Dam and Prominent Hill,

and typically — although not exclusively — occur as inclusions within Cu-(Fe)-sulphides.

Galena, clausthalite and altaite display partial solid solution as shown on the PbS-PbSe-PbTe
ternary diagram (Figure 1.3). There are extensive miscibility gaps at temperatures below 300 °C
but the PbS-PbSe and PbSe-PbTe pairs are miscible above 500°C (Chang and Liu 1994).

Of the three minerals, galena is the more abundant at Olympic Dam. Schmandt (2019) has shown
that whereas most of this galena has formed by decay from parent U-minerals, there also exists
non-radiogenic galena that was likely crystallised together with other sulphides at the time of initial
deposit formation. Within the Prominent Hill deposit, clausthalite is observed to be by far the most
common of the three Pb-chalcogenides. Chapter 4 will demonstrate how formation of clausthalite
can be linked to reaction between Se-enriched Cu-(Fe)-sulphides and migrating radiogenic lead.

Formation of clausthalite over galena is favoured by the greater electronegativity of selenium.

% PbS

— 500°C Solvus
- --300°CSolvus
----100°C Solvus

% PbSe % PbTe

Figure 1.3: PbS-PbSe-PbTe ternary phase diagram with solidus lines between each phase,
indicated at 100, 300 and 500 °C, as indicated. Note the larger field for PbSe at 100 °C compared
with PbS and PbTe (after Chang and Liu 1994).

2.7 Scavenging of 21°RN

The central focus of this work is the occurrence, mobility and interplay between the mineralogy
and geochemistry of 22%Pb and #'°Po (hereafter referred to as 2°RN) during the evolution of the
ore bodies, as well as evidence for decoupling (secular disequilibrium) during mineral processing.
210RN are relatively enriched in copper concentrates throughout the copper processing cycle at
Olympic Dam (Lane et al. 2016; Cook et al. 2018). Sulphuric acid leaching efficiently removes a
large part of U but it would appear that RN of concern readily re-adhere onto or diffuse into
particles in the concentrate. Smelter feed (i.e. post-concentrate leach) is thus no longer in secular
equilibrium. Furthermore, ?'°RN accumulate within the Cu-sulphate rich smelter dust; this is

subsequently recycled into the leach phase of Cu-processing to maximise Cu-recovery.
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The mineral hosts for 2°RN were very poorly constrained at the start of the present project. It was
presumed that they were present within parent U-bearing minerals, which also contain lead,
notably uraninite (Macmillan et al. 2016a). They, and the complete decay chain, were also assumed
to be contained within other minerals containing non-essential uranium and lead at concentrations
of tens of parts-per-million to a few wt.%. Examples include zircon, apatite and hematite, all of
which are dateable, albeit with evidence of open system behaviour in some mineral grains
(Ciobanu et al. 2013; Krneta et al. 2017; Verdugo-Ihl et al. 2017; Courtney-Davies et al. 2019)

Beyond this, the likely hosts for 2°RN were largely speculative (Cook et al. 2018), based on the
physical properties of their parent isotopes within the 238U decay series, as well as the geochemical
behaviour of each element in the decay chain. This prompted investigation of several key mineral
groups: (i) galena, clausthalite and altaite are initially targeted for analysis due to their high
radiogenic Pb content; (ii) rare-earth fluorocarbonates and phosphates, since both groups can
incorporate U and Pb (Schmandt et al. 2017, 2019a); baryte, known to host Ra and subsequent
decay products (Schmandt et al. 2019b). NanoSIMS isotope mapping was identified as an efficient
method to screen individual minerals for their potential as RN-carriers (Rollog et al. 2019a),
Subsequent work addressed fluorapatite, fluorite, rutile, molybdenite, covellite and many others
(Rollog et al. 2019b, 2019c, 2019d) in a focused effort to identify and isotopically map both
expected major hosts and also minor minerals that may nevertheless prove surprisingly good RN

hosts.

Alongside baryte, aluminium-phosphate-sulphate (APS) minerals of the alunite supergroup stood
out as good hosts for, and efficient scavengers for 22°Ra and 2!°RN within the Olympic Dam Cu-
processing circuit (Rollog et al. 2019a, 2019b; Owen et al. 2019a, 2019b). This family of minerals
had been noted in prior mineralogical studies of the deposit but had not previously been the subject
of detailed investigation. They were, however, addressed in the present study due to their ability

to host a wide variety of di-, and tri-valent cations, and thus represented potential hosts for RN.

APS minerals of the alunite supergroup follow the general formula [MAI3(XO4)2(OH,H20)6]. A
broad array of solid solutions may be formed with exchange of mono-, di-, or trivalent cations in
the M-site. Of great importance to the research reported here are the interplays between Ca, Sr and
Pb cations at the M-site, where incorporated Pb may include ?*°Pb. Ca- and Sr-bearing APS phases
have been shown to preferentially incorporate Pb at the expense of Ca and Sr within metallurgical

processing streams (Owen et al. 2019).

The crystal structures of APS phases fall within the same R3m or R3m space group, accordingly
forming almost identical structures with slight deviations. The most significant deviations occur
along the c-axis depending largely upon the properties of the M-site cation whereby M?* cations

with larger ionic radii cause lengthening whereas smaller cations result in contraction of the
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structure. This is especially the case in crandallite-group minerals when considering Ca?* which
has a relatively small ionic radius, compared with Sr>* and Pb?*. Its small ionic radius causes
contraction of the crystal structure resulting in distortions among the sheets of AlOs octahedra,
however when Sr?* and Pb?* are substituted at the M-site, the structure becomes more relaxed,
hence increasing stability. There is also apparent lengthening along the c-axis with addition of SO4
in Ca-, Sr- and Pb-bearing endmembers which may lead to an increase in thermodynamic stability
(Schwab et al. 2005). In Pb(ll) compounds the electronic configuration of Pb is 6s?, resulting in
distortions in the stereochemistry of some compounds, which is known to cause a reduction in
crystal symmetry in some Pb-rich alunites (Kolitsch and Pring 2001), adding complexity to
substitution of Ca and Sr by Pb. This may also be why we see such variation along the c-axis
between Sr-, and Pb-bearing APS members, despite their similar ionic radii (Shannon 1976).

3. RESEARCH OBJECTIVES AND THESIS STRUCTURE

The research gaps outlined above provide a context for the research reported in this thesis. Results
contribute to a better understanding of radionuclide distributions in ores and copper concentrates
and the evolution of those distributions during processing, as well as adding to models for the

formation and evolution of IOCG deposits over geological time.

Research described has used different, complementary microanalytical tools to characterise the
mineralogy within the ore feed and subsequent phases of the metallurgical processing cycle.
Micron- to nanoscale imaging techniques used include backscatter electron imaging on a SEM
platform, focused ion beam imaging and high-angle annular dark-field scanning transmission
electron microscopy. Quantitative microanalysis using electron microprobe analysis, and laser
ablation inductively coupled mass spectrometry. Additional data and interpretations were obtained
using nanoscale secondary ion mass spectrometry (nanoSIMS) to provide qualitative information
on RN distributions at the sub-micron scale, while a synchtrotron Extended X-ray Absorption Fine
Structure (EXAFS) study of synthetic Ca-, and Sr-bearing APS phases provided valuable data on

the incorporation dynamics of Pb via acidified solution at room temperatures.

Each of the following thesis chapters are written independently as manuscripts for publication
within peer reviewed journals. Approach, samples and analytical methods are outlined in the

appropriate sections within each chapter:

Chapter 2 (unpublished manuscript) addresses the mobility of and origin of Pb within the Pb-
chalcogenide minerals galena, clausthalite and altaite within representative samples from the
Prominent Hill deposit. This work was undertaken primarily to track the distribution of the stable
endmember isotope of 28U decay, 2°°Pb, as well as 2°’Pb and 2%Pb from 2*°U and 2%?Th decay,

with respect to Cu-(Fe)-sulphides within which the Pb-chalcogenides are often hosted. The degree
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of decoupling between the radioisotopes between 238U, 25U and 2*Th, and the stable Pb isotopes
can then be assessed.

Chapter 3 (published paper) describes a micron- to nanoscale study of clausthalite-bearing
symplectites hosted within Cu-(Fe)-sulphides from the Prominent Hill deposit, from which a
model for radiogenic Pb incorporation into Cu-(Fe)-sulphides is developed. The mechanism of Pb
mobilisation within the deposit also adds to a growing body of evidence for one or more large-
scale overprints within the Olympic Cu-Au Province, helping to explain the mineralogical

heterogeneity observed within South Australian I0CG deposits.

Chapter 4 (submitted manuscript) addresses the petrography and chemistry of aluminium-
phosphate-sulphate (APS) phases of the alunite supergroup from the Olympic Dam deposit. Based
on nanoSIMS isotope mapping, scavenging of RN by APS phases during mineral processing can
be documented. This chapter also provides an interpretation of the genesis and paragenetic position
of APS minerals within the ore, and their relationships with other ore minerals. This chapter forms

the basis for the synthetic study described in Chapter 5.

Chapter 5 (submitted manuscript) reports the results of an EXAFS study carried out at the
Australian Synchrotron on synthetic Ca- and Sr-bearing APS phases and the incorporation
dynamics of Pb via acidified solution at room temperature. The results carry significant
implications for RN reduction and potential isolation from metallurgical processing streams.
Controlled analysis of Pb-sorption by synthetic analogues of the APS phases enables investigation
into their potential uses as sorbents for radionuclides within metallurgical processing streams.
Here, we propose a method describing the addition of synthetically derived APS minerals to acidic
Pb-bearing solutions with the aim of removing dissolved Pb from solution. We discuss how
varying the composition of APS minerals, as well as changes to fluid conditions (pH and Pb

concentration), effects Pb sorption.

Chapter 6 summarises the key findings presented within the thesis and identifies a number of
areas which may be expanded in the future. A series of concluding remarks are made at the end of

this section.

Chapter 7 is a compilation of other published material by the author of this thesis such as
conference abstracts and co-authored publications. The chapter also contains appended material

related to the published/submitted manuscripts in Chapters 2-5.
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Lead isotope data for Pb-chalcogenides

1. Introduction

Iron-oxide copper gold (I0CG) style deposits of Proterozoic age are among the most complex
and enigmatic mineralising systems on Earth (Barton, 2014). Although much evidence has been
accumulated to support genetic models and constrain the initial conditions of formation of these
enigmatic deposits, less is known about the impacts of post-depositional tectonothermal
reactivation on these deposits, and specifically, how an overprinting event or series of events will
modify the fundamental mineralogy and geochemistry of the deposits.

Uranium, a common component of many IOCG systems, is a particularly mobile element,
especially under oxidising conditions (U®"). Evidence from the Olympic Dam ore system, South
Australia, has shown that uranium mineralogy has evolved over time as a response to cycles of
replacement, remobilization and recrystallization during the 1.6 Ga since initial formation
(Macmillan et al., 2016, 2017). Similar phenomena are recognized among several other mineral
groups in the deposit. This redistribution has, however, occurred without obliterating primary
deposit-scale mineral zonation.

Within the deepest parts of the cogenetic Olympic Dam Cu-Au-Ag-U deposit, a vein of massive
galena has been reported (Meffre et al., 2010), which contains multiple growth zones with less
radiogenic Pb occurring in the outer zone and highly radiogenic Pb in the central zone, revealing
crustal growth ages of 1200-1400 Ma and 0 Ma respectively. These observations indicate that
radiogenic Pb was likely mobile within deep parts of the deposit immediately subsequent to the
introduction of U. The Pb-isotope signatures of Pb-chalcogenides have also been investigated in
the Olympic Dam deposit (Schmandt, 2019), similarly suggesting highly radiogenic origins for
Pb. Here, Pb-chalcogenides are often hosted within Cu-(Fe)-sulphides, thus supplying important
information regarding the pervasiveness of cycles of Pb dissolution, remobilisation and
recrystallisation throughout the evolution of the deposit following initial formation at ~1.6 Ga.

Whereas the mobility of U within mineralised rocks is relatively well understood and
documented in the literature, the comparative behaviour of the intermediate daughter products of
uranium decay (i.e. between parent U and the stable daughter isotopes of Pb) during fluid-assisted
tectonothermal overprinting is less widely reported due to the difficulty of accurately measuring
concentrations of shorter half-life isotopes at extremely low concentrations. Evidence reported
elsewhere in this thesis (Owen et al., 2018), and in other publications (Rollog et al., 2019a, 2019b;
Schmandt, 2019), has shown that products of uranium decay, notably but not restricted to stable
radiogenic lead (*°Pb, 2°’Pb, 2®®Pb), may migrate from the parent U-mineral over distances ranging
from nanometres upwards, and combine with available ligands to form ‘new’ minerals, or become

incorporated into existing minerals. The grain-scale heterogeneity of U/Pb ratios in some hematite
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grains from 10CG deposits (Courtney-Davies et al., 2019) is further evidence for mobility of U
and/or Pb within individual minerals. Fluid-assisted remobilization occurs at an extremely fine
scale, necessitating careful study using a combination of different analytical techniques that can
bridge scales of observation.

Galena (PbS) forms a complete solid solution series with clausthalite (PbSe) and also displays
limited solid solution towards altaite (PbTe) (Chang and Liu, 1994). All three Pb-chalcogenides,
along with a range of other selenides and tellurides, are common minor components of ~1590-
1585 Ma I0CG-style mineralization across the Olympic Cu-Au Province, South Australia. This
contribution addresses the physical character and Pb-isotope signatures of Pb-chalcogenides in a
effort to place constraints on the mobility of 2*®U-chain radionuclides and the evolution of Pb-
isotope systematics during hydrothermal overprinting following the initial mineralisation event.

2. Sampling and analytical methodology

The present study aimed at deriving insights into Pb-isotope ratios in Pb-chalcogenides and
associated Cu-(Fe)-sulphides from one representative IOCG system within the Mt Woods Inlier.
The sample suite, identical to that used by Owen et al. (2018), consisted of Cu-(Fe)-sulphide rich
mineral separates. These laboratory-made concentrates were created via crushing and froth
flotation of ore to remove the majority of gangue. Particle size within the samples is in the order
of 20-300 um. Each sample was prepared as a one inch-diameter round for petrographic and

compositional analysis.

2.1. Scanning Electron Microscopy

Scanning electron microscopy (SEM) in backscatter electron (BSE) mode was used for basic
mineral identification, to evaluate grain morphology and textural relationships between Pb-
chalcogenides and their hosts (e.g., sited in cracks or fissures, as inclusions, along mineral
boundaries, or as symplectites with host sulphides). SEM study also provided an approximate
estimation of the relative abundances of each Pb-chalcogenide. All SEM analysis was undertaken
using a FElI Quanta 450 FEG Environmental Scanning Electron Microscope (Adelaide
Microscopy, The University of Adelaide) operated in high-vacuum mode at 20 kV and a spot size
of 4 to generate high spatial resolution (down to 0.1 um). Semi-quantitative compositional data

was obtained using the built-in energy-dispersive X-ray spectroscopy (EDS) detector.

2.2. Laser Ablation Inductively Coupled Mass Spectrometry

Laser ablation inductively coupled mass spectrometry (LA-ICP-MS) is used for the quantitative
analysis of trace elements and of relevant U, Pb and Th isotopes within individual target minerals.
LA-ICP-MS analysis was undertaken using an Agilent 7700s mass spectrometer with attached ASI

M-50 laser ablation system (Adelaide Microscopy, The University of Adelaide). The following
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isotopes were monitored: 82Se, 1%°Te, 204Ph, 20°Pp, 298pp, 232Th, 235 and 238U, with isotopes of Ag,
Sb, Hg, Tl and Bi also being measured to account for any overlapping spectral data.

The main reference material used was a sample of Broken Hill galena for which published
isotopic ratios are available (McFarlane et al., 2016), as well as the NIST610 and MASS-1
reference standards. Standards were analysed at the start and end of each batch run, and after every
15-20 unknowns. Total count times for each analysis ran for 30 sec with an additional 30 sec of
background measured prior to ablation. Dwell times were 0.1 sec for Pb isotopes, 0.05 sec for Tl
and Hg isotopes, 0.02 sec for Th and U isotopes, and 0.01 sec for Bi, Se and Te isotopes. Output
data was analysed using correction software Igor and lolite v3.4 (Paton et al., 2011). The data,
comprising individual Pb isotope abundances and their calculated ratios, enables the isotopic
fingerprints of each mineral phase to be established.

For high-precision quantitative LA-ICP-MS analysis, a spot size of ~20 um is desirable.
However, many of the minerals targeted in this story ranged in size from 20 um down to less than
2 um in diameter, which either precludes their use for analysis, or results in data carrying a greater
than ideal error margin due to dilution of the signal by the surrounding host mineral. Some of the
data obtained is thus semi-quantitative, and in such cases, LA-ICP-MS counts were interpreted

only as a confirmation of the radiogenic/non-radiogenic nature of the target minerals.
3. Results

3.1. Sample mineralogy

The mineralogy of the sample set consists of pyrite, chalcopyrite, bornite and chalcocite,
accompanied by the U-minerals coffinite, brannerite and uraninite, and small quantities of gangue,
mostly hematite. Baryte was observed in all samples, albeit in small quantities. Analogous to
observations by Ciobanu et al. (2017) from Olympic Dam, the ore minerals generally show the
following sequence of enrichment/replacement: pyrite - chalcopyrite = bornite and bornite >
chalcocite.

Lead-chalcogenides (galena, clausthalite and altaite) occur as inclusions in the Cu-(Fe)-
sulphides, infilling cracks in those minerals, along grain boundaries, and, as symplectites within
chalcopyrite, bornite and chalcocite (and less commonly within pyrite). Close relationships
between baryte and Pb-chalcogenides are rarely observed at the micron-scale. A range of other
accessory sulphides and selenides are observed. Although most Co occurs as carrollite and
cobaltite, or is incorporated within pyrite, the rare selenides tyrrellite, (Cu,Co,Ni)3Ses, and
penroseite, (Ni,Co,Cu)Se., were observed in trace quantities. Other chalcogenides (e.g. skippenite

and hessite) were also observed as sub 5-um-sized grains.
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3.2. Mineral Textures

Lead chalcogenides (galena, clausthalite and altaite) occur within the Cu-(Fe)-sulphides as
inclusions down to the sub-micron scale and as such are recognised as intimately related to the
evolution of the Pb-chalcogenides. A variety of textures between Pb-chalcogenides and their host
minerals are observed. These are summarised in the BSE images shown as Figure 1. The Pb-
chalcogenides occur in order of abundance clausthalite > galena > altaite, and do not show any
specific preference for any particular host Cu-(Fe)-sulphide. Rather, they display an overall
preference for Cu-(Fe)-sulphide hosts in the order chalcopyrite > bornite > chalcocite. The Cu-
(Fe)-sulphides incorporate the Pb-chalcogenides as inclusions, along annealed grain boundaries,
and, most commonly, as symplectite-type textures formed within the Cu-(Fe)-sulphides (Figure
1c, d). Structures which are evident of diffusion of Pb into the Cu-(Fe)-sulphides are also noted
and have been documented in detail elsewhere (Owen et al., 2018), and may result in the
incorporation of homogenously spaced nano-inclusions throughout the sulphides, thus attributing
to their Pb isotope makeup. Inclusion textures typically involve small ~1 um-sized grains of Pb-
chalcogenides within Cu-(Fe)-sulphides and seemingly randomly located within the host minerals.
Crack and grain boundary textures were observed by Pb-chalcogenide formation along annealed
cracks and grain boundaries indicating the mobility of Pb within the system. Symplectite textures,
usually between clausthalite and the Cu-(Fe)-sulphides, were most common and occur in all Cu-
(Fe)-sulphide hosts. These form complex structures with the Cu-(Fe)-sulphides at the sub-
micrometre scale, enabling extrapolation on formation environments and mechanisms. The range
of textures recorded is diverse (Figure 1). Textures formed along the grain boundaries (Figure 1b)
record formation history of the Cu-(Fe)-sulphides whereby small grains, in this case of bornite,
form into larger aggregates trapping migrating Pb, thus indicating the presence of Pb during the
final stages of the grain’s formation. Close inspection of clausthalite and altaite symplectite-Style
textures hosted in chalcopyrite (Figure 1c, d) indicate their prevalence within highly porous
regions of chalcopyrite, indicating Pb incorporation via a reduced fluid phase post Cu-(Fe)-
sulphide formation. Symplectite textures formed by altaite were, however, less common than those
formed by clausthalite, usually forming as small spotty inclusions at the single micron scale

(Figure le).
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Figure 1: SEM backscatter images of Pb chalcogenides within Cu-(Fe)-sulphides displaying various typical
textures; (a) lamellae of chalcopyrite (Cp) in bornite (Bn) and small ‘inclusions’ of galena (Gn) within both
minerals; (b) clausthalite (Cls) formed along annealed cracks or grain boundaries of bornite with nucleation
points present as bright blebs; (c) clausthalite-bearing symplectite, the most common texture formed
between clausthalite and the Cu-(Fe)-sulphides, frequently formed within porous regions (indicated by the
dashed line) in chalcopyrite; (d) transition zone between a clausthalite-bearing symplectite and rare altaite
(Alt) bearing symplectite in chalcopyrite; (e) rare fine-grained altaite irregularly disseminated within

bornite.

3.3. Pb-isotope analysis by LA-ICP-MS

LA-ICP-MS Pb isotope data for each mineral analysed are given in Appendix A. Representative
data are presented in Table 1 as geometric means, maxima and minima. Some data points have
been removed, due to low counts of 2%Pb preventing accurate ratio 2°Pb/2%Pb, 2°’Pb/?**Pb and
208pp/204pp calculations. As such, only data points with Pb isotope ratios with 10% or less error
(calculated with the 20 error value) were plotted. For reference, all data is plotted with the Stacey
and Kramers (1975) common Pb model values 2°°Pb/2%Ph = 18.700, 2Pb/?**Pb = 15.628, and
208pp/204pp = 38.63. Larger (~50-60 pm-diameter) spot sizes was used for analysis of the Cu-(Fe)-
sulphides as they consistently returned low total Pb counts.

Data points are grouped by their mineralogical species (galena, clausthalite, altaite, or Cu-(Fe)-
sulphide) and plotted together to determine any trends in the data (Figure 2). Each mineral species
contained a surprisingly wide variation in Pb isotope signatures making any definitive
fingerprinting of an individual mineral species very difficult. In any case, some clustering of the
data can, however, be recognized. All analysed Pb-minerals plot away from the primordial Pb
signature, indicating degrees of radiogeneity ranging from moderate to strong, possibly via mixing
with pre-existing common Pb in various proportions. Although a greater number of clausthalite
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analyses are included here (four times as many as for galena), galena returned a wider range of Pb
isotope compositions with a small group of analysis recording significantly higher 2°°Pb/?%Pb and
207pp/2%4pPp values than those seen in any of the clausthalite grains analysed. LA-ICP-MS spots of
Cu-(Fe)-sulphides were typically larger, often covering entire grains in order to measure Pb isotope
compositions present in trace amounts within solid solution. No differential Pb isotope trends
based on textural differences were observed with a homogenous broad range of isotopic signatures
resulting from analysis of all textures.

Table 1: Representative Pb isotope data for Pb-chalcogenides hosted within Cu-(Fe)-sulphides and for Cu-
(Fe)-sulphides without Pb-chalcogenide inclusions.

Mineral 208ph/ % 207pp/ % 206pp/ % 208pp/ % 207pp/ % 204pp/ %
204ph  error 204pp error 204pp error 206pp error 206pp error 206pp error
Cls 54.40 8.3 17.16 4.5 39.60 5.6 1.2780 6.4 0.4270 4.4 0.0253 5.6
Cls 43.40 3.2 16.13 3.3 39.10 3.1 1.1130 1.9 0.4196 2.1 0.0256 3.1
Cls 52.63 1.5 18.60 2.8 51.44 1.8 1.0220 1.8 0.3610 33 0.0194 1.8
Cls 57.00 8.4 19.60 8.2 57.90 9.2 1.0180 1.6 0.3393 2.0 0.0173 9.2
Cls 49.60 7.3 16.70 7.8 51.10 9.4 0.9470 4.3 0.3300 6.4 0.0196 9.4
Cls 54.30 3.7 18.77 2.6 61.80 2.6 0.8660 6.2 0.2990 4.7 0.0162 2.6
Cls 56.40 2.3 18.92 1.7 65.08 1.5 0.8620 1.7 0.2916 14 0.0154 15
Cls 54.20 4.1 19.83 3.4 84.30 2.7 0.6370 2.8 0.2322 1.7 0.0119 2.7
Cls 61.60 7.8 24.50 7.3 135.00 8.1 0.4590 3.7 0.1848 2.5 0.0074 8.1
Cls 54.40 8.6 19.30 83 107.10 6.3 0.4980 4.0 0.1783 34 0.0093 6.3
Cls 54.20 8.7 37.90 9.5 234.00 9.0 0.2284 3.7 0.1584 2.0 0.0043 9.0
Cls 53.30 9.8 26.20 9.9 177.00 9.0 0.3033 2.5 0.1504 1.8 0.0056 9.0
Cls 56.50 8.7 32.10 8.4 228.00 7.5 0.2458 2.8 0.1376 23 0.0044 7.5
Max 61.60 - 37.90 - 234.00 - 1.4700 - 0.4663 - 0.0271 -
Min 43.40 - 15.93 - 36.90 - 0.2284 - 0.1376 - 0.0043 -
GeoMean 54.28 - 18.86 - 57.07 - 0.9514 - 0.3306 - 0.0175 -
Gn 54.60 6.2 17.39 4.9 42.30 3.5 1.2710 2.8 0.4078 1.8 0.0236 3.5
Gn 62.90 5.6 19.21 3.2 61.10 4.1 1.0160 5.2 0.3150 6.0 0.0164 4.1
Gn 50.50 4.2 20.06 33 99.30 2.6 0.5100 2.5 0.2040 1.6 0.0101 2.6
Gn 39.30 53 40.90 6.1 363.00 6.9 0.1107 5.1 0.1127 1.8 0.0028 6.9
Gn 56.50 3.5 142.4 3.4 1627 3.9 0.0339 3.2 0.0870 1.4 0.0006 3.9
Max 62.90 - 142.4 - 1627 - 1.2710 - 0.4078 - 0.0236 -
Min 39.30 - 16.81 - 42.30 - 0.0339 - 0.0868 - 0.0006 -
GeoMean 53.31 - 24.80 - 118.69 - 0.4519 - 0.2093 - 0.0084 -

Cu-(Fe)-S 50.70 6.5 17.60 6.3 55.80 6.3 0.9350 3.1 0.3200 3.1 0.0179 6.3
Cu-(Fe)-S 49.90 6.2 23.10 6.5 78.60 6.6 0.6390 23 0.3007 2.3 0.0127 6.6
Cu-(Fe)-S 56.40 8.7 26.30 8.7 136.00 8.8 0.4150 4.3 0.1881 3.1 0.0074 8.8
Cu-(Fe)-S 61.20 6.9 25.70 6.2 140.70 6.5 0.4250 3.1 0.1824 2.4 0.0071 6.5
Cu-(Fe)-S 56.70 6.0 25.00 6.0 144.80 6.1 0.3888 1.8 0.1736 2.6 0.0069 6.1

Max 61.20 - 26.30 - 144.80 - 0.9350 - 0.3200 - 0.0179 -
Min 49.90 - 17.60 - 55.80 - 0.3862 - 0.1736 - 0.0069 -
GeoMean 55.55 - 2291 - 99.48 - 0.5609 - 0.2311 - 0.0100 -
Alt 53.20 5.5 17.78 5.5 52.30 5.2 1.0150 1.7 0.3383 13 0.0191 5.2
Alt 52.10 4.8 17.59 4.3 56.20 4.4 0.9350 2.2 0.3132 2.4 0.0178 4.4
Alt 53.60 5.0 18.70 5.3 73.80 7.3 0.7440 5.6 0.2569 3.9 0.0136 7.3
Alt 58.00 6.9 22.40 6.7 99.70 4.2 0.5680 2.6 0.2193 2.7 0.0100 4.2
Max 58.00 - 22.40 - 99.70 - 1.0150 - 0.3383 - 0.0191 -
Min 52.10 - 17.59 - 52.30 - 0.5680 - 0.2193 - 0.0100 -
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GeoMean 54.18 - 19.02 - 68.19 - 0.7958 - 0.2780 - 0.0147 -

Common

Pb 38.64 - 15.63 - 18.70 - 2.0663 - 0.8357 - 0.0535 -

Errors are calculated from the 20 value and taken as a percentage of the total value for each ratio.
Cls-clausthalite; Gn-galena; Alt-altaite; Cu-(Fe)-S - Cu-Fe-sulphides.

Common Pb values from Stacey and Kramers (1975) are included for reference at the bottom of the table.
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Figure 2: Graphs showing the Pb-isotope composition of clausthalite, altaite, galena and Cu-(Fe)-sulphides.
(@), (b) and (c) show 2°7Ph/2%Ph, 208ph/2%4Ph and 2°7Pb/?%%Pb vs. 2°8Pb/2%4Ph, respectively. Some outlier
values are not plotted for better data viewing (refer to Table 1); (d) 2°°Pb/2%Pb vs. 27Pb/?**Ph. Note the lack
of 204Pb compared to 2°Pb and 2°’Pb in the majority of analyses; (¢) and (f) show the variation of uranogenic
Pb (?’Ph/?°Pb) plotted against 2°®Pb/?°%Pb and 2%*Pb/?°Phb, respectively. The x-axis on (f) is set at zero,
giving us the purely radiogenic signature of uranogenic 2°’Pb/?%Pb; see also Figure 3. The position of

common Pb (Stacey and Kramers, 1975) is plotted for reference.
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4. Discussion

Any points straying from the common Pb values indicated in Figure 2 are classed as radiogenic,
however some grains show much larger degrees of radiogeneity than others. Such a large
difference in variation of isotope values of Pb-bearing minerals can be attributed to varying
amounts of mixing between radiogenic Pb with common Pb. Within IOCG deposits in the Olympic
Cu-Au Province, only a minority of Pb is common in origin, with the majority of Pb being
radiogenic, formed by the release of Pb produced via decay of U and Th in minerals such as
uraninite, coffinite, brannerite, thorite, monazite, zircon, hematite, and others. Although some
minerals readily reincorporate radiogenic Pb into their crystal structures (the size and charge of
daughter radionuclides often differ markedly from parent U), others cannot rapidly self-heal or
cannot accommodate larger or differently charged ions. In the presence of fluids, such products
may be released and subsequently migrate over nanometres to potentially hundreds of metres
where they are deposited as new minerals.

The formation of the largely radiogenic Pb-chalcogenides is suggested to be a consequence of
large scale Pb remobilisation. Such Pb remobilisation events, recorded by Pb isotope ratios, have
been reported elsewhere, including the following examples: (1) Hydrothermal overprints are
recorded in the Tomino and Birgilda deposits (both South Urals, Russia), by distinctly different
sets of Pb isotope ratios measured within both Cu-(Fe)-sulphides and Pb-chalcogenides alike
(Plotinskaya et al., 2017); (2) Dating of Pb-isotopes in early stratiform, and later framboidal pyrite,
in the Sukhoi Log sediment hosted gold deposit, Russia, indicate events of mobilisation, and
concentration of ore minerals, may have continued late into the deposit’s history (Meffre et al.,
2008).

The radiogenic signatures presented here, however, do not cluster into individual or distinct
groups, but rather form along a single ‘mixing trend’ with differing amounts of common Pb
incorporation. Similar trends, in which Pb isotope ratios vary consistently between samples, are
reported in a study attempting to develop origin analysis of yellowcake from various mines (Varga
et al., 2009). The latter authors suggest that mineralogical variability, along with chemical
separation of Pb during processing, is one of the main causes of the observed variability in Pb
isotope ratios.

Whereas galena is, overall, relatively enriched in 2°°Pb and 2°’Pb relative to clausthalite (Figure
2a, b), altaite or the Cu-(Fe)-sulphides (Figure 2a, b), there is still a significant degree of overlap
between the isotopic signatures for each mineral type. This suggests that the event (or events)
responsible for Pb mobilisation was prolonged, and thus achieved a degree of homogenization, but
also that differential fluid regimes and variations in fluid/rock ratio driven by permeability may

have contributed to the measured variation. The few Pb isotope values for galena which are
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strongly uranogenic (Figure 2a, b) likely formed by direct replacement of U-bearing minerals
without significant mixing with Pb from other sources.

The isotopic signatures and degree of radiogeneity of Pb-bearing minerals is, in part, dependent
on the time at which the contained Pb becomes separated from its parent U and Th decay sources.
Minerals formed later should record higher ratios of 2°°Pb/2%Pb to 2°’Pb/?%*Pb. Additionally, fluid
mixing and superimposed cycles of dissolution, recrystallization and reprecipitation result in the
blending of distinct radiogenic signatures, as well as mixing with common Pb, if available (Figure
2e, ). The relative solubility of uraninite with respect to the other minerals in the ore, and the
typically metamict nature of brannerite, which allows Pb to freely migrate from its structure,
suggests that such overprinting events need not necessarily be intense, but rather, could occur via
the aid of low-temperature hydrothermal fluids. Radiogenic Pb may also be removed from
uraninite without its complete dissolution, as shown in samples of Pb-zoned uraninite from
Johangeorgenstadt Saxony, Germany (Ram et al., 2013).

Using a nanoscale approach that examined textural relationships between the Pb-chalcogenides
and Cu-(Fe)-sulphides, Owen et al. (2018) showed that Pb is likely remobilised during at least one
stage after initial hydrothermal deposition. Similarly, within the cogenetic Olympic Dam deposit,
Macmillan et al. (2016, 2017) discusses the formation of multiple generations of uraninite and
coffinite from remobilised U, indicating a dynamic system of dissolution, remobilisation and
precipitation. Given the heat generated by radioactive decay, this may possibly have been semi-
continuous over hundreds of millions of years rather than only during specific events. The result
is repeated reworking and overprinting of ore mineral assemblages, leading to complex and often
varied mineral chemistry, including significant variation of lead concentrations within the U-
minerals.

Furthermore, Macmillan et al. (2016) note that primary fine-grained uraninite is observed
mainly in relatively deeper parts of the deposit, whereas ‘younger’ uraninite is concentrated within
veins representing the most U-rich zones This apparent zonation does not, however, correspond to
patterns of Cu-(Fe)-sulphide distribution, indicating that fluids responsible for uranium mobility
and redistribution of uraninite mineralisation did not impact on the zoning of Cu-(Fe)-sulphides in
the deposit. The authors suggest that the late generation was migrated by fluids <250 “C. Here, we
suggest that such low-temperature, oxidizing hydrothermal fluids were probably ubiquitous in all
IOCG systems across the province, including those within the Mt Woods Inlier. While a complete
reworking of the ore minerals did not take place, they must have been sufficiently strong to result
in migration of U and Pb, and ultimately to drive Pb-diffusion into, and recrystallisation of the Cu-

(Fe)-sulphides (see also Owen et al., 2018).
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Figure 3: Pb-Pb isochron constructed with Pb isotope data from the Pb-chalcogenides and Cu-(Fe)-
sulphides. A line of best fit is anchored through the isotopic composition of common Pb (Stacey and

Kramers, 1975), returning a pure radiogenic 2°’Pb/2%Pb ratio of 0.0721 at the y-intercept.

Further evidence for the mobility of U and radiogenic Pb throughout the Olympic Cu-Au
Province comes through an examination of Pb-Pb isochrons shown as Figure 3. By plotting
207pp/2%ph for all Ph-chalcogenides against 24Pb/?%Ph, we can predict the purely radiogenic
signature, i.e. without any common-Ph component. The resulting 2°’Pb/?%Pb ratio, taken from the
y-intercept where 2°Pb is zero, is significantly lower, by several hundred million years, than the
widely reported ages for igneous and hydrothermal zircon (Reeve et al., 1990; Creaser and Cooper,
1993; Johnson and Cross, 1995; Jagodzinski, 2005, 2014; Courtney-Davies et al., 2019), and U-
Pb/Pb-Pb ages for hematite mineralisation (Ciobanu et al., 2013; Courtney-Davies et al., 2016,
2019) reported from the region. This may indicate either an overprinting event, supplying uranium
after the initial ~1590-1585 Ma mineralisation event, or alternatively, substantial loss of lead from
the system.

It should, however, be pointed out that calculated 2°’Pb/2%Pb ratios do not allow for derivation
of reliable ages, especially when Pb is no longer in equilibrium with parent U. For this reason, no
precise geochronological ages are offered here. Confidence in such an interpretation is
nevertheless strong as the sample suite and number of analysed points are relatively large, and
furthermore that similar results have emerged from a similar study of Pb-isotope systematics in
Pb-chalcogenides from Olympic Dam (Schmandt, 2019). Evidence from a variety of sources,
including nanoSIMS mapping (Rollog et al., 2019a, 2019b), Pb-isotope mapping of single
hematite grains (Courtney-Davies et al., 2019) and characterization of nanoparticles in hematite
(Verdugo-Ihl et al., 2019), all pointing to mobility of Pb and/or U at scales from a few nanometres
up to centimetres, if not hundreds of metres. The implications of these phenomena for U-Pb

geochronology and for ore genesis will be examined elsewhere (Cook et al., in prep).
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Several distinct tectonothermal events are suggested to have impacted on the Olympic Cu-Au
Province following mineralization associated with intrusion of Hiltaba Suite Granites and eruption
of Gawler Range Volcanics. Evidence has come from different geochronometers, on different
minerals, and from different deposits across the region.

Firstly, multiple, as-yet poorly-constrained events are recorded in the interval 1400-1100 Ma
in several studies from different systems in the Olympic Cu-Au Province (Davidson et al., 2007;
Maas et al. 2011 Ciobanu et al., 2013), including the most recent, 1370 Ma age obtained from U-
Pb dating of monazite and xenotime inclusions in apatite from the Acropolis prospect (Cherry et
al., 2018). These may relate to far-field effects from the Laurentia Orogeny, and to extension
following the 1300-1100 Ma Musgravian Orogeny respectively, and are indicated in the central
part of the Mt Woods Inlier by northwest striking magnetic anomalies (Betts et al., 2003). A
hydrothermal event of Musgravian age is recorded at Olympic Dam via the analysis of pyrite-
chalcopyrite mineral separates from a deep, low-Re zone, yielding Re-Os ages of 1258 +28 Ma
(Mclnnes et al., 2008).

Secondly, emplacement of the Gairdner LIP (expressed by abundant dyke swarms at Olympic
Dam and elsewhere) took place across the northern Olympic Cu-Au Province at ca. 830 Ma
(Wingate et al., 1998; Huang et al., 2015; Apukhtina et al., 2017; Bowden et al., 2017).

Thirdly, the Delamerian orogeny (~500 Ma) led to extensive faulting and late veining across
the region. Recent fission track evidence (Hall et al., 2018) suggests that tectonothermal effects
continued until the Tertiary. In addition to these, the Mount Woods Inlier may display evidence of
metamorphism during the late Kararan Orogeny (1565-1540 Ma) via the formation of a weak
fabric in the Balta Granite Suite plutons (Betts et al., 2003; Forbes et al., 2011). No recognizable
impact of this event is seen at Olympic Dam, however. Each of these events may have had an
impact in the remobilisation of U, Pb, and other elements, throughout the Olympic Cu-Au
province, leading to the wide range of overprints observed in various mineral groups from Olympic
Dam (Ciobanu et al., 2017; Macmillan et al., 2016; Verdugo-Ihl etal., 2017; Schmandt et al., 2019;
Owen et al., 2019) and elsewhere in the Olympic Cu-Au Province (e.g., Cherry et al., 2018; Owen
etal., 2018).

5. Conclusions

e Pb-isotope ratios in clausthalite, altaite and Cu-(Fe)-sulphides are indistinguishable from one
another. All three, however, appear distinct from ratios exhibited by galena, which is relatively
enriched, albeit to variable degrees, in (uranogenic) 2°Pb and 2°7Pb.

e The data shows incorporation of minor common Pb within all Pb-bearing minerals. Measured

206ppy/204ph, 207pp/2%4Ph and 2%8Ph/2%4PD ratios suggest an overwhelmingly radiogenic origin.
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e The purely radiogenic 2°’Pb/?®Pb ratios calculated from the dataset suggest a scenario
involving a remobilisation event (or events) postdating the initial deposition of Cu-Au-U
mineralisation, in which radiogenic Pb released by parent U-bearing minerals became
incorporated into Cu-(Fe)-sulphides (as included Pb-chalcogenides).

e Homogenisation of Pb-isotope signatures seen in clausthalite, altaite and Cu-(Fe)-sulphides
suggests prolonged interaction with hydrothermal fluid, or multiple fluids throughout the post-
mineralisation history of the northern Olympic Cu-Au Province.

e The data presented here are consistent with other studies in the Olympic Cu-Au province which
record the impact of one or more tectonothermal events younger than the 1600-1585 Ma ‘main’
mineralisation event. The data here suggests that at least one of these tectnothermal events was
sufficiently strong to overprint pre-existing Cu-(Fe)-sulphide mineralisation and enable

incorporation of radiogenic Pb within existing and new-formed minerals.
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Abstract: Symplectites comprising clausthalite (PbSe) and host Cu-(Fe)-sulphides (chalcocite, bornite, and
chalcopyrite) are instructive for constraining the genesis of Cu-Au-(U) ores if adequately addressed
at the nanoscale. The present study is carried out on samples representative of all three Cu-(Fe)-
sulphides displaying clausthalite inclusions that vary in size, from a few pm down to the nm-scale
(<5 nm), as well as in morphology and inclusion density. A Transmission Electron Microscopy (TEM)
study was undertaken on foils prepared by Focussed Ion Beam and included atom-scale High-Angle
Annular Dark-Field Scanning TEM (HAADF-STEM) imaging. Emphasis is placed on phase
relationships and their changes in speciation during cooling, as well as on boundaries between
inclusions and host sulphide. Three species from the chalcocite group (Cuz-xS) are identified as 6a digenite
superstructure, monoclinic chalcocite, and djurleite. Bornite is represented by superstructures, ofwhich 2a
and 4aarediscussedhere,placing constraints forore formationat T > 265 °C. Aminimum temperature
of 165 °C is considered for clausthalite-bearing symplectites from the relationships with antiphase
boundaries in 6a digenite. The results show that alongside rods, blebs, and needle-like grains of
clausthalite within the chalcocite that likely formed via exsolution, a second, overprinting set of
replacement textures, extending down to the nanoscale, occurs and affects the primary symplectites.
In addition, other reactions between pre-existing Se, present in solid solution within the Cu-(Fe)-
sulphides, and Pb, transported within a fluid phase, account for the formation of composite, commonly
pore-attached PbSe and Bi-bearing nanoparticles within the chalcopyrite. The inferred reorganisation of
PbSe nanoparticles into larger tetragonal superlattices represents a link between the solid solution and
the symplectite formation and represents the first such example in natural materials. Epitaxial growth
between clausthalite and monazite is further evidence for the interaction between pre-existing Cu ores
and fluids carrying REE, P, and most likely Pb. In U-bearing ores, such Pb can form via decay of uranium
within the ore, implying hydrothermal activity after the initial ore deposition. The U-Pb ages obtained
for such ores therefore need to be carefullyassessed astowhethertheyrepresentprimaryoredeposition
or,morelikely,an overprinting event. A latest phase of fluid infiltration is the recognised formation of Cu-
selenide bellidoite (CuzSe), as well as Fe oxides.

Keywords: lead chalcogenides; symplectites; transmission electron microscopy; HAADF-STEM

1. Introduction

Selenides, often with associated tellurides, are common accessories in a wide variety of base and precious
metal mineral deposits [1-3]. Despite their modest proportions, their speciation and mineral
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chemistry can be important sources of information that can help constrain conditions and mechanisms of
ore genesis.

The lead selenide, clausthalite (PbSe), is the most common selenide mineral [4] and a relatively common
accessory phase in copper sulphide and uranium deposits of different genetic types (e.g., [5-7]). In
hydrothermally derived ore systems, clausthalite may form synchronous to the initial mineralization
event from hydrothermal fluids, or within uranium-bearing deposits, in which clausthalite is formed from
Pb, derived from the decay of U, and available selenium within the rock [8]. The occurrence of clausthalite
within Cu-(Fe)-sulphides, notably bornite, is generally interpreted as exsolution related to the cooling of
broadersolid solution fields (e.g., [9]). Liuand Chang [10] described phase relations in the system PbS-PbSe-
PbTe, showing the temperature dependence of Pb-chalcogenide compositions, and thus their potential value
asindicator minerals that can aid understanding of how an ore formed. Experimental studies ofthe system
Pb-Se-Cu-(Fe)-S are, however, lacking, emphasizing the difficulty in modelling the evolution of observed
assemblages in terms of phase relationships.

Clausthalite, as well as other selenides and tellurides, have been noted as trace minerals in iron oxide
copper gold (IOCG) deposits (e.g., [11]) and other ore systems with comparable sulphide mineralogy
(e.g., the Polish Kupferschiefer) [12]. The Mesoproterozoic Olympic Cu-Au Province of South Australia
[13] is arguably the world’s largest IOCG province and is host to the 10 billion-tonne Olympic Dam Cu-U-
Au-Ag deposit [14]. A dozen or so selenide and telluride mineral species, including clausthalite and
altaite (PbTe), are documented from the Olympic Dam. A similar range of minerals are identified in other
deposits or prospects within the province, although these are poorly documented in the published
literature. Although seldom greater than a few microns in size, selenides and tellurides are typically
hosted within Cu-(Fe)-sulphides throughout the province.

In this contribution, we characterize world class examples of nano- to micron-scale symplectite
intergrowths between clausthalite and Cu-(Fe)-sulphides (chalcocite, bornite, and chalcopyrite). Their
small size necessitates an approach that bridges observations at the micron- and nanoscales. The
overarching objective is to document the relationships between Pb-chalcogenides and host Cu-(Fe)-
sulphides down to the atomic scale. We demonstrate that Pb-chalcogenide morphology, speciation, and
textural relationships with host minerals give valuable insights into processes of ore formation and can
also provide information on the fundamental nature of trace element incorporation into minerals. We go
on to discuss the implications that the prevailing symplectite textures have for ore evolution.

2. Background

Copper-Au mineralisation in the Olympic Cu-Au Province is suggested to have formed synchronous to
the ca. 1600-1585 Ma emplacement of Hiltaba Suite granites and eruption of co-magmatic Gawler Range
Volcanics (GRV) [13,15]. This event is associated with initial magmatic- hydrothermal activity leading to
the deposition of Cu-Au mineralisation within the region. However, within the Olympic Dam Cu-Au-(U)
deposit, there is widespread textural and isotopic evidence for later remobilisation, replacement, and
recrystallization of ore-forming minerals, e.g., [16-18]. These phenomena may relate to one or more
tectonothermal events, including the intrusion of the regional ~820 Ma Gairdner Dyke Swarm, which are
recognised in the region [19,20].

Complete miscibility exists in the system PbS-PbSe-PbTe above 500 °C. Immiscibility between galena-
clausthalite and altaite is complete below 300 °C, with the critical temperature at which PbS and PbSe
separate calculated at ~100 °C [10]. Hydrothermal origins with temperatures above 100 °C during Pb-
chalcogenide mineralisation should therefore result in the preservation of the complete PbS-PbSe
series, givingaccesstoboth chalcogenelementsSand Se, withmiscibility gapsappearing below 100 °C
[10].

Selenium, substituting for sulphur, is a common minor element in most common sulphides. In some
cases, there is complete isomorphous solid solution between the sulphide and analogue selenide, e.g.,
chalcopyrite-eskebornite (CuFeSz-CuFeSez). Trace element analysis of Cu-(Fe)-sulphides

48



Minerals 2018, 8,67

typically show the presence of hundreds and, locally, thousands of mg/kg of Se within the crystal lattice
[21-23]. In contrast, concentrations of lead in common Cu-(Fe)-sulphides are often erratic and readily
interpretable in terms of inclusions of galena and other Pb-bearing minerals, rather than lattice-bound
lead.

Textural relationships among dominant Cu-(Fe)-sulphides (chalcopyrite, bornite, chalcocite) and the
associated phases djurleite, digenite, and covellite at the micron- to nanoscale in Cu ores from the
Olympic Dam have been described by Ciobanu et al. [24]. Analogous bornite-chalcocite, bornite-
chalcopyrite and chalcopyrite-pyrite assemblages are observed throughout the orebody from which the
samples were taken (authors’ unpublished data).

A summary of Cu-(Fe)-sulphide and associated species discussed in this contribution and their crystal
structure parameters are presented in Table 1. High- and low-temperature species are listed with their
corresponding symmetry groups. Within the Cu-(Fe)-sulphides, phase transitions from high to low T are well
defined with either cubic (bornite, digenite) or hexagonal (chalcocite) symmetry, indicating the primitive
parent structure [24]. Although other minerals listed in Table 1 may display slight variation in their cell
parameters g, b, and c because of compositional changes via solid solution of minor elements (e.g., in galena,
clausthalite and altaite [25], and monazite [26]), they do not show changes in overall symmetry and remain
within the same crystal system.
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3. Sampling and Analytical Methodology

This research was undertaken on a set of 30 different laboratory-prepared sulphide concentrates from
representative crushed ore samples. All instrumentation used in this study is housed at Adelaide Microscopy,
The University of Adelaide. Each sample was prepared as a polished block, one-inch in diameter. Polished
blocks were examined in reflected light and in backscatter electron (BSE) mode using a FEI Quanta 450 Field
Emission Gun scanning electron microscope (SEM) (FEI, Eindhoven, The Netherlands) equipped with a
silicon-drift energy-dispersive X-ray spectrometer.

Samples were quantitatively analysed using a Cameca SXFive Electron Microprobe running PeakSite
software and equipped with 5 WDS X-ray detectors. The beam conditions were set at an accelerating
voltage of 20 kV and 20 nA. Because of the small size of the minerals to be targeted, a focussed 1 pym
beam was used for the analysis. The calibration and data reduction were carried

outin Probe for electron probe microanalyzer (EPMA) (Cameca, Paris, France), distributed by Probe
Software Inc. The calibration was performed on certified natural and synthetic standards from Astimex
Standards Ltd. (Toronto, ON, Canada) and P & H Associates (Table A1 in Appendix A). The total
acquisition time of all elements on a single point was ~5 min.

Initially, a set of 16 elements were measured: S K&, Pb Mg, Cd L, Bi Mg, As L, Se L, Fe K, Cu K¢,
Mn Ko, Ag Lx, Sb Lo, TeLot, Hg Lox, Zn K, Ni Kex, Co Kex. This list was subsequently shorted by removing
Cd, Hg, Nij, Co, as these elements were below DL in the samples. The average minimum

detection limits (99% CI) in wt % for selenide analysis were: S (0.02), Pb (0.03), Cd (0.05), As (0.05), Se
(0.02),Fe (0.02),Cu (0.04),Mn (0.02),Ag (0.06), Hg (0.07),Zn (0.03), Ni (0.03), Co (0.02), Sb (0.03),

Te (0.03), Bi (0.07).

Cross-section imaging and TEM sample preparation were performed on a FEI-Helios nanoLab Dual
Focused Ion Beam and Scanning Electron Microscope (FIB-SEM). The procedures outlined by Ciobanu
et al. [39] were followed in extraction and thinning, to 50-70 nm, of TEM foils by Ga* ion milling. The
TEM foils were attached to Cu or Mo grids via Pt welding. Images were obtained in immersion mode to
obtain maximum resolution.

High-resolution (HR)-TEM imaging in bright field (BF) mode and electron diffraction were performed
using a Philips CM200 TEM. The instrument is equipped with a LaB6 source and operated at 200 kV and
utilises a double-tilt holder and a Gatan Orius digital camera (Gatan Inc., Pleasanton, CA, USA). Energy-
dispersive X-ray spectra (EDS) were acquired using an Oxford Instruments X-Max 65T SDD detector
running the Aztec software.

High-Angle Annular Dark-Field Scanning Transmission Electron Microscope (HAADF-STEM) (FE],
Eindhoven, The Netherlands) imaging was performed using an ultra-high resolution, probe- corrected,
FEI Titan Themis S/TEM. This instrument is equipped with the X-FEG Schottky source and Super-XEDS
geometry (see also [40-42]) The Super-X EDS detector provides geometrically symmetric EDS detection
with an effective solid angle of 0.8 Sr. Probe correction delivered sub-Angstrom spatial resolution, and an
inner collection angle greater than 50 mrad was used for HAADF experiments using the Fischione HAADF
detector.

The diffraction measurements were performed using DigitalMicrograph™ 3.11.1 (Gatan Inc,
Pleasanton, CA, USA) and Winwulff® 1.4.0 (JCrystalSoft, Livermore, CA, USA) software. Publicly
available data from the American Mineralogist Crystal Structure Database [43] were used for indexing of
the electron diffractions. Crystal structure simulations were carried out using CrystalMaker® version

9.2.7 (CrystalMaker Software Ltd., Begbroke, Oxon, UK) and STEM™ for xHREM software (HREM
Research Inc., Higashimastuyama, Japan).

4. Results

4.1. Characterisation of Symplectite Textures

All three Cu-(Fe)-sulphides (chalcopyrite, bornite, and chalcocite) display symplectitic textures
containing clausthalite. The petrographic relationships within the symplectites were examined in
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backscatter electron (BSE) and secondary electron (SE) modes (SEM and FIB-SEM, respectively), and
showawiderange oftextureswithrespecttothedensity ofthe componentphases,size,distribution, etc. In
the absence of other Cu-(Fe)-sulphide host minerals, chalcopyrite displays highly variable
relationships with respect to the grain size of clausthalite, with some bleb-like grains of clausthalite as
largeas 10 pmbutothersdownto finelamellainthe order of 0.01-0.1 pm. Finelamellae of clausthalite are
regularly associated with cracks and pore spaces within the chalcopyrite and tend to radiate from such
features (Figure 1a,b). In one sample, chalcopyrite hosts a Cu-selenide phase, which is identified as
bellidoite (see below). This appears blotchy and porous on the BSE images (Figure 1a), generally in

the presence of coarse clausthalite.
Bornite with coarse chalcopyrite lamellae was regularly observed containing clausthalite, as either relatively
coarse (2-10 pm) blebs or fine (<1 pm) lamellae, with both the density of the lamellae and their size varying
from grain to grain. In grains containing fine lamellae of clausthalite, these lamellae were roughly parallel to
one another within specific domains of the grain but also traversed boundaries between bornite and
chalcopyrite without any change in orientation (Figure 1c). The coarser blebs of clausthalite displayed only
weak orientation with respect to the crystallographic domains in bornite, typically appearing slightly
elongated in the direction of the chalcopyrite lamellae within bornite (Figure 1d). The aforementioned Cu-Se
phase was observed in a chalcopyrite-bornite sample where it was associated with a clausthalite, forming a

composite bleb (Figure 1d).

Figure 1. (a,b) Backscatter electron (BSE) images of clausthalite-bearing symplectites hosted within
chalcopyrite. The location of the Focused Ion Beam (FIB) cuts for TEM foil preparation is indicated by the dotted
line in (a), with clausthalite forming a composite grain with a Cu-Se phase. (¢,d) Two varieties of clausthalite-
bearing symplectites (fine vs. coarse grained) within coarser chalcopyrite-bornite symplectites. Clausthalite
again forms a composite grain with a Cu-Se phase in (d). Abbreviations: Bn—bornite; Cls—clausthalite; Cp—

chalcopyrite.
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Clausthalite hosted within chalcocite occurs as both fine (<1 pm) blebs and (<0.1 pm thick) lamellae. Coarser
(>1 pm) blebs are less frequent than in chalcopyrite or bornite and are typically associated with a defect in
the chalcocite host, such as cracks or pores. Clausthalite lamellae lie parallel to one another, forming
discrete domains within the chalcocite host, identifiable by changes in clausthalite orientation (Figure 2).
Symplectites-containing clausthalite are less common in samples containing both bornite and chalcocite
than in any of the other host mineral assemblages. Within chalcocite, clausthalite mainly occurs as fine
lamellae orientated roughly parallel to one another, forming discrete zones (similar to the clausthalite
hosted entirely within chalcocite inthe absence ofbornite intergrowths, e.g., Figure 2). Clausthalite mainly
appears as larger blebs within bornite. At high magnification, bornite is seen to feature nanoscale
basket-weave intergrowths of bornite and djurleite and/or chalcopyrite (Figure 3). The location of the
clausthalite blebs is associated with the orientation of the djurleite basket-weave texture, in that
clausthalite blebs mostly occur along shifts of the basket-weave textural orientation (Figure 3d).
Clausthalite blebs are regularly observed at the mutual boundaries between bornite and chalcocite.

Figure 2. BSE image of clausthalite-bearing symplectite with chalcocite. Note the discrete zones of well-
orientated clausthalite lamellae. Abbreviations: Cc—chalcocite; Cls—clausthalite.

Figure 3. (a,b) BSE images of clausthalite (Cls)-bearing symplectites hosted within coarser bornite (Bn)-
chalcocite (Cc) symplectites. The FIB slice taken from (b) (study case BnCcll], see text below) is imaged in cross
section in (¢,d), revealing a very fine bornite-djurleite (Dj) symplectic “basket-weave” texture. The dashed line
on (d) indicates a change in the orientation of the bornite-djurleite “basket-weave” texture, with clausthalite
forming along the boundary. Abbreviations: Bn—bornite; Cc—chalcocite; Cls—clausthalite; Dj—djurleite;
Mnz—monazite.

53



Symplectites preserved in bornite in the absence of either chalcopyrite or chalcocite occur as both randomly
orientated and well aligned symplectite structures. Only rarely, however, do they contain clausthalite
lamellae as fine as those observed in chalcopyrite or chalcocite.

4.2. Compositional Data for Pb-Chalcogenides and Host Cu-(Fe)-Sulphides

The small size and density of clausthalite within the symplectites makes it difficult to obtain high-quality
compositional data by EPMA. Nevertheless, the data show: (1) the large (>5 pm) inclusions are end-
member clausthalite without measurable sulphur; (2) the absence, at measurable concentrations, of Ag,
Sb, or Bi, the most common minor components of Pb-chalcogenides; (3) the presence of measurable Te
in the range 0.06-0.17 wt % within all clausthalite analyses. Inclusions of galena in the same Cu-(Fe)-
sulphides outside of the symplectites contained no measurable Se.

Compositional data for the bornite and chalcocite (Figure 4) show that both Cu-(Fe)-sulphides
consistently deviate from the ideal stoichiometry. This is attributed to the presence of nanoscale
intergrowths of other mineral species such chalcopyrite (or more rarely djurleite) in bornite (Figure 3¢,d) and
digenite in chalcocite. A similar non-stoichiometry is reported for Cu-(Fe)-sulphides from the Olympic
Dam [24].
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Figure 4. Diagram summarising the stoichiometry of bornite (brown) and chalcocite (blue). The
measurements are presented as the ratio between the total metals measured (Me) and the total chalcogen elements
(S, Se, and Te). The data are arranged in order of analysis only. An—anilite, Bn—bornite, Cc—chalcocite, Cp—
chalcopyrite, Dg—digenite, Dj—djurleite.

4.3. Nanoscale Characterisation (TEM Data)

4.3.1. Host Sulphides

Nanoscale studies were carried outon four study cases using bright-field TEM and HAADF-STEM imaging,
electron diffraction, and EDS spot analysis and mapping on four FIB-prepared TEM foils (Figure 5).
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The four study cases represent: (1) dense symplectites of clausthalite in chalcocite-digenite (Ccl; Figure
5a); (2) chalcopyrite with variable textures with respect to clausthalite inclusions (Cpll; Figure 5b); (3)
bornite-chalcocite with clausthalite and other mineral inclusions, notably monazite (BnCclII; Figure 5c);
(4) lamellar chalcopyrite in bornite with lesser clausthalite inclusions (BnCplV; Figure 5d). The latter
contains larger pore fillings comprising Fe oxides and a Cu-selenide (bellidoite). These study cases thus
cover clausthalite hosted within both single and binary Cu-(Fe)-sulphides associations, with variability
in morphology, size, and phase associations.

mottled area

Figure 5. High-Angle Annular Dark-Field Scanning Transmission Electron Microscope (HAADF-STEM) images
showing the four analysed TEM foils. (a) Dense field of clausthalite as rods and blebs of variable orientation in
chalcocite. (b) Coarse micron-scale clausthalite in chalcopyrite coexisting with finer swarms of rods and
mottled areas of clausthalite inclusions. (¢) Clausthalite of variable size mostly in the bornite domain.
Monazite and iron oxide are present throughout both chalcocite and bornite.

(d) Dense lamellae of chalcopyrite in bornite, with scattered inclusions of clausthalite. Micron-sized pores are
filled by iron oxides and the Cu-selenide bellidoite. Note in both (c,d) the basket-weave appearance of bornite

due to the presence of sub-micron-scale djurleite lamellae. Abbreviations: Bel—bellidoite; Bn—bornite; Cls—
clausthalite; Cp—chalcopyrite; Fe-ox—iron-oxides; Mnz—monazite.
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The variability in textures throughout the study cases is illustrated in Figure 6. In Ccl, this comprises
fields of antiphase boundary (APB) domains with variable orientation (Figure 6a). Similar APB domains
are observed also in chalcocite in BnCclll. Fine 30-80 nm-wide clausthalite inclusions are embedded
within, or crosscut these domains (Figure 6b,c). Larger (200-500 nm-sized) inclusions of clausthalite
also exist outside the APB domains (Figure 6d). In Cpll, mottled textures with dense, fine inclusions
occur in domains that are outlined by fine fractures and coarser rods of clausthalite, or surrounding
micron-sized pores (Figure 6e,f). Symplectites, as in Ccl, are developed outside of such mottled areas
(Figure 6g). Needles of chalcopyrite inclusions are found in the coarser clausthalite from such areas
(Figure 6h). In BnCplV, rounded, micron-sized blebs of clausthalite are found at the margins of
chalcopyrite lamellae in bornite (Figure 6i). The basket-weave texture on the sample develops around
the edges of such lamellae and in the surroundings of needles of djurleite (Figure 6j-1). Such needles can
be present within the bornite or adjacent to the chalcopyrite lamellae. HAADF-STEM imaging reveals the
patchiness in greyscale intensity across foil BnCplV; some of this is due to the higher alteration in this
case (see below) but also to the effect of FIB milling in and around inclusions and lamellae. EDS
compositional data for host sulphides was determined in areas free of inclusions (Figure 6m) and
indicates the presence of Se throughout the Cu-(Fe)-sulphides and of Pb in those cases where two
sulphides are present (BnCclll and BnCplV). In the single phases, minor Pb is noted in Cc1, but very little
in Cpll

The identity of the species referred to above as “chalcocite” and “bornite”, as well as the characteristics of
chalcopyrite in the mottled areas were studied in further detail via TEM imaging down to atomic scale and
electron diffractions. In Ccl, there are two co-existing species: digenite superstructure and monoclinic
chalcocite (Figure 7). Digenite is present in the APB domains, whereas monoclinic chalcocite occurs outside.
These domains are outlined in some cases by rods and blebs of clausthalite (Figure 7a) and are marked by
different orientation of the sulphides. The APB domains are readily identified by strong contrast in BF-TEM
imaging and are observed as dark ripples with variable morphology across internal subdomains (Figure
7b,c). A finer sub-stricture develops in such subdomains, particularly at the tip of the coarser clausthalite
inclusions (Figure 7d). Selected area of electron diffraction (SAED) representative of the two species are
shown in Figure 7e,f. Digenite is attributed to 6a superstructure on the basis of SAEDs showing an orthogonal
lattice with ~12 X ~12 A repeats, and intensity variation with brighter reflections indicative of a six-fold
superlattice. SAEDs obtained over larger clausthalite inclusions (Figure 7g) indicate close-to-coherent
orientation between digenite and clausthalite.

Further details of the APB domains and the boundary relationships between clausthalite and digenite
are shown as HR BF TEM images in Figure 8. There is a continuation of the lattice fringes across the
dark ripples within the APBs on the [001] zone axis of digenite (Figure 8a), but atom-scale defectsoccur
alongsuchripples (Figure 8b). The two types of boundary (sharp and scalloped) between clausthalite and
digenite are clearly observed in BF TEM imaging (Figure 8c). In detail, the scalloped boundaries show a
stepwise morphology (Figure 8d).

Atomic-scale imaging of digenite (in Ccl) and djurleite (in BnCplV) is shown in Figure 9. HAADF-STEM
imaging was undertaken on [111] zone axis in digenite, showing bright atomic arrays with an arrangement
compatible with the 6a superstructure, as marked by the green atomic motif shown on Figure 9a. The
superstructure is highlighted by the presence of satellite reflections with six-fold periodicity between main
spots, as shown on Fast Fourier Transform (FFT) images (Figure 9b). The image in Figure 9a also shows
defects (stacking faults?). A portion of the corresponding supercell motif for 6a digenite is outlined on Figure
9c. A simplified crystal structural model for high-temperature digenite [37] shows that the distribution of the
bright atoms relates to sites with dominant Cu occupancy (Figure 9d). Djurleite down to the [031] zone axis
(Figure 9e,f) shows a very different atomic arrangement. The detail in Figure 9g and the crystal model for a
single unit cell (Figure 9h) show again that the brighter spots are attributable to Cu atoms, even though the
complexity of the crystal structure requires work beyond the scope of the present study.
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Figure 6. Aspects of host sulphides and their compositions: Bright field (BF)-TEM (a,b); HAADF-STEM (c-1)
images; energy-dispersive X-ray spectra (EDS) spectra (m). (a,b) Antiphase boundary (APB) domains with
variable orientation in Ccl. Note clausthalite inclusions embedded in (b). (¢,d) Fine rods of clausthalite
crosscutting APBs in Ccl (c¢) and a coarser inclusion outside the APBs (d). (e,f) Mottled areas in Cpll
developed in domains outlined by fine fractures filled by clausthalite.

(g) Boundary between mottled and symplectite areas in Cpll. Note the density of inclusions surrounding a micron-
sized pore. (h) Needle of chalcopyrite in clausthalite from an area with the coarser symplectites.

(1) Clausthalite bleb adjacent to chalcopyrite lamellae in bornite (BnCpIV). Note the fine basket-weave texture
surrounding the bleb. (j) Chalcopyrite in bornite, displaying marginal intensity variation relating to the
development of the basket-weave texture. (k1) Nanometre-sized needles of djurleite in bornite (k) and on the
margin of chalcopyrite (1). (m) EDS spectra of the main sulphides hosting clausthalite. Abbreviations: APB—
AntiPhase Boundaries; Bn—bornite; Cls—clausthalite; Cp—

chalcopyrite; Dg—digenite; Dj—djurleite.
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Figure 7. BF-TEM images (a-d) and selected area of electron diffraction (SAEDs) (e-g) showing aspects of
sulphide and clausthalite in Foil Ccl. (a) Rods of clausthalite along boundaries between APB domains with
digenite and monoclinic chalcocite outside the APB domains. (b) Typical aspects of APB domains represented by
dark ripples of variable morphology across subdomains. (¢) Larger clausthalite inclusion with marginal variation
from straight to slightly scalloped. (d) Internal sub-structure of APBs developed at the tip of clausthalite shown
in (c). (e,f) Representative SAEDs of digenite and monoclinic chalcocite (areas shown in (a)) on zone axes as
marked. 6a digenite is indexed using the Fd3m space group of Morimoto and Kullerud [36]. Indexing on (e)
referstothe ladigenite parentstructure. SAEDS in (e,f) were obtained at the same specimen tiltangle indicating
different orientation of the sulphides throughout Ccl. (g) Relatively coherent intergrowth between clausthalite
and digenite. Abbreviations: CcM—monoclinic chalcocite; Cls—clausthalite; Dg—digenite.
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Figure 8. BF-high-resolution (HR)-TEM images of digenite and clausthalite in foil Ccl. (a) APB domain characterised
by dark ripples and continuation of lattice fringes across them. (b) Detail of the marked area in (a) showing an
atom-wide defect along one of the dark ripples. (c) Sharp and scalloped boundaries of clausthalite (inclusion shown
in Figure 7c). (d) Detail of the highlighted area in (c), showing the stepwise character of the scalloped boundary.
Abbreviations: APB—AntiPhase Boundaries; Cls—clausthalite; Dg—digenite.

Bornite in the two foils (BnCclIl and BnCplV) is represented by various superstructures, of which 2a and 4a
are common in both, and 6a was only identified in BnCclIl. Bornite superstructures are documented in Figure
10 in an area highlighted in Figure 6k with the specimen titled to the [101] zone axis. These superstructures
are imaged from areas outlined by djurleite needles (Figure 10a). Djurelite is coherently intergrown with the
bornite, as shown by the FFT (inset on Figure 10a). A close-up of the bornite shows atomic arrays with
partitioned spacings (Figure 10b) corresponding to superstructure ordering, as documented by the presence
of satellite reflections on the FFTs obtained from such areas. Atomic-scale HAADF-STEM imaging shows
subdomains with atom distribution periodicity attributable to the coexistence of 2a and 4a structures (Figure
10c). Superlattice motifs are highlighted by yellow dots in the figure. A further close-up of the atomic
arrangement in 4a bornite shows the distribution in a quarter of the unit cell (Figure 10d). Atom distribution
arrangements down to [101] zone axis for the two superstructures are shown as STEM simulations and
crystal-structural models in Figure 10e-h. The 4a superstructure model is based upon eight sites with
variable Cu-Fe occupancy ratios as shown, whereas the 2a superstructure has distinct Cu and Fe sites (Figure
10fh). The STEM models clearly show the distinction between the two superstructures (Figure 10e,g), in
which the 2a superstructure shows variable but high intensity for the Cu atoms relative to Fe atoms. In
contrast, the 4a superstructure shows relatively even intensity of atoms with higher Cu occupancies (Figure
10e). This is mirrored by the image in Figure 10d for 4a bornite analysed here.
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Figure 9. Atomic-scale details images for digenite and djurleite in Ccl and BnCplV, respectively.

(a) HAADF-STEM image showing atom arrangement in digenite on [111] zone axis as calculated from the
corresponding Fast Fourier Transform (FFT) in (b). In (a), the structural motif shown by green dots underlines the
6a superstructure. Note this is also highlighted by atom-wide defects on the image. The superstructure is clearly
highlighted by the six-fold satellite reflections marked in yellow dots on (b). (c) Close-up of an area in (a)
showing the structural model consisting of bright atoms with a superstructure motif highlighted by green dots. (d)
Simplified model of 1a (high-temperature) digenite on the [111] axis using data given in Will et al. [37]. This
model includes two Cu sites with different

occupancies, of which only Cul is shown here (0.3 occupancy). Note the correspondence between the bright
spots on the image in (¢) and the model in (d) for Cu. (e) HAADF-STEM image showing atom-scale distribution
in djurleite down to [031] zone axis as calculated from FFT in (f). (gh) Atom distribution in a single unitcell on
[031] djurleite shown as a cropped imaged from (e) and a structural model (g) after Evans [34], respectively.
Note that the distribution of bright spots resembles those of the Cu sites. Abbreviations: Dg—digenite; Dj—
djurleite.
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Figure 10. Atomic-scale HAADF-STEM images (a-d) and models (e-h) of bornite superstructures down to the
[101] zone axis in BnCplV. (a) Bornite with marginal djurleite from an area highlighted on Figure 6k. FFT in the
inset shows coherent intergrowths between 44 bornite and djurleite. (b) Close-up of the area marked in (a)
showing domain heterogeneity throughout the bornite. Satellite reflections (FFT in inset) shows four-fold
periodicity but with variation in intensity indicating the co-existence of 2aand 4a superstructures. (c) 2aand 4a
superstructure domains in the area marked in (b). The yellow dots highlight the structural motifs for the two
species. (d) Detail of the 4a superstructure showing atom distribution throughout the superlattice as marked
by the yellow dots. Note faint variation in grey-scale intensity of the atoms that make the superstructure unit
cell. (e,f) STEM simulation and crystal-structural model for the bornite 4a superstructure, respectively, using data
for 4al superstructure in Ding et al. [30]. Note the difference in the number of atoms in the STEM simulation
relative to the crystal-structural model, whereby the very brightest atoms represent atomic sites with the
highest Cu occupancy relative to Fe, and good correspondence between the simulation in (e) and the image in
(d). (g/h) STEM simulation and crystal-structural model for the bornite 2a superstructure, respectively, using
data 2al superstructure in Ding et al. [31]. The yellow and green dots in (g) overlap with the Cu and Fe sites
in (h). Sulphur atoms are ignored in both crystal-structural models. Abbreviations: Bn—bornite; Dj—
djurleite.
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Chalcopyrite was studied in greater detail from mottled areas in foil Cpll to better understand the
underlying reasons for such textures (Figure 11). SAEDs obtained from such areas show satellite reflections
on two zone axes (Figure 11a,b,d). Chalcopyrite down to the [110] zone axis shows an increase in the number
of satellite reflections and variable intensity with incommensurate distribution (Figure 11a,b). Image
processing of selected areas from such SAEDs with highest density of satellites reveal an ordered pattern
(Figure 11c). HAADF-STEM images of chalcopyrite down to the [221] zone axis display bright nm-scale blebs
(Figure 11e), whose EDS spectra indicate they are high in Se, yet Pb is at almost negligible concentrations
(Figure 6m). Nonetheless, such areas show satellite reflections on both SAEDs and FFTs (Figure 11d and
inset on Figure 11e). Bright atoms on the HAADF-STEM image (Figure 11f) correspond to Cu positions on
the crystal-structural model (Figure 11g). There is, however, variable intensity in the bright atoms that could
represent an overlap between different atom columns, as well as the presence of incipient ordering towards
another Se-bearing phase, since the FFTs obtained from such areas show satellite reflections (Figure 11f,
inset).
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Figure 11. Nanoscale aspects of chalcopyrite from mottled areas in foil Cpll. (a) SAED down to the

[110] zone axis showing satellite reflections (arrowed). (b) Close-up of SAED in (a), showing detail of satellite
reflections and their incommensurate distribution. (c) Inverse FFT image obtained from (b), showing an
ordered pattern. (d) SAED down to [221] zone axis, showing satellite reflection (arrowed).

(e) HAADF-STEM image of chalcopyrite down to [221] zone axis with bright, nm-scale blebs and
corresponding FFT (inset). (f) Atomic-scale HAADF-STEM image down to [221] zone axis, showing brightest
atoms attributable to the Cu sites in the crystal-structural model [27] shown in (g). Note, however, the
variation in intensity of such atoms and the presence of satellite reflections on FFTs

obtained from such areas (inset). Abbreviation: Cp—chalcopyrite.

4.3.2. Clausthalite and other Inclusions

Although clausthalite-bearing symplectites are ubiquitous, their sizes and morphologies in each case
described here representabroad spectrum from simple, dense symplectites in foil Cc1 down to clustered
nanoparticles in foil Cpll and composite inclusions with other phases in bornite-bearing
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samples. The nanoscale investigation is focussed on these three types of inclusions and their speciation in
order to better understand the formation of the clausthalite-hosting sulphides.

HAADF-STEM imaging and EDS were undertaken on several clausthalite inclusions (rods and blebs) in
foil Cc1 to understand the relationships with host “chalcocite” (particularly in the digenite domains) in
terms of orientation and boundary morphologies. Both types of boundaries (sharp and scalloped)
shown in Figure 8 were found to be typical throughout the symplectites (Figure 12). The orientation of
the clausthalite relative to the [001] zone axis of digenite changes from [001] (Figure 12a-c)to[121]
(Figure 12d-f), butretains therelatively coherentorientation between the two species (Figure 12c,f). One
case of the scalloped boundaries was imaged at higher magnification (Figure 12g). This showsaragged
interface within the clausthalite edge with a decrease in the intensity of the Se signal, as determined by
EDS, from the clausthalite towards digenite. The image shows a darkening correlating with the
decrease in Se, as well as well-defined darker strips within the Se-depleted part of the clausthalite
(arrowed on Figure 12g). In detail, the clausthalite shows changes in the atomic arrays, from parallel
rows of bright atoms (attributable to Pb, see below) in the less affected part of the clausthalite (Figure
12h) toarraysin which some parts markedly miss the bright atoms, suggesting a localised Pb loss (Figure
121). Altogether, the darkening, Se depletion and the removal of Pb are interpretable as a replacement
of clausthalite along scalloped boundaries.

The mottled texture in chalcopyrite shown in Figure 6f consists of clusters of nanoparticles (NPs) with
variation in size from ~5 nm up to some tens of nm (Figure 13). Some of the denser fields of inclusions
are observed around domain boundaries and, although dominated by PbSe, they also include bismuth-
bearing NPs (Bi-NPs) as revealed by EDS mapping (Figure 14). The densest agglomeration of NPs is seen in
areas also containing voids (Figure 13a). Peculiar to the PbSe-NPs and clusters is a bright, dotted appearance
with rhombic arrangement relative to each cluster (Figure 13b,c). The smallest Bi-NPs are found within
clusters of PbSe adjacent to voids (Figure 13c). Notably, such NPs reorganise their atomic arrangement under
the electron beam (Figure 13d,e). The rhombic arrangement of the brighter spots in PbSe is associated with
the occurrence of satellite reflections on FFTs obtained from such images (Figure 13f). There is a marked
coherence between the rhombic arrangement of the bright spots within the PbSe and the atomic
arrangement in host chalcopyrite down to the [221] zone axis (Figure 13g). These features suggest that the
PbSe-NP clusters undergo ordering towards the formation of large (tens of nm) superstructures. The
appearance of PbSe in these NP clusters is clearly distinct from those in symplectites and other coarser
textures (e.g., in Figure 12).

The middle part of the NP field in Figure 13a was mapped by STEM EDS (Figure 14) and clearly shows
that most of the bright features are PbSe-NPs, whereas the darker features in the middle correlate with
depletion in Cu and S. Bismuth is concentrated in the PbSe-NPs but also shows stronger signals
indicative of discrete Bi-NPs as that imaged in Figure 13d, e. In contrast to lead, both Se and Bi show
signals above background throughout the host chalcopyrite.

In contrast to the single-phase sulphides, inclusions with more varied composition are found in the bornite-
bearing sulphide assemblages (Figure 5c,d). These comprise iron oxides (in both BnCcIIl and BnCplV), and
numerous nanoinclusions of monazite in BnCclll and a Cu-selenide in BnCplV. The smallest monazite
inclusions, associated or not with iron oxides, occur throughout the chalcocite domains in BnCclII (Figure
15a). The coarsest grains of monazite (hundreds of nm in size) are found associated with clausthalite within
bornite, near the boundary to chalcocite (Figures 5c and 15b). Similar coarse inclusions are also located close
to fractures. Monazite inclusions display a strong relief against the sulphides, with wedged boundaries.
HAADF-STEM imaging along the mutual boundary between monazite and clausthalite (Figure 15d,e,
respectively) show the occurrence of dark areas in clausthalite. A spectrum obtained with a smaller spot
size (5-6 nm, smaller than the inclusion diameter) from such a darker domain (Figure 15c) indicates the
presence of both phases, suggesting the presence of monazite inclusions within clausthalite.
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Figure 12. HAADF-STEM imaging and FFTs showing clausthalite boundaries and the relationship with host
digenite in Ccl. (a,b) Sharp and scalloped boundaries between clausthalite and digenite with the same [001]
orientation, as inferred from the FFT in (c). (d,e) Sharp and scalloped boundaries with different orientations to
one another, i.e., [121] in clausthalite and [001] for digeni?e, asdepicted in the representative FFT (shown in f).
Note the stepwise character of one of the sharp boundaries in (d).

(g) Atom-scale image of clausthalite (area marked in e), showing modification in grey-scale intensity (distinct
domains shown by dashed lines). (h) Unaffected clausthalite shows arrays of bright atoms with periodicities at 7
X 4.4 A. (i) Parts of the affected clausthalite show evidence of replacement of these arrays in which the bright
atoms are missing. Note (in g) that the most affected part of the image also shows dark strips (arrowed) at two-
array periodicities. Abbreviations: Cls—clausthalite; Dg—digenite.
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Figure 13. HAADF-STEM images showing NPs present in mottled areas in chalcopyrite from foil Cpll. (a) Field
of dense NP agglomeration. Note the presence of nanopores (dark) through the middle of the field, whereas the
bright dots are the NPs. (b,c) Details of NPs (brighter dots with regular rhombic geometry). Note, in (c), Bi NP
highlighted by a dashed outline occurring adjacentto one of the larger voids. (d,e) Square arrangement of bright
atoms in Bi-NP, changing the orientation under the electron beam from (d) to (e). (f) Close-up of PbSe NP cluster
showing a distribution of bright dots and corresponding FFT (inset). Note thatthe FFT shows satellite reflections
within the chalcopyrite pattern down to the [221] zone axis, instead of reflections attributable to clausthalite
structure (a2 = 6.1 A). This suggests that the brighter dots correspond to a superlattice of clausthalite ordering
within the NPs. (g) Atom-scale image of a PbSe-NP cluster showing continuity of atomic arrays from PbSe-NP
cluster into chalcopyrite. Rhombic motifs (blue dots) overlap with the brighter dots in NPs arranged in
continuation with similar rhombic motifs in chalcopyrite (green dots), suggesting continuity from NP lattice to
host chalcopyrite during superstructure development in the clustered NPs. Abbreviations: Bi-NP—bismuth-
containing nanoparticle; Cp—chalcopyrite; NP—nanoparticles.

Atomic-scale HAADF-STEM imaging of clausthalite and monazite from the binary inclusions in Figure

15bareshownasdifferenttiltsin Figure 16. The atomicarrangementin clausthalite down to the

[010] zone axis is compared with crystal-structural models in Figure 16a. The model shows the bright spots
correspond to Pb atoms. Tilting the specimen to the [031] zone axis in clausthalite, the image shows
continuity between the atomic arrays in clausthalite and monazite (Figure 16b). The atomic arrangement in
monazite is compatible with monazite down to the [023] zone axis, as shown in Figure 16c. The crystal-
structural model shown for this zone axis in monazite indicates that the bright spots are Ce atoms. This is
confirmed by the atomic arrangement in monazite down to the [113] zone axis (Figure 16d), where Ce and
P atoms do not overlap on the model. We also note the continuation of atomic arrangements from monazite

into clausthalite.
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Figure 14. STEM EDS element maps (S, Cu, Se, Pb, and Se) of the middle part of the NP field shown in Figure
13a. The corresponding HAADF-STEM image is shown top left. Abbreviations: Bi-NP— bismuth-containing
nanoparticle; Cp—chalcopyrite; PbSe-NP—PbSe nanoparticle.

Energy (KeV) Energy (KeV) Energy (KeV)

Figure15. BF-TEMimage (a), HAADF images (b,c),and EDS spectra (d-f) of monazite and clausthalite inclusions
in BnCclIl. (a) Field with smaller monazite nm-scale inclusions and iron oxides, some of which are attached to
pores (arrowed). (b) Coarser monazite-clausthalite composite inclusion in bornite. Note the basket-weave
pattern produced by FIB-milling in and around djurleite needles.

(c) Close-up of boundary area between monazite and clausthalite showing the presence of darker spots
attributable to monazite. (d-f) EDS spectra from inclusions in (b,c), as marked. In (f), Se and Pb peaks are
attributable to the wedged monazite below the surface. Abbreviations: Cls, clausthalite; Fe-ox, iron oxides;
Mnz, monazite.
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o

Figure 16. Atomic-scale HAADF-STEM imaging and crystal-structural models for clausthalite (a,b) and monazite

(c,d) on zone axes as marked. (a) Clausthalite on the [010] zone axis; as shown in FFT (inset), showing bright atoms
with square arrangement corresponding to Pb positions in the crystal structure (data from [25]). (b) Clausthalite
on the [031] zone axis (indexed from FFT, inset) and crystal-structural model, showing correspondence between
brighter spots and Pb positions. The dashed line outlines the darker inclusions with EDS spectra in Figure 15f,
attributable to monazite-(Ce) down to [023], as shown by images and model in (c). Oxygen is excluded from the
structural model built for monazite-(Ce) from data given by Ni et al. [26]. (d) Monazite down to the [113] zone
axis, asindexed from FFT (inset), showing a good correspondence between the brightest spots (Ce dumbbell site)
and the fainter spots corresponding to single Ce atoms. The much lighter P atoms are not visible on the image.
Abbreviations: Cls, clausthalite; Mnz, monazite.

One of the micron-scale vugs in BnCplV (Figure 5d) is filled with a lamellar aggregate of a Cu-selenide
phase with a composition resembling ~CuzSe (Figure 14a,b). HR HAADF-STEM imagining shows atom-
scale defects at the lamellae boundaries (Figure 17c) or NP inclusions with different orientations to the
host (Figure 17d). By tilting the specimen on different zone axes, we obtained HAADF-STEM images
(Figure 17e-g) and corresponding FFTs (Figure 17h-j). Assuming the bellidoite crystalstructure[38],we
couldindex the FFTs on three distinct zone axes, one of which isa second-order zone axis down to [101]
(Figure 17e,h). The other CuzSe polymorph (berzelianite) is cubic, with a=5.739 A&, smaller than the
6.7 Ameasured along [111]. The other two zone axes, although not major

[231] and [253] (FFTs in Figure 17i,j), were obtained by rotating the specimen around (111)* lattice
vector, with good spatial resolution of atom arrays on the images (Figure 17f,g).
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a Cu-Se phase(bellidoite)

Figure 17. Aspects of Cu-selenide identified as bellidoite from a coarser vug in BnCplV. (a) HAADF- STEM
image showing lamellar aggregate. (b) Corresponding representative EDS spectra. (c,d) HAADF- STEM images
showing atom-scale defects between lamellae (arrowed) and NP inclusions (arrowed). (e-g) HAADF-STEM
images of Cu-selenide on zones axes as indexed in (h—j). FFTs could be indexed using the P4 /m space group for
bellidoite [38]. Note the good correspondence between the measured distances on the FFT and images.
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5. Discussion

Few, if any, HAADF-STEM studies have been carried out previously on Cu-(Fe)-sulphide assemblages.
The assemblages and features described here are clearly from ores that can be considered as extremely
complex. The observations, however, carry broader applications for features observable in a wide range
of copper deposits formed in diverse geological environments. The complexity and presence ofdifferent
speciesrequiresthattheintricate associationsand relationshipsareinvestigated at the nanoscale.

5.1. Evolution of Sulphide Assemblages

The study presented here covers chalcogenide incorporation and release from host Cu-(Fe)-
sulphides in ores comprising the three main minerals present in any similar ores (chalcocite,
bornite, and chalcopyrite). Both “chalcocite” and bornite show evidence of high-temperature phases that
undergo phase transformation and restructuring upon cooling. Bornite solid solutions [44],
resulting in bornite-chalcocite and bornite-chalcopyrite assemblages, are comparable to those seen
elsewhere [24,45]. The presence of bornite superstructures indicates that the minimum temperatures of
formation above 265 °C can be inferred [29]. The co-existence of different bornite superstructure
domains at the nanoscale in the same sample (Figure 10) is also reported in natural samples [24,31]. The
present study also confirms the widespread presence of lamellar low-temperature djurleite, formed
via cooling of bornite solid solutions, as documented elsewhere [24]. The typical basket-weave
appearance of bornite containing djurleite in foils prepared for TEM (Figure 6i,k,1) is a characteristic
induced by FIB-milling [24].

The type of APBs observed here are constrained within digenite-bearing domains even though monoclinic
chalcocite is present beyond these domains. This suggests that the two species derive from a single high-
temperature digenite phase undergoing transformation during cooling via changes in the sulphur
arrangement from cubic close-packed (ccp) to hexagonal close-packed [46] at temperatures below 120 °C
[47]. The observed defects along the APBs (Figure 8b) are evidence in support of low-temperature
transformation of the precursor digenite into either monoclinic chalcocite or djurleite at <103.5 °C and <93
°C, respectively [34]. The chalcocite-djurleite transformation may be continuous across lattice fringes and
preserves stacking faults in the djurleite, as documented experimentally on CusS films [48].

The intimate relationships between Cu-(Fe)-sulphides that extend down to the nanoscale (Figures 1-3
and 5) account for the non-stoichiometry observed here (Figure 4) and are common in these type of
ores [24].

5.2. Formation of Clausthalite in Cu-(Fe)-Sulphides

The data presented here shows a continuum of textural aspects from smallest (<5 nm-sized) Se-rich
areas in chalcopyrite, through nanoparticles and their reorganisation via superstructuring, to regular,
dense symplectites, and isolated, relatively large blebs. The regular clausthalite rods in chalcocite and
chalcopyrite would, at first, be considered as typical products of exsolution. If that is the case, the
relationships between clausthalite and APBs in digenite should suggest that such exsolution took place
prior to APB development (i.e., above 120 °C) but continued and coarsened thereafter, since the
clausthalite rods crosscut the APB boundaries (Figure 6c). The close-to-coherent epitaxial orientation
between clausthalite and host digenite is also an argument favouring an exsolution model, even though
such symplectites can also occur via coupled dissolution-replacement reactions [49,50]. Nonetheless, the
presence of two types of boundaries, expressed both morphologically and chemically (Figure 8c,d and
Figure 12), are evidence of distinct processes: primary exsolution (sharp boundaries) and secondary
replacement (scalloped boundaries). The latter is mostly observed around larger blebs or rods and is also
associated with anincrease in the offsetin the orientation between clausthalite and the host.
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The incorporation of chalcogens, such as Se within Cu-(Fe)-sulphides, and their release are best
exemplified through the aspects observed in chalcopyrite, from areas rich in Se to the formation of
clustered PbSenanoparticlesand theirinferred superstructuring. The epitaxial relationshipsbetween the
clustered NPs and the chalcopyrite on [221] (Figure 11e,f and Figure 13f,g) are interpretable in terms
of a relationship between Se in solid solution and a PbSe superlattice, which in our case takes place via
clustering NPs and maturation into coarser inclusions.

Self-assembly of nanocrystals into superlattices has been documented experimentally in PbSe, with
three types of atom packing, one of which is tetragonal [51]. However, the superlattices given by Quan et
al. [51] are smaller than those observed here in the tetragonal chalcopyrite matrix. None of the FFTs or
SAEDs obtained from the mottled areas show the simple lattice of clausthalite (as, for example in the Ccl
study case) but instead show satellite reflections on SAEDs, representative of chalcopyrite on different
zone axes. We thus infer the reorganisation of PbSe NPs into larger tetragonal superlattices, the first such
example in natural materials. As chalcopyrite contains little or no Pb, this infers thatthe mottled areas
represent the products of the interaction between the Se contained within the solid solution in the
chalcopyrite with Pb supplied by infiltrating fluids. This leads to dense agglomerated fields of NPs that
undergo further epitaxial superstructuring within the chalcopyrite. Further work, beyond the scope of the
present report, is required to substantiate the PbSe superlattice(s). The presence of active and annealed
microfractures, voids, and pores in the areas are, however, taken as evidence of fluid involvement. The
relationships between the mottled areas and symplectites cannot be temporally constrained from the
present data, although we point to the fact that it is more likely that the sympectites predate fluid
infiltration and associated PbSe-NP formation. Further arguments supporting this hypothesis is the
presence of Bi-NPs attached to pores in and around the PbSe. Such fluid-driven chalcogenide NP
formation attached to pores is also documented from pyrite in ore systems elsewhere [52].

If such a scenario is feasible, it infers an overprint onto pre-existing symplectites, which can be related
to the presence of chemically more complex assemblages, such as the monazite-clausthalite from
BnCclIl. The monazite-clausthalite epitaxial relationships are further evidence for (potentially long-
lived) overprinting of Cu-(Fe)-sulphide ores, with incoming fluids transporting other components, including
Pb, REE, and P (Figure 14). This is exemplified in the relationships between monazite and clausthalite
in BnCcllIlI (Figures 15 and 16). Such aspects can be expected in U-bearing Cu ores in which Pb is produced
during the decay of uranium. One significant implication is that attempts to date either monazite or Pb-
bearing Cu-(Fe)-sulphides by bulk U-Pb methods (e.g., [53,54]) will return the ages of the overprintrather
than those of the primary ore formation. As-yetunpublished work by the present authors has shown that
Pb within Pb-chalcogenides, including the clausthalite-bearing symplectites addressed here, is enriched
in 206Pb relative to primordial values.

The last stage of overprinting, driven by fluids percolating through the ores, is seen in the presence of vugs
filled with “new” phases, such as the bellidoite documented here (Figure 17). Bellidoite, the tetragonal
CuzSe dimorph [38], is a rare mineral formed at moderate to low temperature with other hydrothermal
selenides and sulphides (e.g., [55]). The present occurrence is the first in Australia, and the first from an iron
oxide copper gold system. Other occurrences of bellidoite are described by Skacha et al. [56], including a
recently observed occurrence within the Pfibram uranium district, Czech Republic, in which it is
intergrown with berzelianite.

Itis noteworthy that all study cases described here display evidence of overprinting. The nanoscale textural
evidence presented here, suggesting multiple events of Pb mobilisation, as well as extended periods of
reworking and recrystallization of the ore minerals, is in alignhment with previous studies of ores within
the Olympic Cu-Au Province. Such observations are, for example, concordant with evidence for multiple
events of U dissolution and reprecipitation of U-minerals within the Olympic Dam deposit [17,18,57].
It is suggested here that remobilisation of U from U-bearing minerals led to a decoupling of Pb from at
least some of the parent U- (and Th-)bearing minerals, resulting in the progressive uptake of Pb by Cu-
(Fe)-sulphides and in the formation of clausthalite inclusions within them.
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Altogether, this study shows the importance of using combined advanced microbeam techniques on
samples extracted on a site of petrogenetic interest to address the character of ore minerals and their
formation [24,40-42].

6. Conclusions and Implications

There are three main overarching conclusions that can be drawn from this study. Firstly, the results, as
discussed here, challenge the classic origin of symplectites via unmixing or exsolution, suggesting that
the symplectite textures could have formed by reaction between pre-existing Se present in solid
solution within Cu-(Fe)-sulphides and migrating Pb (resulting from U and Th decay) from a later
fluid phase. Selenium was likely present within the host Cu-(Fe)-sulphides at the time of the initial
deposition of sulphide mineralisation at relatively high-temperature conditions. Secondly, the
introduction of Pb from an external source implies prolonged post-crystallization hydrothermal activity. The
diffusion of Pb into Cu-(Fe)-sulphides to form clausthalite preserves evidence for episodes of significant
U-Pb remobilisation within the sulphide ores. Such processes may have large implications for U-Pb
isotope studies within the region. Thirdly, the observed superstructuring of nanoparticles within
chalcopyrite represents a link between solid solution and symplectite formation and shows that Se
within the Cu-(Fe)-sulphides reacts readily with Pb, acting as a sponge for the mobilised Pb within the
mineralising system. As such, the symplectite textures presented and discussed within this study
represent at least two stages of Pb mobilisation and subsequent incorporation into the Cu-(Fe)-
sulphides.
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Appendix A

Table Al. Elements analysed, peak/background positions, count times, and standards used for sulphide

analysis.
. . Bkegd Points Background
Elgsteigbine Diffracting 1311111(e(iggc ! Baf;%é%‘lrtld k%qulrel& Coungt Time Standard
(Lo/Hi) (Lo/Hi) (Sec)
S Kx LPET/1 10 Multipoint 2/2 10/10 Astimex Marcasite
Pb M« LPET/1 200 Multipoint 4/3 20/20 P & H block Galena
Cd Lx LPET/1 10 Multipoint 2/2 10/10 P & H block Greenockite
Bi M LPET/1 10 Multipoint 2/2 10/10 P & H block BizSe3
As L TAP/2 10 Multipoint 2/2 10/10 Astimex GaAs
Se Lo TAP/2 20 Multipoint 2/3 20/20 P & H block BizSe3
Fe K LLIF/3 10 Multipoint 2/2 10/10 P & H block Chalcopyrite
Cu Kx LLIF/3 10 Linear - 5/5 P & H block Chalcopyrite
Mn K& LLIF/3 10 Multipoint 2/2 10/10 P & H block Rhodonite
Ag L& LPET/4 10 Multipoint 1/2 10/10 P & H block AgTe
Sb Lx LPET/4 10 Multipoint 2/2 10/10 Astimex Stibnite
Te L& LPET/4 10 Multipoint 2/2 10/10 P & H block AgTe
Hg L& LLIF/5 10 Multipoint 3/3 15/15 P & H Cinnabar
Zn Kot LLIF/5 10 Multipoint 2/2 10/10 P & H Spahlerite
Ni Kx LLIF/5 10 Linear - 5/5 Astimex Pentlandite
Co. Kx LLIF/5 10 Multipoint 2/2 10/10 Astimex Co. metal
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ABSTRACT

Al -phosphate-sul fate (APS) minerals of the alunite supergroup are munor components of
uranium-beanng copper ores from the Olympie Dam depeosit, South Anstralia. They tvprcally repre-
sent a farmly of paragenetically late replacement phases after pre-esmsting EEE-beanng phosphates
(Huorapatite, monamite. and xenotime). Charactenzaton with respect to texchures and composition allows
two groups to be distmzushed: Ca-Sr-domimant APS mumerals that fall within the woodhouseite and
svanbergite composthonal fields; and a second REE- and phosphate-denvunant group eloser to florencite
in composttion. All phases nevertheless display extensive solid selution among end-members m the
broader APS clan and show extensrve compositional zomng at the gram-scale. Samples representative
of the deposit (Hotzhon concentrate and failings), as well as thoss that have been chemucally altered
dunng the processmg cvele (acid leached concentrate), were studied for comparison. NanoSIMS 1sotope
mapping provides evidence that the APS minerals preferentially scavenge and meorporate danghter
radiormeclides of the *"T decay chain notably **Ea and *'"Fb, both over geological time within the
deposit and duning ore processing. These data lnghhight the role plaved by monor phases as hosts for
geolozically mobule deleterious components in ores as well as dunng mumerzl processing. Moreover,
Sr-Ca-dominant APS minerals extubit prefarential serption of Fb from fiwd sowrees, m the form of
both common Pb and *'"Ph, for the first tme revealing potential pathwrays for *“Fb ehimunation and

REE-, 51-, Ca-aluminum-phosphate-sulfate minerals of the alunite supergroup and their

reduction from ore processmg streams.

EKevwords: Alumte supergroup, alwmimm-phosphate-salfates, Obmpie Dam, 1 decay senes

radiomiclides, mineral processing

INTRODUCTION

Minerals of the alunite supergroup (Jambor 1599; Bayliss et
al. 2010}, especially the beudanfite and crandalhie groups, have
found extensive application m envronmental remediation and
storage of deleterious elements due to thewr broad stablity and
their capacity to host a wide range of confaminants via extensmve
solid solohon with the exchange of bi- to bexavalent cabions
at mltiple sites m ther stuctures (Kobitsch and Pong 2001},
Elements that can be meorporated include As, Pb, Bi, He, T1,
5b, Cr, Se, and rare earth elements (REE) (Eolitsch and Pring
2001}, as well as radioisotopes generated by decay of radioae-
trve K 5r, Th, and U (Dhmkow ot al. 1997; Kolitsch and Pring
2001). Anabysis of APS nuneral compositions can reveal useful
mformation regarding local condiions of formation with respect
to fhmd composition, pH, and f,, (Schwab et al 2004, 20035;
(Gaborean et al. 2007).

Most beudantite- and crandallite-group minerals are stable up

* E-pupil- michelas owonifadalaide. edu e Orcid 0000-0002-3528-8318

D03 S000 2 | R0ES0S MM Bps Mdoi crg’1 0 213Rs-3019-T11&

to high temperatures (400500 *C) and remain insoluble even
over a wide range of pH and F, condibens (Kolitsch and Pring
2001). These robust charactenisfics also make them potential
hosts for danghter products of U decay (notably the radiopuclides
Pb and *'"Po, hereafier “'“BI) in U-bearing ore deposits and in
materials resulting from the processing of such ores.

Hydrothermal REE-, Ca-, and/or Sr-beanng aluminum
phosphate-sulfate (APS) phases of vaned composition within
the alumte superzroup are reported from the mant ca. 1390 Ma
(Johnson and Cress 1995 Olympie Dam Cu-U-An-Ag depostt,
South Austrahia (Ehng et al. 2012). Untl now, however, these
phaszes have been madequately charactenzed and despite their
textural and composiional complexty, were penencally catego-
rized as “crandallite group” minerals with the general formula
(Ce La Md. Ca S AL Fe){50. POJ{OH):. These nunerals are
only present m modest amounts {modal abundance 0109 wit®s),
vet are long suspected of making at lezst a minor contribution to
the budget of U and REE mn the ore (Ehng et al. 2012)

Grven their ability to ncorporate a wide range of radicactive
decay products, the presence of Ca- and Sr-beanng APS minerals
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within 3 U-beanng ore, such as Obmpic Dam, makes them a
+iable bost for the transport of 2'Bn throughout the processing
cycle. This study sets out to document APS minerals from Olym-
pic Dam wath respect to their composition, paragenehc posihon,
relatonships with other punerals, and. not least, thewr potential
role as natural moneral sinks for the products of radicactve
decay. Evidence for uptake and meoiporation of radionuchdes
(B2} v1a both geolomcal processes i sptn within the deposit and
dunng ore processmg (flotation and subsequent acid leaching)
15 presented and discussed.

BACKCROUND
APS erystal chemistry

APS minerals of the alumite supergroup have the general
formmula [AB,ZI0,)(0H). ). where 4 15 a mono-, bi-, or tovalent
caton, B 15 a trrvalent cation (in this case abmost exclusively
A, and O, 15 mainky a ouxture of phosphate and sulfate
groups. They are known to form m vanous geolomeal emaron-
ments from weathering profiles 1n soils, sedimentary settimgs
{Trplehormetal 1991; Rasoomssen 1996; Pe-Piper and Diolansky
2005) to magmatic-hydrothermal ore deposits such as the Obym-
pic Dam Cu-U-Au-Ag deposit disenssed here (Ebmg et al. 2012).
The ahunxte superzroup contains munerals with an extensive and
diverse range of composihions. Almost all erystallhize withm the
F3m or B3m space groups and thus have almost identical erystal
stmactures, albert with a sheht deviation of lathice parameters,
thus opemng up the possibility of extensve sobid solubion across
the APS group.

The erystal structure of APS punerals (Fig. 1) is bult up
of sheet= of AlQk octabedra amanged m a Kapome petwork
perpendicular to the parallel to the (001) plane (Eato and MMiwa
1977}, and twe phosphate and'or sulfste tetrahedra, with the
A-zite cabhon sittng 1n between layers (e z., Schwab et al. 2004,

FIGURE 1. The crystal stuctre of APS minerzls locking down
the [(01] zome axis (leff) and just offsat from [110] (right). Fad atoms
= A-site catons; bine aoms = Al; yellow atoms = Pr5; black atoms—
COHH.O;, gray atoms = 0. Note 12-fold coordinstion of A-site cations,
electrostztcalty and H-bonded to O, H.O, and O within AN, octahedra
and phosphate sulfate tetrahedra. Diata from Fato (1971). (Color online.)

1507

2003; Zema et al. 2012). To form the sheets, AlQ: octahedra,
with four bydroxyl groups and two cecygen ligands, comer-share
hvdroxy] groups with one another forming large hexagonal and
small rigonal nngs. The “base” of each phosphate or sulfate
tetrahedra then shares three comers each of the mgonal mngs,
formung an overall strocture m which two corners of each ANQ,
octahedra and three comers of each phosphate/sulfate tetrahedra,
are made of shared oxygen atoms. Peaks formed by the remammgz
oxygen atom m each phosphate/sulfate tetrahedra then point in
alternating sequence m the direction parallel to the ¢ axas, mto
the hexagonal nngs formed by AlQ; octabedra m adjacent lavers
above and below (Kato and Mnura 1977; Gaboreau and Viedllard
2004; Schoeab et al 2004, 2005). The resulting everall structure
contams 12-, 6- and fourfold coordmation postions, allowmg
catons of vanous charge and radius to fit within the structore
(Sehwab et 2l 2004}, aiding m the development of extensive
zohd solutions cccumng in nature. A-site cations generally
st within the 12-fold coordination posthon, but disordenng of
cations among these positions has been recorded, resulting in
a small lowering of symmety to the monoclime Cm and C2m
space groups (Kolitsch and Prng 2001).

Olympic Dam

The Olympic Dam mining-processing-smelting-refimng
operation exploits a complex fine-gramed sulfide-rich copper
ore domunzted by hematite, by far the most sbundant ganzue
minerzl (Ehng et al. 2012). Economuc commedities are Cu, T,
Awn, and Az but the IOCG-U-Ag deposit also contams anomalous
concentrations of rare earth element= (REE), P. Th. F, and many
other elements. More than 100 munerals have been identified
1 the ore, necessitating a thorough inderstanding and careful
control of ore mmeralozy to ensure opiimized processmg.

In the Olympic Dam ore, the four meost sizmficant U-beanng
minerzls are wrammite, coffimte. brannente. and hematite (Ehng
et al 2012; Ciobanu et al 2013; Maemmllan of al. 2016, 2017;
Verdugo-Thl ef al. 2017; Xing et al. 2018). Urenium is extracted
by acid leaching of both flotation tails and flotation concentrates.
In the ore, U-mimerals occur inhmately mtergrown within mineral
assemblages alzo contzmng the other economme metals Cu, Ag,
and An Decay of the most commen isotope of wanmm **17,
penerates daughter 1=otopes =Fa, *“Fb, and **Po, which, due
to their relatively short half-lives (1600 vy, ~22.2 yrand 1384
days, respectively), have high activihes, yet remam active for
relatrvely long times, at least on the human timescale. As a result,
the presence of these 1sotopes m concentrates represent canse for
concern, even at very smazll concentrations. They thus need to be
momtored, if not removed or reduced, duning phy=ical separation
and subsequent hydrometallorgical treatment (Lane ot al. 2016;
Cook et al. 2018). It 15 thus essenhial to obtain a detailed under-
standing of the mineralogical deportment of ““Ra, *"Pb, and
“"Po wathin the deposit and to qualitatrvely model the behavior
of these BN throughout the processing evele.

Investigation of uraninte compositons and textures allowed
MMacmillan et al. (2016) to identify distinet generations of wa-
mmte in the Olympic Dam ore. Although some early wanimte
retams the full decay sequence of daughter B wathin 1ts crystal
structure and mayv contam =10 wi%e radiogemc Pb, aphambic
wrammmite does not and 15 assumed to have formed much later as

American Mineralogist, vol. 104, 3008
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a result of the breakdown of early nranimite or other U-minerals
and mugration of released U (Ming et al 2018, 2019). A second
study, encompassing bramnernite and coffimte in the deposit
(Macmillan et al. 201 7), shews that these minerals also contain
relatively hiftle Pb, strongly supporting the release of U and
daughter B from parent U-mumerals and subsequent mizration
and re-concentrahon into exishng or new minerals.

Eollog at al. (2019) kave used nanoSIMS isotope mapping
to directly visualize the dizmbution of *Fa and “Fb m repre-
sentatrve samples from Olympic Dam. Thew results demonstrate
decoupling among B (eg, *Fa from *17) and the migration
of danghter BV toward the end of the decay chain at the nano-
meter to mucrometer scale, formaton of new munerals such as
galena, and alzo the concentration of B at grain boundanes, in
micro-fractures, and trapped m pores within mineral grains. In
another Cu deposit wathm the Obmpic Cu-An provinee, Chwven
et al. (2018} 1dentified at least two events m which radiogenic
lead has been remobilized and separated from parent U and Th
and subsequently re-concentrated withm nanescale svmplecttic
intergrowths of clausthalite (PbSe) within Cu-{Fe)-sulfides.
Moreover, the work of Rollog et al. (2019) has suggested that
spatial separation of danghter B from parent U-beanng muner-
als 15 accelerated dunng the final stage of mmeral proceszing,
such that recovery of U from Cu concentrate does not equate to
recovery (remonval) of “*Ra and *“Pb.

Phosphate minerals are abundant in the Ohmapic Dam deposit,
and include flucrapatite (Kmeta et al. 2016, 2017, 2018),
florencite-(Ce) and flovencite-(La) (Lottermoser 1995; Schman-
df et al. 2019z}, and subordinate monzmte-{Ce) (Lottermoser
1995} and xenotime-(Y) {(Oreskes and Einand: 1990; Ehnigz et
al. 2012). The depos=it alo contains wi% concentrations of
bante (Schmandt et al. 20159%). The latter authors report uptake
of Pb, durng acid leaching, into barite that has reported to Cu
concenfrate, hizhlishting the potential for mmer mmeral com-
ponents of the ores or concentrates to act as scavengers of B,

Collectrvely, the above studies emphasize the entical im-
portance of careful mineralopical study at approprate seales of
observation to 1dentify B camers and assess pathways of BN
mobility. Given the potential application of APS mumerals m the
storage of toooe metals (Eohtseh and Prang 2001), their wadaky
vanable crvstal chemwstry and low solubilines athigh temperahure
(400500 C), and wade ranges of F; and pH, make them exccellent
candidates as scavengers of products of radiszactive decay.

SAMPIES AND METHODS

Thmes sets of fimehy milled samples wers collected from the Olympic Dam
{OD) processing plant in Decenrsbar 2016 2 sat of Sotstion concentrates (FC), a
st from the flotaticn tailings (FT) and a set of concentrates following ramoval of
the majority of nnminm via salforic acid leacking (Concentrate Leach Discharge,
CLD) AtOlyoepic Daes, standard leach conditions ars maistained at around 53 °C,
pE of 1.5, E, of ~440 oV (MacNaaghton et al. 1992, 2000; Bhargava et al 2017)
for £-11h, depanding on the mincralomy of the foed (Ekrigatal 2015). FCand FT
samples have not besn chemically altersd and ame thersfore repressntative of the ore
minsmalogy whereas CLI samples have becoms altered during acid lsaching. The
milled sample wers dried and msounied as coe-mch polished blocks.

Raflected-light and backscatter-slectron (B3E) images wars cbiaimed fo
documsent textums and compositiona] roning wsing a Mikon Eclipse LV 100 POL
Patrographic Microscops and an FEI Cuanta 450 Field Emission Gun scanning
slectron microscope equipped with a silicon-drift sxergy-disperive X-ray spec-
tromseter (EDE), located at Adelaide Microscopy (The University of Adalaida).
Enargy-dispanive X-my spectroscopy (EDS) spot analyses and element moaps
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wers collected miing an Oxford Instremonts Ulim Max 170 e SDD (ilicen
drift detector) EDS Detector with AZtec software. The SEM was opemated
high-vacuem mode at 20 kY and a spot wiee of 4 pm.

Chiantitative compositional data weme obtained wing a Camem 5X-Five
slectron probe micoaalyzer (EFMA), located at Adslaids Microscopy, and
aqmipped with fve temahble wavelongth-divperive spectromatars. The nstramant
wsas PeakBite sofferars for microscope operation, and Probe for EPMA software
(&smributed by Probe Softwars Inc.) for data acquisition and processing. Initially,
2 mite of 40 slemexts (Supplamenta]l Appandix 1') ware anabyzed, but after 40
analyses it was determined that the HREF elamexts o, Yb, Tee, Ex, and Dry conld
b removed from the Hst to educe ovemll count tme as they were comsistemtiy
below, or mear below mizimem limits of detection (mdl). Dus to the measemable
amsounts of F (and CT), the halogsn cxygen equivalext was subtacted fom the
stoichiometric oxygen during processing iemtion For major to minor slements,
oparating, conditions were 15 ke and 20 n 4 Trace alement cousds wars acqemed
at a kigher beam correart (100 2A). For all anabyses, 2 spot size of 1 pm was wesd.

Isotope mapping was dome with a ManoSDMS 501 (CAMECA. Franca) at
the Cantre for Microscopy, Charscternzation, and Anabyss, at the Unfversity of
Western Awstalia. A 16 keW primary O bsam, gsosmated by a Hypssion H200
EF plasma oxygen ion source, was med for all smabyes. The imstmment was
operated in pulti-collecton meds, allowing the simutameous detection of up to
WD isotopes. Posithve secondary ion maps were collected for =Ca, #Car, %50,
Py, Py, RN, “*Ea’, *Th', and 7. To aveid detector samration, pajor
isotopes of Ca, Sz, and U were 2t tmes substmted with minor isotopes. hass
calibration was carmied ont nsing high-perity me@] standards from Astimes For
o and “*Ra, the approximate detector positons were determined from "“Pd,
and *"'Iny, respectively. Fine-tuning of thess detector positions was then carried out
oNl IrAninitG Frains known to contein “*“Fn and ““Ea. All imaging was dooe with
a 250 pA priesary beam, rastering over 50 uor* arses (312 px), with duredl timses
of 3.5 ms per pixal; seven planes were recorded for sach area. The CrpenddIME
plugin (Poczatk ot al. 2009) for Image] (Schindalin ot al. 2012, 201 ¥) was used
for all image amadysis. All dats were dead tme cormected, and the weven ndividea]
plans: were aligned before being summead See Rellog et al. (2019) for discwsicn
on iwotops mass intarferencas.

RESTLTS
Textural characterization and mineral azsociations

APS phases ocowr inclose associaton wath Cu-Fe-sulfides
(bormte and chalcopyrite), hematite, and other more abundant
gangue punevals, netably sencitic mica, Fe-dommant chlontes
(chamosite), fluorapatite, baryte, and flucnte. Individual APS
mmeral graims (340 pm) show apnificant contrast vanaton on
BSE mmages (Fig. 1), consistent with grain-secale compoaitional
zonation. Dhfferent zones are vanably enmiched m BEE, Ca, and 5t
whereby brighter zones are typically richer in REE. Several spe-
cies (REE-, Ca-, and Sr-donunant) are present. BSE imagzing and
EDS specira indhcate that dishnet zones within mdividual grains
also show vanaton with respect to 5 and P, suggesting that some
are phosphate-dominant, and others are sulfate-dommant For the
parposes of the textural charactenzation and mineral assocations
of the APS punerals, there 15 no discermble difference between
samples from fleatation and leach processmg.

APS phases range from finely mottled agzregates to elongate
neadle-like grams (fine plates cut parpendiculardy) (Figs. 2a and
b, respectrvely), coarsemngz toward a marked tabular morphol-
ogy; the latter appearmg particularly stvongly zoned on BSE
images (Figs. 2e and 2d). Sr-Ca-dominant APS mumeral phases
(e.g., svanbergzite, woodhouserte) are observed to replace Cu-Fe-
sulfides, wsually chaleopymite, offen resubting in rmatual boumdanes
with scalloped mophelogy, Sr-Ca-APS mmerals often contain
remmnants of replaced prmary mmerals such as the Co-Fe-mlfides
(Fig. 7b) and other gangue muinerals mehiding hematite, sencite,
and chamosite (Figs. 2a-2d). Rehes of replaced punerals ocour
as coarser, 1sland-like mel=ions (hematite; Fiz. 2a) or speckled
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FIGURE 2. BSE mages of APS and associated minerals. Images (a—d) are armanged in order of APS grain coarsening: (a) shows one of the finest-
scale grained morpholozies of the APS minerals observed. Note the mottled appearance of the aggrezate relative to the coarser, clean surface of APS
next to the replacement zones around hematite (Hm): (b, ¢, and d) the formation of needles (coarser in ¢ and d) of APS as the APS replaces sericite
(Ser) and chlorite (chamosite) (Chl), hematite and chalcopynite (Cp). Relic replaced hematite and chalcopyrite are preserved within the APS grams
(¢ and d) as indicated by the Light speckling. More platy, tabular APS crystals are fonned in ¢ replacing chlorite (chamosite) (Chl) and bomite (Bn).
Note that with coarsenng of the APS minerals. zonation becomes more evident (¢ and d). (a, ¢, and d) from FC material, (b) from CLD matenal.

mchusion fields wathin the APS phases (Figs. 2a, 2c. and 2d).

APS mmerals are also observed to replace Ca-beanng miner-
als. meluding fluorapatite (Fig. 3a) and fluonte (Fig. 43). EDS
element maps and comesponding BSE mmages (Figs. 3b and 2¢)
show relics of another Ca-beaning phase partially replaced by
APS. Unfortunately, here, the phases measured within the EDS
spectrum. although showing obvious peaks for Ca. Fe. and O,
were too mrxed to accurately determine the replaced precursor
puneral likely due to thewr very small gram size and relic nature.
Figure 3¢ shows a Ca-nch zone mmediately surrounding partially
replaced hematite and associated with Fe-nch chlonte (chamosits),
whereas Figure 3 lnghhights relics of almost completely replaced
fluorapatite mside APS. Some coarser zramns (up to 40 pm) of
APS phases (Fig. 4a) are charactenstically zoned, wath the cores
recogmzed as Sr-Ca-domunant and S-beaning (Fiz. 4b), through
to REE-dominant compozitions comesponding to florencite-(Ce)
at the mms (Fiz. 4¢). In contrast to thenr finer-gramed analogs.
the coarser-gramed APS nunerals show neghzible replacement
of swrounding minerals.

Compositional data

EPMA data (representative data shown in Tables 1 and 2 and
plotted m Fig. 5. full data set m Supplemental Appendix 2') con-
firm the presence of two distinct compositional groups indicated
by SEM observation (Fiz. 4). These plot as distinct clusters but
nevertheless form a broad continuum m compositional space
(Fig. 5a). Wath respect to the APS general formula, AB.(3{0. ).
(OH),. the two clusters, here defined as Group 1 and Group 2,
are discrmminated by the domumant A-site cations and the ratios
of phosphate to sulfate. Both groups include analyzes from FC,
FT. and CLD sample types.

Group 1 represents phases with elevated Sr and Ca (5r=C3)
that are enniched in sulfate [S/(S+P) = 0.17] relative to Group
2. Group 1 contains most of the vanability within the data set
(Fig. 5). In terms of calculated atom-per-formmla-umt (apfu)
values, Ca occupancy of the A-site ranges from 0.02 to 0.58, Sr
from 0.26 to 0.67, and REE from 0.11 to 0.69. In the X-zite, P
ranges from 0.81 to 1.55 apfu. Sulfur is always subordinate (0.30
to 0.95 apfu). Most analyses within Group 1 thus fall within the
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FIGURE 3. BSE images showing (a) replacement of Ca-bearing
nunerals such as finorapatite (Ap) by APS phases. as well as chlorite
(chamosite) (Chl) (a and b). Cu-(Fe)-sulfides chalcopyrite (Cp) and
bomite (Bn) are also replaced by APS m b and d, respacavely. (c ande)
X-ray element dismbution maps taken from the areas identified by the
boxes in b and d and show the presence of remmant Ca-bearing phases
encased within APS. S =red, Fe = purple, Al =blue, and Ca = yellow.
All imaged grains are from FC material (Color online.)

compositional field of svanberzmte, albeit with strong components
of Ca and REE, and with S/(S+P) ratios consistently =0.17 and
therefore deviating from ideal stoichiometry. A small number of
analyses included here within Group 1 have REE apfu values
that exceed apfu (Sr+{z). These can be considered as either:
(1) Sr-Ca-S-beanng florencite; or (2) mixtures of two or more
minerals below the scale of the nucroprobe beam.

Group 2 phases more clozely resemble the composition of
florencite-(Ce), 1.e.. they contam at least 80% occupation of the A
site by REE (in order, Ce=La=Nd=Pr). They are also phosphate-
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FIGURE 4. (a) BSE image of subhedral tabular APS crystals in
association with fucrite (Ft), hematite (Hm), and chalcopytite (Cp). (b
and ¢) EDS spectra obtained from locations marked on a. Brighter zones
on APS grains resemble florencite in composition, whereas the darker
zones contain Sz, Ca, and S. Image taken from FC matenial.
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TaBLE 1.—CONTINUED

on the ideal formula AB,(X0,)-[0H),nH,0 Materlal CLD CLD FC_ FC_ QLD FC_FCFCFC_FC
Materlall CLD €D FC FC CLD FC FC FC FC FC APS Formula japtu)
Ooides (wi) B-Site
- - 0O0E 000F 0004 0003 000 0005 D002 0002
Ma;0 0035 <mdl 0045 0072 0114 0019 0129 0064 0125 O.0E] :}g 237 293 146 331 351 13 337 298 133 138
K0 0180 D018 0134 005 0160 0340 CI02 0362 0340 0374 g - R e T T T T amm S
% g_—';*g ﬁ ﬁ 1'::% 11[}5;] 13;:';3 111'?;5 1?1—:'131 1?4—’; 1?3-33“'1 Fe 032 019 014 021 008 004 012 008 007 O
cu 0045 0055 QM0 0021 0061 0023 0032 0030 0038 0035
Bai D160 DI01 0420 0508 0522 0412 0477 0363 0578 0396 pgp a0l - - ool - - ool - ool -
Yoy 0023 <mdl 030 0377 0152 0037 0154 0047 0132 007 - mml - - - - - T
i 0063 D063 0052 OOSE Q071 0073 0066 0GOS 007D 0055 o - - ome - amr - - - -
la0; 748 704 184 40 275 165 150 134 133 L6 g Q002 0005 0001 D002 0002 000 - 0001 - 000
Ce0, 10641110 BIS 64E 557 114 144 113 12 207 gun 374 358 364 355 368 351 347 340 351 3150
PRO;  0B9 0B6 0B7 064 062 043 006 026 033 010 s
NOO; 184 217 18 111 170 112 063 035 058 053 g 0070 0037 0079 0043 0023 0076 MG OMME 0014 0035
sm, <mdl 0088 0303 0074 0169 0136 0065 <mdl «madl <mdl 1A 145 147 158 137 137 183 148 143 113
E0; 0046 D07 0055 0056 0078 0133 <mdl <mdl <mdl <mdl DI0 035 DAD 031 051 DB 044 DGR 043 070
GOy <mol <mdl <mdi <mdl 0104 0083 <mdl <mdl <mdl 0114 Ty 198 183 1B0 1E6 1A1 207 189 211 158 206
Toy0,  <mdl <mdl 0065 0066 0042 0000 <mdl <mdl <mdl <mdl ’ " Anloms . . . ’
D¥0y  <mdl <mdl 0062 E & B8 B & & B B B B
BLOy  <mdl <mdl 0092 <mdl <madl 0032 <mdl <mdl <madl <mdl

PRD <mdl <mdl <mdl <mdl 0250 0315 0333 0.454 0292 0370
0.000 0202 <mdl <mdl <mdl <mdl 0.037 <mdl <madl 0021
Uy 0022 0022 <mdl 002F 00323 0024 0019 0021 <madl <mdl
<mdl <mdl 0026 0012 0029 007 06T 0.040 OONE D016
780 3169 3487 3256 3583 360 3433 3540 3625 I60E
oy 0.022 0077 0016 0023 0035 0021 <mdl 0.O1E <mdl 0015
Fe0, 18 1B6 144 2B O0B9 155 137 050 084 12B

QLD 0693 0811 0626 0320 0971 0385 0524 0.510 063E 0339
MDDy 0026 <mdl <mdl 0026 <mdl <mdl 0033 <mdl 0035 <mdl
Ta,0; 0107 0072 <mdl <mdl <mdl <mdl <mdl <mdl 0047 <mdl
WOy 0105 <mdl <mdl 0071 <mdl 0086 <mdl <mdl <mdl <mdl

2y 0803 0299 0533 0495 027
P20y 1907 19325 1996 2061 18

0967 0227 QUE0% 0I76 0322
1909 2213 2078 2202 106

B0y 173 414 175 390 654 BAD 575 0J3 ESE 955
AsDy 0070 <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl
F 0015 D395 Z065 3051 24634 1451 3432 10995 1042 1377
a 0,025 0.000 0030 0000 0041 0031 QD00 OOZE 0016 QU021
Total BF92 B639 9085 B921 9136 9173 5008 9106 9215 2041
APS Formula [aptu)
A-Site

0.006 0.000 000E 0012 0018 0OVE 0020 0.OT0 0.O1S 0012
0021 D002 0014 0005 0018 0034 0032 0036 00G4 QOZT
0024 DO0Z5 016 004E 0238 0265 0193 0300 0201 0335
0257 0299 0468 0520 0523 0511 0S8 0612 DESA 0EDT
0.005 0004 0014 0017 Q017 LO13 0015 0011 DOTE QD0D
0032 - 0010 0017 0009 0007 0007 C.002 D006 0001
0003 0003 0007 0002 0003 0003 0003 0003 0003 0002
0,735 0232 0122 0030 0085 0043 0045 LOIS DLES Q034
0336 0363 0I5B 0204 0163 0003 0073 LOG4 DOES QDS
0.02E 0028 0027 0020 0019 LOI12 0005 0.0O7 0007 0003
0.060 D069 0055 0034 0051 0031 0020 LO15 0016 Q0TS
- 0003 0006 OO0S 0005 0004 D002 - - -
0001 DO0Z 0002 0002 000F 004 - - - -
- 0003 0o - - -
0002 0002 901 - - - - -
- - 0.002
IREE Q67 070 047 040 035 020 04 @13 013 an
0004 OO - - - - - oo -
0006 0007 0005 0010 0006 D.OOE
- oooa - - - - - - - oo;m
- - - ool - - - - -
| 156 173 157 153 152 134 132 104 120 113

cE3g= FLE SREE=EFRD=E
g E‘E BEEYE

dominant, with subordinate sulfate [5/(5+F) = 0.17].
Assuming (OH+CI1+F) = 6 apfu, and knowing measured
F and (] concentrations, an estimation of OH cccupancy can
be made. There appear: to be 2 negatmee correlation between
apfu (Ca+5r) and caleulated OH-. Also, analyses across both
groups containing neglizible 5 tend to have higher calenlated
(OH- concentrations (Fig. 5b).
Relationships between the domymant A-site cations (Ca, Sr,
and BEE) are compared m ternary diagrams (Figs. ¢ and 5d).
Anmerezse m Ca oooupaney appears to correlate with inereasing
51 content. Analvses close to, or exceeding 5r/(53r+Ca+REE) =

0.033 0112 0550 DB31 0593 0360 08B9 0497 063 0317
0004 - 0004 - 0006 004 - 0005 0002 0003
5506 S5BO 545 507 530 564 511 550 573 568
Motes: madl = milnimum [imit of detection; components that wena conskstantly
below mindmum detection imit (mdl) values are not given. Blank spaces indicate
tht no measurement was taken fior the given element in that analysis (see texd].

gamo

0.5, however, tend to display mmuch wider vanation in Ca con-
tent (Fiz. 5¢). Analytical spots that are richer in REE (~80% or
more of A-sife ocoupancy) contain only minemal Ca. Among
the EEE, erther Ce or La 15 dommant (although La 15 most often
subordinate to Ce) in both Group 1 and 2, and the relative abun-
dance of the remaimng REE 15 lowr (Fiz. 5d). However, as the
relatrve abundance of the remaiming REEs (mamnly Pr and Md)
increases, there 15 a marked decrease mLa, but a correspondins
shght inerease m Ca.

U and Th concentrations are neghgible i both groups and
rarely above mdl When present, U and Th show only very minor

Lead iz a trace but nevertheless quantifiable constituent of
APS munerals (Tables 1 and 2, Figs. 5e—5h). Concentrations
are variable, bowever, and comrelate with several factors. BEE-
emnched analyses have low Pb concentrations (=<0.006 apfu).
Likewnse, analyhcal spots containmg elevated P contents were
ameng thoss with the lowest concentranons of Pb. In contrast,
ncreased Ca and 5r content within the A-site (Figs. Se and 5£
respectively) comesponds wath sreater Pb content. [ead content
alzo appears to me1ease with decreasmg OH- and appears m C1LD
material with greater regulanty.

Nanosims isotope mapping of APS and associated minerals

Investigation of selected areas contaming APS munerals
withm the FC and CLD samples by NanoSIMS 1sotope map-
ping confirms the presence of “*Ra and *'"En (overwhelmimgly
Ph due to the extreme volatlity of *'"Po; Rollog et al. 2019)
within Sr-Ca-dommnant APS punerals (svanbergte]). Within mest
mapped areas such as the examples shown m Figures 6 and 7,
there appears fo be an excess of daughter “Fa and *"Fx com-
pared to the equivalent map for parent U, whuch 15 concentrated
withm and mmediately adjacent to micrometer-sized U-bearing
minerals (in most cases as waninite). Also, **Fa and *"Fao are
seen to be more dispersed throughout the APS mmerals relative
to U, and the elevated signals for “*Ra apnd *“Rn do not always
comeide with those of U, In addition, these radionuchdes show

Americar Mineralogist, vol. 104, 7019
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TABLE 2. Representative EPMA data for APS minerzls of Group 2 based  TABLE 2.—CONTINUED
on the ideal formula AB,(X0,),(0H),nH,0 Matedal FT_FT _FTFC__FC__FT_ 0D ClD 0D OD
Materil FT  FT  FT FC FC  FT @D OO OD CLD APS Formula (aptu)
Oxides (wite) wa B-Site -
Wad mil <mdl <mdl <mdl andl 0035 cmdl cmdl omal emdl 135 331 297 148 345 334 314 341 LAl 34

KO 0024 052 0.014 0012 0009 0063 00D <mdl <md 0.0138
Cal 028 015 030 020 028 033 028 026 028 054
S0 161 148 215 238 219 23 224 2531 251 158
Bzl 01056 0062 DU1%6 0453 0155

¥:20; 0021 0023 0055 0044 omdl 0051 <mal 0022 0040 0092
2y <mdl <mdl <mdl <mdl 0034 <mdl 0080 0028 0057 0.054
LazDy 8597 BJ2 673 943 1123 1364 7EI 1109 1121 541
Ce,0y 1572 1355 1426 1459 1341 1293 1168 12B7 1268 1374

Fraly 138 126 147 103 070 QB0 090 0567 076 107
Nd:0;, 357 308 469 224 101 088 5B 1B 109 156
Smyly 021F 0022 0357 <amdl 007F <mdl 085 00B2 <mdl <mdl
Ewd; 0046 0038 0086 <mdl <mdl <mdl <mdl <mdl 0041 <mdl
ToDy  <mdl <mdl <mdl <mdl <mdl <mdl <mdl <md 0048 <mdl
Dy;0;, «<mdl <mdl <mdl <mdl <mdl <mdl <mdl <md <mdl 0.055
Ho:Dy  <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0203 <md <md
¥Ybouly <mdl <mdl <mdl <mdl <mdl 0337 <mdl <mdl <mdl <mdl
ELO, <imdl <mdl <mdl 0032 <madl
FRO <mdl <mdl 0.027 <mdl <mdl <mdl <mdl 014 0143 0.245

ThOy <mdl 0061 0020 <mdl <mdl <mdl <mdl <mdl <mdl <md
Uy <mdl <mdl <mdl <mdl 0019 <mdl 0041 <md <md 0.037
Mgl <imidl 0015 «mdl <mdl 0.035
ALD; 2907 2BBE 1BBE FITE 3155 040 936 3177 3174 3113
oy <imedi <mdl <mdl 0036 0.045
Fely 133 DBE 3130 315 073 263 964 076 065 109
CuD a7n 0947 DEBET 0553 0643
Hbogd, <mdl <mdl <mdl <mdl <mdl <mdl 0023 0028 <md <mdl
Tas <imdl <mdl (0B <mdl <mdl
Wiy Q000 =mdl «mdl 0115 <mdl

S0y <mdl <mdl <mdl <mdl 03299 <mdl 0718 0306 0341 0460
15.75 2042 1950 17.26 1955 1929 1875 1958 2008 19.57
50y 072 0J7 067 1459 183 1356 147 200 209 154
<mdl <mdl 0.E8E 0156 0203 0.031

5,0, <mdl 032B0 0335 0.030
F 0265 0064 D061 0218 0235 0219 <madl 0224 0206 0.335
ol 0031 0087 0035 0073 0025 0030 0031 0024 0037 0.056
Total @3B0 7989 BI1E EXOG 8549 BSA1 B6FS BSAZ @551 86.00
APS Formula (apfu)
A-Site
Na - - - - - MO8 - - - -
K 0003 0024 0002 0001 0001 0007 OD01 - - 0000
Ca Q04 002 002 002 003 003 003 003 003 00s
s Q0% 008 002 014 012 02 012 013 013 004
B3 0002 0002 0007 0018 0.006
¥ 0001 0001 0003 000F - 0003 - 0001 0002 0.004
r - - - - 0oM - 0002 00T 0003 0.000
La 037 031 034 034 038 047 026 037 038 032
ce 055 050 050 052 045 044 039 043 047 046
r 005 004 005 004 002 002 003 002 003 004
Nd 012 011 016 008 004 00 O0E 004 O 006
Sm 0007 0004 0012 - Q002 - 0006 0003 - -
Eu 000z 0001 0003 - - - - - ao;l -
T - - - - - - - - am -
Ho - - - - - - - oMe - -
o - - - - - M - - - -
TR0 087 0S7 098 089 Q97 077 087 0B 087
Bl - - oM - -
P - - el - - - - 0005 0004 0.006
Th @O0 0ol - - - - - - - -
u 0000 0001 T

Total 118 110 101 104 104 105 0892 105 105 109

greater affinity to APS munerals than esther Cu-Fe-sulfide or won-
oxide minerals with only lomited dispersion 1dentifiable within
the latter. The distibution of "B throughout the APS minerals
appears to correlate most strongly wath that of Ca than the stable
product of U decay, ““Pb (Fiz. 7). Common Pb, represented by
*“Pb, however, showed good comelation with *"BN, simularly
mumicking Ca composihon (Fig. &) Those domaims featming
elevated peak counts for **Fb lack commesponding peaks on the
‘BN map (Fig. 7). This indicates either recent fluid-mediated
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Fa 0044 0075 0358 0348 0075 0277 0586 0.07E 0066 0112

Cu oneg 0064 D047 00481 D045
ND - - - - - - D01 Q00T - -
W - - - op3 -
m - - - 0DJ2 0003
Totel 330 340 363 379 362 362 409 334 357 3463
X-5ite
3l - - - - 0026 - QuDES DUOZE 0037 0042
P 160 168 159 143 151 152 144 15 155 15
5 00s 007 Oeé 004 06 004 0A2 007 0B 033
As - - 0040 0% 0016 0002 - QUE Q012 0002
Total 166 176 169 158 172 166 162 1FE LTT 168
Anlons
o BO0OD BOOD 3000 BOOD BODD 2000 BOOD B.ODD BODD EO0OD
F 0080 0020 0019 OOSE OOSE 0065 -  OUOES QOSD 0097
a 0005 D016 Q006 0U0NZ 0004 0005 QuDOS OU004 QUDD4 0005
OH 301 596 558 502 593 5831 600 3593 594 580

Notes: mal = mindmum Bmit of detaction; components that were consistantly
bedow minimusm detection Bmit (mdl) valwes are not given. Blank spaces indicate
hat no measurement was taken for the ghven element In that analysks [see text).

dispersion of decay products away from the U-bearing mimerals
and throughout APS, or, altemnatively in the case of the CLD
samples, mterachon with the EN-beanng leach sclution and
subsequent adsorphon. Although these distnbution patterns
remain quabiztive m the absence of sutable standard= allowmgz
quantification (Rollog et al. 2019), thev nopetheless strongly
suggest nanometer- to mcrometer-scale migration of “Fa and
#¥FN from parent *“T-bearing phases (aither those in the im-
mediate vicinity or possibly migrating from greater distances)
and meorporztion into APS minerals.

A second sipmificant observation 15 that Sr-Ca-APS miner-
als from areas in the CLD samples mapped by nanoSIMS have
greater actrvities of “*Fa and BN than thew equivalents m the
FC samples. This stronghy suggests fhnd-mineral interaction and,
possibly, also sub-sohdus diffusion of BN duning the leachmg
process. Ooserved differences m "B concentations between
FC and CLD samples may also be amplified due to the recyelng
of Cu-sulfate-rich smelter dust (whach 15 consequently enriched
n *"EN) mto the leach soluton to maxmize Cu recovery:

DiscrssioN
Composition of APS AMinerals

The APS munerals examined by BSE imaging, electron
microprobe, and naneSIMS display conspreuows compostiional
zoming consistent with the formation of an extensive solid sola-
tion between end-member APS munarals of the bendantite group.
An atterapt to use focused ton beam- SEM methods to extract and
thin foils for scanning transmussion electron microscopy analysis
of the APS phases was unsuccessful m that the APS mmerals
proved too beam-sensitive, even at very low ton beam ourrents.

Solhd solution between svanbergite-woodhouserte and
florencrte-(REE), (REEMAL (PO, (OH).. 15 considered responsi-
ble for the measwable concentrations of REE within all analy=as.
There 15 complete sohid sohihon between the end-members cran-
dallite, CaAl,(PO),(OH);. and goyazite, SrAL(PO,),(OH),, and
between woodhouseite, CaALPONSO0)(0H),, and svanbergite,
SrAL{POMSOMOH)K. We can also assume that the substitufion
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FIGURE 5. EFAMA compositions] data (apfix from formmalas) for APS minersls plotted in terms of {a) (Ca+50)(Ca+5r+REE) vs. 5(5+F). Two
groups are discriminated by the tono varisbles. (b)) 5/(5+F) vs. (Ca+50)/'0H". (¢ and d) Temary plots illustrating the relative sbondances of A-site
cations in terms of () Ca-57-BEE and (d) La—Ce{REESLa+Ce)] whese the major component of [REE-La+Ce)] is (Pr+1¥d); (e and f) Pb (apfi)
a5 a fimction of (Ca+51)(Ca+5r+REE) and 5/{5+F), respectively; (g and h) PhREE a: a fimction of Ca/P and S0P, respectively. Mote that values
below mdl are not shown, resulting in fewer points on some plots. The dark gray dots mark the positions of the end-member compositions as
indicated FC and CLD materizl is shown by the empty and filled dots, respectively. (Coler online )
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FIGURE 6. BSE mmage (left) of a grain from FC, with nanoSIMS maps for *#U, **Th, **Ra, and *“RN as overlays (see annotations). APS
minerals replace chalcopyrite (Cp) and bematite (Hm). Uranmite (Un) inclusions are indicated along grain bowndaries and within APS. Note the
concengation of U counts toward the borom left side of the image (indicated by the white amrow) does not correspond to @ comparable feature
on the **Ra map. Note also that *“EN appear resmicted to the U-beaning inclusions and APS nunerals only. (Color online )

Porous
‘ APS 10um

FIGURE 7. BSE image of a grain from CILD sample with nanoSIMS maps of **U, ®Ra, **RN, **Pb, and “Ca as overlays (see annotations).
Chalcopyrite (Cp) is undergoing replacement by APS, with grams of uraminite (Un) ocowring within chalcopyrite. U is resmicted to uraninite
and porous regions in APS, whereas RN become progressively more dispersed withun the APS (**Ra mostly overlying zones with concentrated
U coumts, RN throushout). The corespondence between “hot spots™ of “*RN and **Pb is relaavely moderate, possibly indicating complex
nucrometer-scale migration of RN and'or stable radiogenic Pb. Note, bowever, the excellent comrelation between **RN and “Ca. Also note the
three spots vacant of counss in the central region of the **Pb and “Ca maps. likely resulting from the presence of sub-surface sericite within the
analysis. (Color online )

American Mineralogisz, vol. 104, 2019
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of sulfate for phosphate 15 continmous (Gaboreau et al. 2007)
such that there 1= a solid solution between crandallite-zoyazite
and woodhouseite-svanberzite series mmerals.

The Pb concentrztions in the analyzed samples are nunor,
but solid solution can be expected to extend to the Pb-
beanng znalogues of the above mmerals, plumbogummite,
PbAL(PO,).(OH).. and hinsdalite. PbAL(PO.NSO.)(OH).. wath
continuous substitution of (Ca.Sr) by Pb. Note that because of its
6 lone pawr of electrons, Pb causes the reduction of the crystal
symmetry in some Pb-nich alumtes (Kolitsch and Pring 2001),
adding complexity to the Pb substitution.

The measured Pb concentrations may have been mncorporated
at the time of mutial formation of the APS mmeral assemblags.
Altermatively. Pb may be introduced after erystallization via the
following altemative mechamisms. First, released radiogenic Pb
may mteract with, and be absorbed by, the APS minerals during
metamictization of, or diffusion of Pb from adjacent U-beaning
minerals such as uranimite. coffinite, or brannente. Second. Pb
may have migzrated in low-temperature hydrothermal fluids
and mteracted with exasting APS munerals duning the multiple
tectonothermal events over the past ~1.6 Ga. which 15 interpreted
to have mmpacted on the depozit. Such events are recorded by
multiple mmerzl groups (e.g.. Macnullan et al. 2017). and are
also recogmzed from other are systems m the Olympic Cu-Au
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Province (Owen et al. 2018). Last. acidic fluids contaming both
Pb and other RN (notably Ra) dissolved m solution may interact
with the APS minerzls duning the acid leach stage of nuneral
processing, as discussed below.

Aside from the shghtly higher Pb concentrations in md:-
vidual data pomts from the EPMA data set (Figs. Se—5h) and the
nanoSIMS 1sotope maps. APS analyzed from CLD matenal was,
for all mtents and purposes. 1dentical to that from FC matenal,
indicating neghzible modification by the leach hiquors. This
observation highlights the robust, msoluble character of APS
minerzls, which remain stable over a broad range of pH and E;,
conditions (Kolitsch and Pring 2001).

Radiogenic Pb from the decay of U or Th located within the
crystal structure of APS munerals 15 hkely very lmuted. EPMA
data (Tables 1 and 2) cshow only neghzible U and Th, barely
above the detection lmmit in most instances (although datect-
able with nanoSIMS). NanoSIMS mappmg also shows U and
Th restricted to inclusions, porous regions withm APS or along
grain boundaries, even where Pb dispersion 15 suggested to have
taken place (Figs. 6-8). There are cumrently no APS end-member
minerals that contain significant concentrations of U (Jambor
1999; Bayhss et al 2010), whereas a Th-bearing member of the
alunite supergroup, eylettersite [T, Al(PO,),(OH).]. is known
(Bayliss et al. 2010). Perhaps contrary to this interpretation,

FIGURE 8. BSE image of a gram from CLD sanple with nanoSIMS maps of *U, ®Ra, *RN, **Pb, and *Ca as overlays (see annotatons).
APS replaces sencite (Ser), hematite (Hm). and chalcopyrite (Cp). Note the prevalence of U along grain boundaries between APS and hematite,
and hematite and sericite. Both *°RN and **Pb martch well with ¥Ca. (Color online )

American Mineralogist, vol. 104, 2019
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Jerdan (2007) suggests that U 1s sequestered by Ba-Sr-Ca-bearing
Al phosphate mmerals of the crandallite group (gorcenate) within
anunsaturated so1l zone overlving U-nch saprolites m the Coles
Hill U deposit (Virgmia). Additionally, EFMA compositional
data revealmg up to 3.44 wite UQ, withm plumbogummate 15
presented by Plazil et al. (2009} from supergens altered zones of
the Medvédin U deposit, Erkonofe Mountams, Czech Eepublic.

Relationshups between the meorporation of Po, Ca, and S
contents are complex, as evidenced by the EPMA data (Fig=.
Se—5g) and 1sotope mappmg (Figs. 7 and §). From the results
presented here, we cannot wnequrvocally state whether Fo 15
adsorbed or absorbed by APS gramns; however, Schwab et al.
(20:035) showed that within synthetic crandallite-group phases,
thermodynanue stability increaszes with replacement of Ca* by
51" and Po**. The same trend 15 also recogmzed m phosphate-
sulfate-beanng beudantite-group munerals, albeit to a leszer
dezree. In amy case, the thermodynamie stability increases with
replacement in the order of Pb = 5r = Ca, thus, absorphion of Pb
by Ca- and Sr-beanng APS grams seems likelv. The relatvely
low thermodynamic stabality of Ca* may be due to its small
1ome radn that may cause contrachons within the APS crys-
tal stmacture resulting in distortions and uneven coordmation
within the 12-fold coordinated posiion (Blount 1974). Fizure 9
showes the relative posthons of the stability fields for sach of
the woodhousette senes nunerals with respect to their donmnant
A-zite cations, with the more stable species plothng closast to
the field for mbbsite (Schwab et al. 2005). Studies by Schwab
et al. (2004, 2005) show that crandallite and woodhouseite are
mtmaztely related and that, n complex natuwral systems such as
Obhmopie Dam, 1t 15 impossible to form pure crandallite without
the introduction of substituents such as 5r** and'or 505 As such
it 15 mnswpnsing that we see such a strong association between
Ca, S, and 5. Thi= 15 an mpertant associanon due to the relatne
stabilities of each species with respect to vanaton of pH. and the
actvities of HPO, and of HSO5 (Fig. 9. In thes figure plum-
bogummite and hinsdalite are shown to form sohd-sohitions with
their Ca- and Sr-dominant analogs at moderately low pH, with
the Pb-beanng phases, paricularty insdalite, becoming favored
= pH and ase; decreasas. The phase diapram indicates that there
15 oo point at wioch single-phase minerzls are formed (apart
from 2 small window for hinsdalite at extreme acidity; Fiz. 9.
Char EPMA data support this m that they show solid-solation
members within any given spot, with varving proporiions of the
end-member components within ezch analy=is (Tables 1 and 2.

Alteration and APS mineralogy at Olvmpic Dam
Phosphate minerals are abundant m the Ohympic Dam da-
posit and inchude fluorapatite (Kmeta et 2l. 2016, 2017, 2018),
florencite-{Ce) and florencite-{La) (Lotermoser 1995; Schmandt
et al. 201%a), and subcrdinate monazite-(Ce) (Lottermoser
1995) and xenotime-{Y) (Oreskes and Emandy 1990; Ebng ot
al. 2012}, Altered muneral assemblages containmz APS nunerals
of the alumite supergroup are interpreted to form wia late-stage
overprinting dunng alteration and replacement of paragensti-
cally earher nunerals, observed by the systematic replacement
of Cu-(Fe)-sulfides and associated gangue. Several authors (e.g.,
Bamoca et al. 2004; Hikov et al. 2010; Geormieva and Velmova
2012, 2014), report on simular replacement mechamsms within
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high-sulfidation deposits ocowmng durng advanced argilhc
(supergene) alterstion. It 15 noted that whale the possibility that
an advanced argllic phase taking place at Obvmopic Dam, rep-
resented by the presence of small 1solated pockets of remnant
senecite + quariz = AIFOH assemblages, has been discussed pre-
viously (Ehng et al. 2012), there 15 lack of evadence to sugzest
that APS 15 associated with such a phase. Rather, the formation
of APS phases 15 suggested to result from reduced acidic flads
associated with the local dissoluhon of sulfides.

Schmandt et al. (201%a) report 3 somilar phase of alteration
and replacement of primary mineral assemblages in the Ohympic
Dlam deposit, although focusing on florencite as the dominant
REE-phosphate. The mineral associations, textures, and LEEE
trends of the APS munerals discussed here, however, show
marked differences to the florencite-dorminant composihons
presenfed i Schmandt et al (201%3), which were from a swfe
of dnlleare samples anomalously nch in EEE. In the present
study, based on mulled flotzhon feed and copper concentrates,
APS mmerals consistently replace Cu-(Fe)-sulfides (almost
exclusively chaleopyrite), show distinet zonation with respect
to REE, Ca, 51, 5, and P, and are vanably ennched mm Ce over
La with increasing Pr and Nd (Fiz. 5d). APS mineral textures
vary, appeanng to depend greatly on the merphology of the
ongnal muneral that 15 being replaced. Coarser grams show
excellent zonation in backscatter imaging (Figs. Ze, 24, and 3),
consistently retaimng Ca- Sr-nich cores, and REE-nch nms,
mmdicating privnary zonstion from alkali-earth elements (W) to
EEE (M™). Replacement of ore mumerzls formed dunng the ca.
~15%0 1Ma onset of mineralization strongly suggests that the APS
minerals identified here are paragenstically late Additionally,
the consistent preferential replacement of chalcopyrite over other
Cu-Fe)-mulfides. as confirmed 1a preliminzry mumeral hberation
anzlysis on matenals spanming mulapls vears of minmg actrvity,
suggests some form of assocation between mineralomical zona-
tion and/or fluid pathways within the deposit and the formation
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14 Glbbsite/
augelite
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FIGURE 9. Gearrel phase diagram of the system MO-ALO,-P,0,-50,-
M0 at 333K [LPO,] = 107 mol L, [M*]=[4F'] = 10" mal L. M
=Ca", 5", or P, Crmd = crandallite, positions of gibbsite [AIOH)].
mugelite [AL(PO,)(OH).], and hydroxylapatite [Cas(POLOH]] are
shown. Modified after Sciwab et al. (2005).
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of the APS minerals discussed here. Alternatrvely, chalcopyrite
may sumply be more easily replaced by APS minerals than the
other Cu-{Fe)-sulfides due to differences m redox potential and
pH stability fields.

Florencite-(Ce) i the woodhouserte-svanbergite APS mmeral
assemblages discussed bere fills a gap along with 3 REE mx-
mg trend for minerals previously reported from Obmopic Dam
(Schmandt et al. 2017). Thas trend showed 2 defined separation
between La'Ce-ennched flovencite and Ce- (and subordnate
La-) doounant bastndzite. The Ce-domumant florencite i the
woodhouseite-svanberzite APS mineral assemblages reported on
here may, therefore, represent an mtermediary between thesa two
phases. It 15 suggested that while the Ce- and La-domanant APS
muneral assemblages formed broadly smoultanecusly, migration
of REE (hikely sowrced from pre-exastmg phosphates), Ca and Sr
resulted m the formation of localized “compositionzl pockets™ of
Ce- and Lz-enniched florencite forman g throughout the deposit.

The marked transition of REE-mineral speciation at
Obmmpic Dam, from relattvely simple REE-compounds like
bastnasite, through florencite, to the complex solid solubions
represented by the alumte-supergroup minerals described here
represents an Ulustratrve example of an evelving nuneralogical
complexsty with tome m which successive mineral phaszes display
ever greater structural and chemical compleaty (Ervovichey
etal 2018).

This composthonal vanaton 15 hkely formed due to daf-
ferences m thermodynamic stabibties of LEEE end-members,
mdicated by their (iblbs free energies (Schwab et al 1993) and
by Goldschmidt's mle of 1onic radu (Goldschoudt 1937), wath
thermodynamic stability of LEEEAL (PO, ), (0H); end-members
cecuming in the erder La=Nd-Ce=Sm=Pr-Fu=Gd A= such the
florencite previously reported from Obmepic Dam (Schmandt et
al. 2019z} m which the La and Ca components are roughly equal
15 interpreted to kave formed as a combmation of direct replace-
ment of pre-exmshng REE beanng munerals and mterachon with
an acidic REE-beanng hydrothermal brine (Willianss-Tones et al.
2012; Magdisov et al. 2016; Ermeta et al. 2018; Schmandt ef al.
2019a). Flovencite-(Ce) in the APS azsemblages reported here
15 suggested to have formed from a bydrothermal fluid that 15
either depleted m La or provides the conditions that favered its
formation. The condriions at which florencite-(La) forms over
florencite-{Ce) are accentuated at low pH with ngher pH favor-
mg increzsed stability of Ce-, Md-, and Pr-florencite (Schweab et
al. 1993). Additiomally, Migdisov et al. (2016) have shown that
the solubihity of Ce, Pr, and Nd mereases over that of La with
the infroduchon of sulfate into soluton indicating that the dis-
solution of sulfides (as menfioned above) may also plav a key
role m the local muzraton of REE.

The dominance of Sr within vestigated APS minerals
and the replacement of flucrapatte by svanbergite-dominant
APS phases (Fig. 3) adds to evidence for formation from an
acidic bune (Stoffregen and Alpers 1987) late in the evolution
of the depomit. Addibonally, and 2= disenssed by Gaborean at
al. (2007), flmds with a relatively high f,, favor the mecrpora-
tion of 50, and dralent A-site cations within APS minerals.
In reducing environments, 5 ocowrs as a reduced species that
camnot be incorporated into the APS stuchare (Gaboreau et al.
2007). Chlonde salts are wadely regarded as the main transpert
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hgand for metals in hydrothermal fiwids, but whale CaCl: and
51CL, are both extremesly water soluble and likely available Ca
does not readily form crandallite, even n moderately acidic
emvironments (Schwab et al. 2004, 20035). Schwab et al. (20035)
have shown that decreasing pH and a5 greatly favor govante
formation, whereas woodhouseite formation 1= broadly favored
by mereasing amscg (Fig. 9). Accordingly, we suggest the
Sr-domumant phases diseussed here formed m a moderately to
strongly acidic (micro-environment with relatively low a,,,. at
least relative to ap,.

APS minerals as BN seavengers

The EPMA data and nanoSINS 1sotope maps represent com-
pelling direct evidence for scavenzing of B (from “Fa down)
by APS munerals, consistent with evidence presented elsewhera,
both for products of radioactve decay (Kolitsch and Pring 2001,
and references theven)) and for remonal of toxe metals from mme
waste waters such as As and N1 (Monteagndo et al. 2003, 2006).
Additionally, withn the Oklo U deposit (Gabon), Dhyimkov et al.
(1997} 1dentfied the mugration and incorperation of “1U fission
products (Zr and LR EF) into Ca-, 51, and Ba-bearing APS grains
(where 5r and Ba are natural) from adjacent wammte zrams de-
pleted in “U (**UA1T = 0.0047). The isotope maps (Figs. 6-8)
also mdicate that the 1Y 15 mobile at the scale of nanometers to
mucrometers and become separated from their U-bearng parent
phaszes. Moreover, companson of 1s0tope maps for FC and C1LD
samples meggests that scavenging of dissolved BN, as a result of
aad leaching, 15 achieved rapadly over a peniod of howrs to days.
These observations are critical for understanding the anomalows
ennchment in ““Fa and subssquent daughters relative o “*UJ
and **Th througheut Cu-{1Tj-ore processing. The inference
15 clearly that released BN are mmcorporated mio APS phaszes
(as well a= bante; Schmandt et al. 2019%) dunng the leachmg
process, and also adsorbed onto the swfaces of other minerals,
mehding Cu-{Fel-sulfides (Follog etal. 2019}, The sgmficance
of APS minerals throughout this process hies mot only with their
observed ability to adsorb/absorb BN, but alse their insolubility,
enzbling them to surve and possibly even grow dunng leach-
mg. Although such a statemsent 1= difficult to quantfy, jarosite
[EFe,{OHL{50,}], 2 near cousm of APS minerals, is known to
form along with gypsum in leach plants, especially m talings
leach where its management can becomse problematic. There 15
al=o potential for formation of new Fb-bearing phases (hinsdalite
and'cr phumbomummyte), or an increase i the hnsdahte and’or
plumbogmmmite components of svanberzite and woodhouseite
v1a replacement of Sr and/er Ca by Fb duning acid leaching.
Besold et al. (1992) suggest that the 3™ and %™ cabions may
be replaced withm crandallite-gzroup munerals due to the open
struchre of the alunite-type erystal structure. Such a substitution
mechamsm 15 perhaps more viable between Fb and Ca than Fb
and Sr and fits well with the models proposed by Schwab et al.
(2004, 2005) m which crandalbite and woodhouserte stability
lezzen with decreasing auso; at pH ~2—4.

Isotope mapping shows that the comelation betwesn TP
and **Pb 15 relatvely weak, particularly m CLD samples, as
indicated by the mismateh of “hot spots”™ (Fig. 7). At the very
least, this suggests distinct mechamsms and pathways for the
micrometer-scale mugraton of late (1e , within recent decades)
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“'Fb throughout the APS munerals compared to the movement
and concentration of **Pb over geclogical time. *"Fb and 4Pl
however, correlate well, thus indicatng the sorption of commeon
Pb via similar mechamsme to that of **“Fb. Whether or not the
sorption of common Ph ooowred in situ or within the processing
cycle remains uncertain.

IMPLICATIONS

The observed sorphion properties of the Ca-Sr-domunant
ahmoanum-phosphate-sulfate (APS) punerals and their ababity
to scavengze RN from the “*U decay chain from “*Ra onward
highhizht= both the need to suppress natwral APS phases m copper
concentrates and prevent cryvstalhzation of new, anthropogenic
APS phases duning leachimg or elsewhere duning the proceszmg-
refining evele. Alternatively, the capacity of APS mmerzls to
scavenge radiomaclhides could be used m the removal of the
products of U decay from processing streams, provided that
these phases can be re-dissolved or otherwize removed from
the fina] product.
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ABSTRACT

The ability of aluminium-phosphate-sulphate (APS) phases to preferentially sorb lead and its
radionuclides, particularly 2°Pb, from metallurgical processing streams has been recently
recognized. This suggests that APS minerals may be suitable for the removal of radionuclides and
heavy metals from environmental and anthropogenic processes. We investigated the Pb sorption
capabilities of APS with different Ca:Sr and SO4:PO4 ratios over a range of Pb concentrations (10-
1000 ppm) and pH (1.5-5.5) typical of metallurgical processes and acid drainage conditions.
Through a combination of characterization techniques including electron probe microanalysis,
(laser ablation-) inductively coupled plasma mass spectrometry and x-ray absorption spectroscopy,
we confirm the rapid incorporation of Pb into the crystal lattice of APS phases. We also provide a

mechanistic pathway for the sorption mechanism, with Pb sorption favoured at pH 3.5-5.5 via the

100



direct replacement of lattice-bound Ca by Pb within the APS crystal structure. The observed Pb-
incorporation dynamics of APS minerals, along with their insolubility and high thermodynamic
stabilities, support the use of APS minerals as a novel agent for the uptake of Pb, radiogenic and
non-radiogenic, from process-, surface-, and groundwaters. Since 2!°Pb quickly enters the crystal
structure of environmentally stable APS minerals, these phases have much potential for long-term
storage of 2°Pb waste.

Keywords: aluminium-phosphate-sulphate phases; sorbtion; radionuclides; lead; waste storage;

remediation

1. Introduction

Aluminium phosphate sulfate (APS) minerals, members of the alunite supergroup of minerals,
have the nominal formula MAI3(PO4)y(SO4)2y(OH,H20)s and form a broad range of solid
solutions by varying ratios of phosphate-sulfate and incorporating mono-, di-, and trivalent cations
(e.g. HsO*, Na*, K*, Rb*, Ag*, Ca?*, Sr?*, Ba?*, Pb?*, Hg?*, Bi**, REE®") within their M-site
(Kolitsch and Pring 2001). APS minerals, both natural and synthetic, have garnered significant
interest as effective sorbents of deleterious products from mine waste streams (Monteagudo et al.
2003; Owen et al. 2019) and nuclear fission (Dymkov et al. 1997).

Since 2006, the International Atomic Energy Agency (IAEA) recommends that radionuclides
from the U- and Th-series be regulated for products and wastes that contain >1 Bg.g ™! (IAEA
2006). This includes large volumes of products and wastes from the mineral, coal, oil and gas
industries that can contain higher activities (Ram et al. 2013, 2019; Cook et al. 2018), with
particular reference to the relatively long half-life U-decay daughter product 2*°Pb (half-life—
21.2 y). It is thus essential to not only suppress mineral phases known to carry these radionuclides
(RN) during processing, but also search for novel ways to eliminate or reduce ?*°Pb (and ?'°Po),
e.g., via sequestration into a solid phase that can be separated, in industrial products and waste.

Presently, a number of ion exchange resins, synthetic zeolites (Dabrowski et al. 2004; Draa et
al. 2004), and mineral phases such as those in the pyrochlore supergroup (McMaster et al. 2018)

have been investigated for the extraction of RN from industrial wastes within a range of operating
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conditions. Their long-term stability is, however, still unknown and they also do not selectively
favour Pb (and its isotopes) over other U and Th-daughter products. The use of inorganic
adsorbents, namely phosphogypsum, clay, bauxite and barite, to extract RN from acid mine
drainage water has been studied by Nascimento et al. (2006). The sulfate phases phosphogypsum
and barite were shown to return the most promising results for 2°Ra, 2Ra, and #°Pb. RN were
however partially returned to solution with freshwater reversibility experiments, indicating that
these minerals may not be viable as long-term storage solutions.

Recently, Owen et al. (2019) showed that natural Ca- and Sr-bearing APS minerals act as hosts
for 2%Pb within the Cu-U-Au-Ag metallurgical processing plant at Olympic Dam, South Australia.
This work demonstrated the potential of APS minerals for radionuclide removal, however the
mechanism of Pb incorporation into APS minerals remains unconstrained. Most APS minerals are
stable up to 400-500 °C and remain insoluble over a wide range of pH and Ex conditions (Kolitsch
and Pring 2001). As such, if Pb is shown to rapidly become lattice-bound within synthetic APS
phases through a diffusion and cation exchange mechanism, APS minerals may provide a highly
effective extraction and long-term storage solution for 22°Pb from industrial products and wastes.

This study aims to identify the optimal conditions for Pb scavenging by APS minerals under
conditions relevant for industrial mineral processing, and the mechanism of sorption and
subsequent crystal incorporation of Pb into APS minerals. To this end, we performed experiments
involving the addition of synthetic (Pb-free) APS minerals of varying composition to Pb-bearing
solutions with varying pH, and constrained the mechanism of Pb removal using synchrotron X-

ray absorption spectroscopy (XAS) and additional characterisation techniques.

2. Background

2.1 APS crystallography

Only solid-solutions between Ca-, Sr- and Pb-bearing APS phases were considered in this
study. Crandallite group endmembers (MAI3X2(OH,H20)e) contain PO4 in the X-site, while

woodhouseite and other beudantite group endmembers contain equal amounts of SO4 and POa.
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Their crystal structure comprises hexagonal sheets of corner-sharing AlO2(OH)s octahedra
(Fig. 1a,b). Phosphate/sulfate tetrahedra lie above and below the octahedral sheets, corner-sharing
three oxygens with the Al-octahedra; the remaining unshared O points alternatively into the
hexagonal gaps formed by the Al-octahedra (Fig. 1a,b). Between these sheets lie 4-, 6-, and 12-
fold coordination M-sites (Fig. 1c) that can host cations of various ionic radii and charge, enabling

the formation of a broad range of solid solutions.

Figure 1

Figure 1: The crystal structure of APS minerals, down the [110] (a) and [001] (b) directions; and (c)
coordination around the M-site, showing 6+6 coordination. Violet: M-site cations (Ca, Sr, Pb); maroon: Al,
yellow/red: P/S; light grey: O(1); medium-grey: O(2); dark-grey: O(3) (OH/H.0). Note 12-fold
coordination of M-site cations, electrostatically and H-bonded to OH, H.O and O within AlO,(OH)4

octahedra and phosphate/sulfate tetrahedra. Data from Kato (1971).

2.2. Evidence for radionuclide scavenging by natural APS minerals

226Ra and 2'°Pb incorporation into natural APS from the acid leach stage of the Olympic Dam
processing circuit has recently been highlighted on the basis of nanoSIMS results (Owen et al.
2019). The giant Olympic Dam deposit currently contains the World’s largest U resource and the
fifth largest copper resource (Ehrig et al. 2015). The leach conditions at Olympic Dam are ~55 °C,
pH -1.5, Ex of ~640 mV, contact time 8-12 h (MacNaughton et al. 1999, 2000; Bhargava et al.
2015); leaching also depends on the complex mineralogy of the initial feed (Ehrig et al. 2015).
During the sulfuric acid leaching of copper sulphide concentrates, U-minerals and fluorite are
dissolved. Daughter radionuclides hosted within these parent minerals are also released but

become decoupled from their parent isotopes due to major differences in their chemical properties
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(Cook et al. 2018). This is highlighted in Figure 2, which shows contrasting distributions of 28U,
226Ra, 219PDb, non-radiogenic Pb represented by 2°Pb, and “°Ca within a natural REE-Ca-Sr-bearing
APS phase. The #1°Pb distribution, mimicked to some extent by that of 22°Ra, is closest to that of
common Pb and Ca and unlike that of 28U. The results clearly show incorporation has taken place
during the 8-12 h leach step, indicating the capacity of APS minerals to rapidly and preferentially

scavenge radionuclides under process conditions.

Figure 2

Figure 2: BSE image (top left) taken of a sample from the acid leach in the BHP Olympic Dam processing
plant, showing natural APS grains surrounding grains of chalcopyrite (Cp) and sericite (Ser). Also imaged
is a neighbouring bornite (Bn) grain with associated hematite (Hm). NanoSIMS data for 2%U (blue), ?*°Ra
(pink), 2%4PDb (yellow), #°Pb (cyan), and “°Ca (green) are overlayed onto the BSE image for reference. Note
the occurrence of 26Ra within multiple mineral types compared to the more restricted distribution of 2°Pb,
and presence of common 2*Pb within hematite and bornite where no 2'°Pb is observed. For data acquisition
methods and sample descriptions refer to Owen et al. (2019).

While APS phases form a broad range of solid solutions in nature, with named Ca-, Sr-, Ba-,
Pb- and LREE-dominant endmembers, endmember compositions display significant differences
with respect to their thermodynamic stability (A¢G), with the Pb-bearing phases, plumbogummite
(PbAI3(PO4)2(OH)s+(H20)) and hinsdalite (PbAIl3(PO4)(SO4)(OH)s), forming the most stable of
these phases. The respective stabilities of Pb-bearing and the comparatively unstable Ca-bearing

APS phases present the most significant of these differences (Schwab et al. 1993, 2005; Gaboreau
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and Vieillard 2004), thus providing a ‘thermodynamic gradient’ that may be acted upon for the
incorporation of Pb by Ca-bearing APS. APS crystal chemistry also explains the high selectivity
of APS minerals towards Pb in Cu-rich environments; although Cu(ll) can substitute on the Al-
site of alunite-group minerals (e.g., mineral Beaverite-(Cu), Pb(Fe* 2Cu)(SO4)2(OH)s; Bayliss et
al. 2010), APS minerals at Olympic Dam incorporate less than ~1 wt% CuO (Owen et al. 2019),
although the process waters contain trace Pb(1l) concentrations (< ~30 mg/L) but are enriched in

cu(ll) (= 5-30 g/L).

3. Materials and methods

3.1. Synthesis of APS minerals

APS phases were synthesised by modifying existing recipes (Schwab et al. 1991, 2004) to
generate crystals with varying ratios of Ca:Sr and SO4:POs, in order to test the role of
compositional variability on the sorption of Pb. Reagent grade Ca(OH)2, Sr(OH). and Al(OH)3
were added to 4 mL of 1 M H2SOs4 + H3POg4 in order to obtain the desired product stoichiometry
(Appendix D, Table 1; Equation1). The mixtures were placed into 20 mL teflon-lined
hydrothermal bombs, then diluted with milli-Q water (18.2 MQ.cm resistivity), and placed in a
200 °C oven at water saturated pressures (~15 bar) for 6 months.

(1) M(OH)2 + 3AI(OH)s + (2-X)HzPO4 + XH2S04 >

MAI3(PO4)2-y(SO4)y(OH,H20)s + nH20

3.2. Pb-sorption experiments

Pb-sorption experiments were run via the addition of 50 mg dried APS powder into 50 mL of
stock solution. Nine stock solutions with varied pH (1.5, 3.5, 5.5), prepared from reagent grade
HNO3 and milli-Q water, and Pb concentrations [Pbag]o of 10, 100, and 1000 ppm were prepared;
Pb was added as Pb(NOz3).. Pb(NOz3), was chosen because it readily dissociates, and to limit the
number of complexing ligands in solution, which may affect the uptake of Pb by APS phases with
varying pH (Neumann 2012). The choice of pH was based on thermodynamic calculations by

Schwab et al. (2005) who suggested that a pH ranging between 1.5 and 5.5 is optimal for the
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formation of Pb-bearing APS phases. The choice of Pb concentrations were typical of those
encountered in a range of natural and anthropogenic environments (Jaworowski 1967). These
mixtures were placed on an orbital shaker and sampled regularly up to a final time of 5 days. The
sample powders were then rinsed and filtered using milli-Q water and ethanol and dried at ambient
temperature (21 °C).

Further experiments were conducted using natural woodhouseite from the type locality
(Champion mine, California; Lemmon 1937). Grains ~200 um in size were hand-picked under an
optical microscope. Single grains were exposed to a 1000 ppm Pb (from Pb(NO3).) solution at a
pH of 3.5, at ambient-T (similar conditions to synthetic APS) and hydrothermal (200°C) conditions
in a teflon-lined autoclave.

Note that all experiments were conducted using stable (non-radioactive) Pb from Pb(NOs): (i.e.,
a mixture of 52.4% 2%Pb, 22.1% 2°7Ph, 24.1% 2%Pb, and 1.4% 2°“Pb). However, the results do
apply equally to the highly radioactive ?°Pb isotope, as mass-dependant fractionation of Pb

isotopes is negligible (<<1 per mill).

3.3.Characterisation of solids and solutions

Detailed information on analytical methods is provided in Appendix D. Solutions were
analyzed by Inductively Coupled Mass Spectrometry (ICP-MS; Thermo Scientific iCAP-Q)
following dilution to <1000 ppb into 50 mL vials of 2 wt% HNOs. Isotopes analysed were 2’All,
4Ca, 8Sr, and Pb isotopes 2%4Pb, 2%6Pb, 2°7Ph and 2°®Pb (in equal concentration from native Pb
source). Multiple Pb isotopes were measured to check data quality as isotope ratios were not
expected to change between analyses.

The phase purity of the solids was checked using X-ray powder diffraction (XRD; D8 Advance
Eco with Co radiation source). Quantitative compositional data for Ca, Sr, Pb, Al, P and S were
obtained using a Cameca SX-Five electron probe microanalyzer (EPMA), equipped with 5
wavelength-dispersive spectrometers and operated at 15 keV, 20 nA. Laser Ablation Inductively

Coupled Mass Spectrometry (LA-ICP-MS), with a spot diameter of 13 um, was used for the
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quantitative analysis of trace elements within individual mineral grains. For EMPA and LA-ICP-

MS analyses, samples were embedded in epoxy resin, cut, and polished.

3.4. XAS data collection and analysis

Lead Li-edge (13.035 eV) X-ray Absorption Near Edge Structure (XANES) and Extended X-
ray Absorption Fine Structure (EXAFS) data were collected at the XAS beamline, Australian
Synchrotron, Melbourne, Australia. Where possible, measurements were conducted in
transmission mode (ion chambers), however, in samples with low Pb concentrations, fluorescence
data were used (100 elements Canberra solid state Ge detector). A cryogenic holder (T ~ 5 K) was
used for the prevention of beam damage and to reduce thermal motion. Repeat spectra showed no
significant difference. XANES and EXAFS data were analysed with the HORAE package (Ravel

and Newville, 2005) using FEFF version 9 (Rehr et al., 2009).

4. Results

4.1. Composition of synthesised APS phases

XRD (Appendix D.1) confirms that the products consist predominantly of crystalline APS. Small
amounts of augelite, anhydrite and celestine were present in all runs and could not be eliminated
(Figure 3a,b). Based on EPMA micro-analyses (Appendix D, Tables 2, 3), the Sr-bearing phase,
APS(1), regularly incorporated excess Al (up to 5.64 apfu); Sr was under-represented in the M-site
(Figure 4a,c). In all APS phases, excess Al was associated with a reduction in ¥M?*, indicating
occupancy of Al within the M-site. S was also elevated within these Al-rich compositions,
resulting in low P/(S+P) ratios (Figure 4b,c). Many APS grains contained Al-S-rich cores, which
evolve to stoichiometric APS at the rims (Figure 3b-d). In general, APS with elevated P over S
and Al values close to the stoichiometric value of 3 incorporated the highest concentrations of Ca

in their M-site (Figure 4e-f).
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Figure 3
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Figure 3: SEM-BSE images of synthetic APS phases showing (a) an overview of APS(I), note pseudo-
cubic morphology of the APS grains formed by the trigonal-hexagonal structure, and the presence of
accessory augelite (Ag); and (b) grains from APS(Il) which are distinctively backscatter zoned, with

composition ranging from Ca, Sr and P rich APS at the rims (c) to dark cores that are Al and S rich (d).
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Figure 4: EPMA data for synthetic APS phases showing (a) the sum of metals in the M-site as a function
of P/(S+P); (b) Al concentration as a function of P/(S+P); (c) the negative correlation between the sum of
metals in the M-site and Al; (d) and (e) the relative concentrations Sr and Ca in the M-site (respectively)
compared to P/(S+P); and (f) Relative Ca concentration compared with Al concentration. Compositions
which trend towards Y M?"= 1 and Al=3 apfu are indicated by the dotted lines on a, b, ¢ and f. Stoichiometric
values for endmember M?*-crandallite are indicated by the grey stars on (a) and (b). Symbols for sample
types are provided in (a), closed symbols represent analyses that contain Pb while open symbols contained

no Pb. Note APS(I) the presence of minor concentrations of Ca, likely due to contamination in the Sr(OH)>

starting material.
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4.2. Pb-sorption by synthetic APS phases

A series of experiments were conducted in order to examine Pb-sorption onto APS minerals as
a function of Pb concentration (10-1000 ppm) and solution pH (1.5-3.5). All experiments were
conducted at ambient temperature for a period of 5 days; samples of the solutions were taken at 2,
4, 8, 24 and 48 hours, 3 days, and finally after 5 days. The resulting changes in dissolved Pb

concentration are compared to the initial Pb concentrations in Figure 5.

Figure 5
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Figure 5: Solution-ICP-MS data for experiments measuring Pb-sorption by synthetic APS phases (a-c) (Sr-
APS) APS(I), and (d-f) (CaSr-APS) APS(II). The experiments were run at ambient temperature with
varying [Pbag]o (10, 100 and 1000 ppm) and pH (1.5, 3.5, 5.5) as indicated. Results are presented as a time
series showing the percentage of Pb removed from solution. Note in experiments with initial conditions
[Pbag]o = 1000 ppm and pH = 5.5, the presence of characteristic ‘humps’ following initial Pb sorption onto
APS surfaces.

Experiments at pH 1.5 showed negligible scavenging of Pb onto APS(I) (Figure 5a-c),
irrespective of Pb concentration. This is likely due to a positive charge (i.e. by H*) bound to the
mineral surfaces resulting in the rejection of Pb at this pH (Appendix D.2). Negligible Pb sorption
took place at pH 1.5 and [Pbag]o=10 ppm in the case of APS(II) (Figure 5d), but at higher [Pbag]o

(100-1000 ppm) Pb sorption increased up to 10-15% (Figures 5e,f). Although the (Ca,Sr)-bearing
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phases retain some capacity for Pb sorption at pH 1.5, a pH of 1.5 is generally ineffective in
promoting sorption of Pb onto APS minerals.

APS(I) removed Pb from solution rapidly at pH 3.5, with most Pb-sorption occurring within
the first 8 hours of contact. At [Pbagq]o=10 and 1000 ppm (Figure 5a,c), the rapid sorption of Pb by
APS(I) was followed by a gradual return of Pb to solution, while a moderate downwards trend
followed in solutions that contained 100 ppm [Pbag]o (Figure 5b), indicating in all cases a trend
towards an equilibrium state between dissolved and sorbed Pb.

Pb-sorption trends for APS(II) differed from APS(I) across all [Pbag]o ranges, showing small
‘humps’ following the initial steep downwards trends. These ‘humps’ are typically observed
within the first 4-24 hours of contact with Pb-bearing solution. At pH 3.5 and [Pbaq]o=10 ppm,
APS(I) was most effective (Figure 5a), almost completely removing Pb from solution while at
[Pbag]o=100 ppm, APS(I1) was almost twice as effective as APS(I) with 50% removal of Pb from
solution (Figures 5e and b, respectively). In the experiment run at [Pbaq]o=1000 ppm and pH 3.5,
APS(I1) was still removing Pb from solution at the experiment cut-off time of 120 hours (Figure
5f).

At pH 5.5 and [Pbag]o= 10 ppm, <10% Pb remained in solution after 24 hours for APS(I), and
60 hours for APS(11). At 100 ppm Pb and pH 5.5, APS(I) was the most effective Pb-sorbing phase,
removing ~60% of Pb compared with 30-35% for APS(I1). At pH 5.5 and [Pbag]o=1000 ppm,
however, both APS phases performed equally, removing ~10% of Pb from solution, though
APS(II)’s Pb-sorption trend was still clearly progressing downward at the experiment cut off time,
indicating that the reaction had not yet come to an equilibrium state. Within pH 5.5 solution with
[PDag]o=1000 ppm, Pb-sorption by APS(I/Il) followed an undulating trend in which Pb is

progressively sorbed by the APS phases and then returned to solution (Figure 5c,f).

4.3. Composition of Pb-sorbed APS phases

Targeted LA-ICP-MS coupled with EPMA analysis was selected as the best means for
determining Pb concentration within the synthetic APS phases. Quantification via EPMA proved

difficult, due to the small grain size of the synthesised crystals (15-50 pum, Figure 3), and to the
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location of the highest Pb concentrations on the edges of the grains where analytical results were
affected by complex interface effects in the electron-beam interaction volume. As such, EPMA
data for Pb-concentration is spotty, and once bad totals had been removed, did not show clear
overall trends with respect to fluid pH, aqueous Pb concentration, or host material. Nevertheless,
the data (Appendix D, Table 3) showed that Pb concentrations in APS phases varied by orders of
magnitude (50-1608 ppm), and formed clear trends according to concentrations of Al, P, S, Ca and
Sr within individual grains (Figure 6). The highest Pb concentration, 4784 ppm Pb, occurred
within (Ca,Sr)-bearing phases from [Pbag]o= 1000 ppm solution and pH 5.5. Grains from APS(I)
also showed high concentrations of Pb (up to 676 ppm PbQO) within samples from pH 5.5. The
sorption of Pb by APS phases appeared to depend greatly on the relative concentrations of P and
S, with the highest Pb concentrations recorded in samples with elevated S/P (Figure 6a). Grain
with excess Al and under-representation of M?* in the M site (X M?*<1) were also shown to

incorporate Pb, indicating that AI** may be easily replaced from within the M-site (Figure 6b-c).
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Figure 6: Plots of EPMA data showing the relationship between the relative concentration of Pb and (a)
phosphate-sulfate composition; (b) Al concentration (apfu); and (c) total M?* (apfu), within synthetic APS
phases. Closed symbols represent analyses that contain Pb while open symbols contained no Pb. Phases
with the highest purity are those with compositions which trend towards >M?*= 1 and Al=3 apfu (indicated

by the dotted lines on b and c). Symbols for sample types are provided in (a).

A more comprehensive dataset for Pb incorporation into APS grains was obtained via LA-ICP-
MS spot analyses, linking fluid compositions (pH and [Pbag]o) to Pb incorporation. While Ca and

Sr are present in roughly equal amounts within low Pb analyses, the Ca concentrations decrease
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upon introduction of more significant Pb (Figure 7a), though Ca occurs in only trace levels within
the nominally Ca-free APS(I). On the other hand, Sr concentrations within the M-site in APS
phases remain largely unaffected by the introduction of Pb, except in a few analyses (Figure 7Db).
This trend is amplified for experiments at pH >3.5 and higher [Pbag]o, indicating that a certain
threshold must be reached before the onset of rapid uptake of Pb by APS phases through cation
exchange. Indeed, the majority of analyses from APS phases at pH 1.5 and any [Pbag]o show less
than 1% Pb contribution of the total M-site, while APS phases at pH 3.5 and 5.5 recorded low

(0.014-32.7%) and high (0.048-58.7%) values of M-site Pb occupancy, respectively.
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Figure 7: Graphs of targeted LA-ICP-MS spot analyses plotting the percentage of Pb incorporation in the
M-site against (a) Ca % concentration in the M-site; and (b) Sr % concentration in the M-site. Symbols
displaying solution pH (top row), the initial concentration of Pb in solution (middle row), and APS sample

type (bottom row) are given in (a). All points are within 10% error, calculated from the 2SE value.
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Relationships between Pb-incorporation into APS phases and the initial concentration of Pb
within the reaction liquors ([Pbag]o) were not as clear as those defined for pH, showing a broad
range of compositions in each batch of experiments. Within APS grains exposed to [Pbaq]o=10,
100 and 1000 ppm solutions, Pb concentrations varied between 0.010-41.3, 0.004-58.7, and 0.001-
34.5 % occupancy at the M-site, respectively.

Data for the (Ca,Sr)-bearing sample, APS(I1), showed a clearly defined Pb incorporation trend.
In solutions where [Pbag]owas 100 ppm or greater, APS(11) showed an increase of Pb sorption from
solution from pH 1.5-3.5, then decreasing again at pH 5.5, indicating Pb-incorporation is
maximised at pH 3.5. At [Pbag]o= 10 ppm, Pb incorporation increased with pH, indicating that Pb-

loading onto the crystal surfaces may be a contributing factor at low concentrations.

4.4. Pb incorporation in natural woodhouseite

To investigate the diffusion of Pb within the lattice of APS minerals, coarse-grained grains of
natural woodhouseite were exposed to 1000 ppm Pb for 4 days at 25 (Grain 2) and 200°C (Grain 3)
at pH 3; the distribution of Pb and other elements was mapped using LA-ICP-MS (Figure 8a-d).
This element mapping approach was not possible on the fine-grained synthetic APS phases.
Unprocessed samples (Grain 1) display oscillatory zoning with respect to Sr and Pb, presumably
preserving changes in the mineralising fluid’s composition during the growth of the mineral. In
contrast, Grain 2 and 3 display distinctive Pb-rich rims. This is especially evident when the data is
displayed as an empirical cumulative distribution function (ECDF) (Figure 8d, h, I). Here, the data
is scaled according to a histogram of the distribution of the data, and while these maps are
qualitative rather than quantitative, they reveal Pb-rich rims in both grains penetrating in the order
of 10-50 um depth. While Grain 2 predictably shows thicker Pb-rich rims than Grain 3 due to
faster diffusion at elevated temperature, the chemical maps clearly indicate that Pb sorption readily

occurs even at room temperature.
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Figure 8
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Figure 8: Laser ablation-ICP-MS maps of three natural woodhouseite grains, one without being exposed
to Pb-bearing solution (Grain 1, top line); the second placed in [Pbag]o=1000 ppm Pb-bearing solution at
pH 3.5 in a hydrothermal bomb at 200 C and 15 bar (Grain 2, middle line); and the third (Grain 3, bottom)
placed in [Pbag]o=1000 ppm solution at pH 3.5 at ambient temperature on an orbital shaker for 5 days. Note,
maps (d), (h) and (1) are displayed with an empirical cumulative distribution function (ECDF) rather than

log scale to highlight Pb sorption based on the data’s population trend (Rittner and Miiller 2012).

4.5. X-ray absorption spectroscopy of Pb in APS minerals

XANES and EXAFS data were collected to further constrain the nature of Pb in APS minerals
as a function of pH and Pb concentration. XANES (Figure 9) provides information on the
oxidation state and coordination geometry of the target atom (Penner-Hahn 2005; Bunker 2010;
Etschmann et al. 2018), while EXAFS spectra are sensitive to the atomic number of the
neighbouring atoms and their distances, and their Fourier transforms provide information on
electron density distributed away from the central Pb atom (Figure 10).

The XANES spectra of the standards showed a characteristic peak for pyromorphite-like
structure at 13.045 keV and hinsdalite-like at 13.049 keV (Figure 9). The XANES spectra of Pb-
sorbed APS phases differ with changing pH and Pb concentration. At pH 1.5, the XANES spectra

for both APS(1) and APS(11) at 100 and 1000 ppm [Pbag]o are similar to the pyromorphite standard.
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The formation of pyromorphite is an artefact introduced during drying of solid residues upon
completion of the experiment to the insoluble pyromorphite phase; this is consistent with the
higher Pb in solution data (Figure 5) and the poor APS sorption capacity at pH 1.5 (Appendix D,
Table 4). At pH 3.5, APS(I) XANES spectra at all [Pbag]o concentrations were similar to the
hinsdalite standard, suggesting lattice incorporation of Pb; this is consistent with the lower Pb
concentration in solution reported in Figure 5.

The XANES spectra for Pb-sorption tests at pH 5.5 showed significant change as a function of
[Pbag]o concentration. In the case of APS(I), the XANES spectra showed a peak shift from
hinsdalite to pyromorphite with increasing [Pbag]o from 100 to 1000 ppm, suggesting that at a pH
of 5.5, the effective loading capacity of the APS(I) phase significantly decreased. This was further
evident in the case of APS(Il), where the XANES spectra showed a peak characteristic of
hinsdalite at 10 ppm, with a consistent peak shift observed with increasing [Pbag]o to 100 ppm,
where the XANES spectra showed a combined hinsdalite/pyromorphite peak, and finally, at
1000 ppm, where the XANES spectra showed a characteristic peak for pyromorphite. Therefore,
the XANES spectra showed that the effective operating window for APS sorption of Pb was
optimal at a pH of 3.5 for both APS(I) and APS(I1), independent of [Pb] concentration.

Based on the XANES results, EXAFS spectra were fitted to either a hinsdalite or pyromorphite-
like structure (Appendix D, Tables 4,5). The EXAFS fit results confirm the interpretation of the
XANES data. In the pyromorphite-like structures, short Pb-Pb distances (3.60 and 2.75 A; Dai and
Hughes 1989) are identified in the fits, with close to full occupancy, consistent with a
pyromorphite-like (nano)-precipitate. In hinsdalite, however, the shortest Pb-Pb distances are
>6.5 A (Kolitsch et al. 1999), and therefore beyond the range of our EXAFS data. However, the
EXAFS data indicate a well-ordered shell of Al and P/S atoms around the Pb atoms (Appendix D,
Table 5), consistent with Pb incorporation in the APS crystal structure rather than adsorption. Note
that analysis (11) contained a relatively large bromine K-edge, likely resulting from contamination
of the Pb(NOz3)2 used during the sorption experiments, and low Pb-concentration. As such the data

is noisier and short range, and was difficult to fit.
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5. Discussion

The sorption data in Section 4.2 highlight the strong effect of pH and aqueous Pb loading on
the removal of Pb from solution. In general, the Pb-removal increases with increasing pH (1.5 to
5.5). Increasing [Pbag]o from 10 to 100 ppm results in increased Pb concentrations being recorded
in APS phases. There is, however, a smaller difference in the amount of Pb sorbed by APS phases
when increasing [Pbag]o from 100 to 1000 ppm, indicating a loading capacity for Pb onto APS
phases at ~1 g APS in 1 L of [Pbag]o=100 ppm solution.

However, LA-ICP-MS spot analyses reveal a more complex picture of the pH dependence of
Pb sorption as a function of APS composition: (Ca,Sr)-bearing APS phases incorporate large
concentrations of Pb between pH 3.5 and 5.5, while APS(I) appears to be more effective at pH 5.5
(Figure 7). This suggests that the effect of the pH-dependant surface charge on adsorption of
cationic Pb is not the only factor controlling Pb uptake. Thermodynamic modelling shows that the
ideal formation conditions for synthetic Ca-bearing woodhouseite occur between pH 3-5 (Schwab
et al. 2005; Figure 11), with Pb-bearing phases becoming preferred as solution acidity increases,
in agreement with the LA-ICP-MS data showing Pb-sorption at pH 3.5 out-performing pH 5.5.
Hence, there is a clear link between the thermodynamic stability of APS minerals (Schwab et al.
1993, 2005; Gaboreau and Vieillard 2004) and their capacity to incorporate Pb. A similar feature
was noted by Monteagudo et al. (2003) with respect to the sorption of Hg from waste waters by
APS phases, which also was optimal at pH ~3.5.

These complex trends of Pb sorption with pH, solution and APS mineral compositions are
interpreted to arise from the interplay between initial surface sorption and subsequent
incorporation into APS phases. The presence of a ‘hump’ in many of the time-resolved sorption
data (Figure 5), similar to those observed during the uptake of Ra by isostructural barite and
celestine (Klinkenberg et al. 2018), can be explained in this framework, whereby Pb cations
entering the APS structure must either replace Ca?* or Sr?*, or fill otherwise unoccupied positions
within the APS crystal structure, as may be the case in APS(I) in which no loss of Sr was observed

with increasing Pb incorporation (Figure 7b). This observation can be explained by the relatively

116



weak thermodynamic gradient between Sr- and Pb-, compared with Ca- and Pb-APS endmembers.
If Pb is interpreted to take the place of Ca?* or Sr?* within the APS structure, their displacement
toward the surface of the APS grains will result in a reduction of the number of electrostatic
binding sites previously available to Pb%*, thus causing surface-sorbed Pb to become detached and
re-enter solution, producing the observed Pb-sorption trendlines.

Figure 9
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Figure 9: XANES data for Pb-sorbed synthetic APS phases. Phases correspond to either a hinsdalite or
pyromorphite structure as indicated. Displayed for reference are patterns for the hinsdalite and
pyromorphite standards in teal and purple respectively. Note that the normalised intensities of the standards

have been shifted by 0.1.

XANES and EXAFS data confirm the prevalence of Pb incorporation on the M-site of
hinsdalite-like structures in the APS products from the sorption experiments. There is a clear trend
showing hinsdalite-like structures as the major Pb-bearing phase from experiments with starting
pH at 3.5, and experiments with starting pH at 5.5 occasionally showed hinsdalite as the major Pb-
bearing phase. None of the Pb-sorption experiments run at pH 1.5 showed hinsdalite-like features,
thus indicating that the dynamic incorporation of Pb into Ca-, and Sr-bearing APS phases is
preferred at pH 3.5 (Figures 9,10). As mentioned above, the data are in line with the

thermodynamic modelling conducted by Schwab et al. (2005) (Figure 11): the formation
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conditions of Pb-APS is likely to occur best when solution conditions are higher than pH 3.5 and
less than 5.5, while residual Pb will otherwise dominate and bond to available PO4* ligands upon
drying to form the observed pyromorphite-like structures. Here, PO4* ligands are suggested to
result from partial dissolution of accessory augelite that is present within all samples. Samples (1)
and (5) were exposed to the same conditions with respect to pH and [Pbag]o, however sample (5)
was more easily fitted with the hinsdalite structure in EXAFS, indicating that the analysed material

was likely purer than that in sample (1).

Figure 10
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Figure 10: Modelled Pb L edge EXFAS data (dashed lines) plotted with the measured data (solid lines)
of synthetic APS phases from Pb-sorption experiments (a-b); and their associated Fourier transforms (c-d).
The APS phase and [Pbag]o Of the solutions are listed on the figure. Dotted lines are fits corresponding to
the parameters listed in Tables SUPP. 5,6. Note that differences in the R-space are due to difference in the

useful data range in K-space, which depended on Pb concentrations and contamination by bromine.

The importance of structural Pb incorporation relative to surface adsorption was further
demonstrated by the mapping of Pb in coarse-grained natural woodhouseite crystals, showing
formation of 50 pum thick Pb-rims at 200°C, and still ~10 um thick rims at 25°C (Figure 8).
Significant deviations occur along the c-axis of APS phases, depending largely upon the properties
of the M-site cation whereby M?* cations with larger ionic radii cause lengthening whereas smaller
cations result in contraction of the structure. This is especially the case in crandallite group

minerals when considering Ca?* which has a relatively small ionic radius. Its small ionic radius
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causes contraction of the crystal structure resulting in distortions among the sheets of AlO2(OH)4
octahedra, however when Sr?* and Pb?* are substituted at the M-site, the structure becomes more
relaxed, hence increasing stability. There is also apparent lengthening along the c-axis with
addition of SO4in Ca-, Sr-, and Pb-bearing endmembers (Appendix D, Table 7) which may lead
to an increase in thermodynamic stability (Schwab et al. 2005). In Pb(I1) compounds the electronic
configuration of Pb is 6s?; the resulting lone electron pair is stereochemically active in many oxy-
compounds and complexes (Etschmann et al. 2018), and causes a reduction in crystal symmetry
in some Pb-rich alunites (Kolitsch and Pring 2001), adding complexity to substitution of Ca and
Sr by Pb, but explaining the high affinity of the APS structure for Pb?* over other divalent cations.
Additionally, the relative high electronegativity of Pb?* cations over Ca?* and Sr?* (Gaboreau and
Vieillard 2004) may aid in its incorporation by APS phases. The capacity of phosphate and sulfate
minerals to quickly incorporate foreign ions into their structure has been illustrated recently in the
case of radiobarite, (Ra,Ba)SO4 (Vinograd et al. 2018; Klinkenberg et al. 2018), the intermobility
of Sr, Ba and Pb in isostructural celestine (SrSO4), barite and anglesite (PbSOa4) (Rollog et al.
2019), and As in apatite, Cas(POa4)3(F,CI,OH) (Liu et al. 2017). In the latter case, fast dynamic
recrystallization was driven by the distortion of the crystal structure induced by the introduction
of the arsenite ion; similar dynamic recrystallization in APS minerals may be driven by the Pb?*

stereochemistry.
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Figure 11: A slice of the hypothetical Garrel-block-diagram for the system MO-Al;,03-P,05-SO3-H,0 at
60°C and [H3PO4]= 102 mol.L? and [M?*]=[Al]= 102 mol.L . The dashed line marks the probable

equilibrium conditions with solution (pH ~3). After Schwab et al. (2005).

6. Conclusions and implications

APS minerals are attractive materials for the removal and long-term geological storage of a
range of heavy metals and radioisotopes, due to the open nature of their crystal structure (Besold
etal. 1992) and their thermodynamic stabilities (Schwab et al. 1993; Gaboreau and Vieillard 2004).
Indeed, synthetic APS phases have been proposed as a tool for removal of contaminants from mine
waste (As, Monteagudo et al. 2003; As, Pb, Se, Te, Lazareva et al. 2019); immobilisation of
radioisotopes of La, Ce and Zr from nuclear fission of 23°U (Eberly et al. 1996; Janeczek and Ewing
1996; Dymkov et al. 1997); or to limit the bioavailability of toxic metals within soil horizons
(Zheng et al. 2003; Dill 2001; EI Agami et al. 2005).

The results presented here, showing the dynamic incorporation of Pb at between pH 3.5-5.5
combined with the insolubility of APS phases within acid leaching environments (Kolitsch and
Pring 2001; Owen et al. 2019) compared with the target Cu-(Fe)-sulphides, underpins their
viability as an additive to leach solutions, or elsewhere in the processing circuit, for the reduction
of 21%Pp from such streams. Indeed, Pb-bearing phases are the most thermodynamically stable APS
phases under such conditions (Schwab et al., 2005), increasing their potential in acting as a sink
for removal of deleterious Pb from environmental processes and waste streams (Manceau et al.
2002).

The most important result from our study is the demonstration that incorporation of Pb into the
crystal structure of APS-minerals, by the replacement of lattice-bound Ca (observed via EPMA
and LA-ICP-MYS), is the major form of Pb scavenging under conditions relevant to acid leaching.
Furthermore, the bulk of Pb scavenging was observed to occur over short time scales (hours to
days) with a loading capacity of ~1 g APS in 1 L of [Pbag]o=100 ppm solution, adding relevance
to their potential application as RN extractants within industrial-scale processes. In light of the

environmental stability of APS minerals, this indicates their suitability not only for reducing the
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load of Pb and its radioactive isotopes in processing circuits, but also for the long-term storage of
these contaminants in geological waste repositories; the fact that Pb quickly enter the crystal lattice
of APS minerals under process conditions, combined with the broad thermodynamic stability of
the APS minerals under environmental conditions, makes them particularly attractive for waste
storage (*1°Pb has a half-life of 22.3 years). However, the viability of APS mineral phases towards
industrial application are dependent on both sourcing and isolating natural mineral phases or
modifying synthesis procedures of APS mineral phases (e.g. Gilkes and Palmer, 1983).

In conclusion, synthetic APS phases, if cheaply manufactured, could be used to isolate and
contain such toxic heavy metals from surrounding ecosystems, and are especially effective in the

case of Pb?*,
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1 SUMMARY

The content of this thesis crosses themes that range from microanalytical characterisation of
metallurgical samples, identification of target minerals for radionuclide (RN) deportment and
fundamental geochemical experimentation that can guide RN reduction in South Australian Cu-
concentrates. Two main mineralogical topics were addressed.

Firstly, the formation of Pb-chalcogenides, which are frequently hosted by Cu-(Fe)-sulphides
in mineralised zones of the Mt Woods Inlier (Owen et al. 2018) and in the giant Olympic Dam
(OD) deposit (Schmandt 2019) were investigated, providing fundamental information on the
petrography and origin of the main Pb-bearing minerals in the deposits, Pb-isotope signatures
within them, and the behaviour of Pb, radiogenic or otherwise, within the deposit over geological
time. The complexity of the structures the Pb-minerals form with the Cu-(Fe)-sulphides
necessitated a nanoscale approach and careful isotopic evaluation so that the conditions of
formation could be accurately discussed. Micron- to nanoscale analysis of ore and gangue minerals
within South Australian I0CG ores and their host rocks (e.g. Macmillan et al. 2016a, 2016b;
Ciobanu et al. 2013, 2017a, 2107b; Kontonikas-Charos et al. 2018; Owen et al. 2018; Courtney-
Davies et al. 2019a, 2019b; Verdugo-Ihl et al. 2019a, 2019Db) has revealed new evidence, allowing
deposit-scale constraints on ore-formation conditions and post-mineralisation history.

Secondly, a targeted approach to RN incorporation by gangue minerals was conducted (Rollog
et al. 2018, 2019; Owen et al. 2019) giving insight into the migration of radiogenic Pb and
associated RN from parent 238U during processing of IOCG ores. NanoSIMS isotope mapping has
thus far proven to be the only method by which the grain-scale distribution of RN can be effectively
observed. The recycling of Cu-sulphate rich smelter dust, which consequently contains high
concentrations of RN, into the leach stage of processing (Lane et al. 2016; Cook et al. 2018) makes
the nanoSIMS method particularly important as a tool to monitor the increased decoupling of ?°Ra
and 2Pb from uranium during processing. The research presented in this thesis allows for
recognition of minerals such as the aluminium-phosphate-sulphates (APS) (Owen et al. 2019a,
2019b) as scavengers of RN within the processing circuit. Microanalytical characterisation of this
mineral group, which had not been carried out previously, also allows for new valuable
information on the post-mineralisation history of the Olympic Dam deposit. Chemical
experimentation and XAS analysis on synthetic APS phases enables an understanding of the
mechanism by which APS phases can incorporate RN, specifically 2°Pb, and highlights their

potential as a novel way for reducing RN from processing streams.

1.1  Migration of radiogenic Pb within Cu-Au-(U) deposits of the Olympic Cu-Au Province

The first main question answered by this thesis was the confirmation that the Pb-chalcogenides,

galena (PbS), clausthalite (PbSe) and altaite (PbTe), contain dominant radiogenic Pb generated by
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decay of uranium and thorium. These results, obtained by a combination of quantitative isotope
analysis and examination of mineralogical relationships at the nano- to micron-scales, imply the
remobilization and migration of radiogenic Pb, consistent with the low-Pb concentrations
measured in some U-minerals.

At the initiation of research reported in this thesis, radionuclides of concern (principally 2:°Pb
and #1°Po) were suggested to be similarly distributed to 2°°Pb, the stable end product of 233U decay.
It was hoped that the more abundant, and thus measurable 2%Ph, would serve as a reliably proxy
for 22%Pp and 2'°Po, especially as all three Pb-chalcogenides are commonly hosted as inclusions
within Cu-(Fe)-sulphides, highlighting their importance as potential carriers of RN into
concentrates. Evidence for migration of Pb within the deposit over geological time was thus
deemed relevant for assessment of RN deportment in ores.

Lead isotope values measured in-situ by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) suggest an overwhelmingly radiogenic origin for Pb and thus
extensive decoupling of radiogenic Pb from parent U- and Th-minerals. Calculated 2°’Ph/?°®Pb
ratios are indicative of Pb mobilisation during an event (or events) that postdates the initial
Mesoproterozoic Fe-Cu-Au-U mineralisation event, an interpretation consistent with many other
studies from across the Olympic Cu-Au province, suggesting cycles of replacement-
remobilization-recrystallization (e.g., Davidson et al. 2007; Mclnnes et al. 2008; Ciobanu et al.
2013; Huang et al. 2015; Apukhtina et al. 2017; Bowden et al. 2017). However, given the relatively
short half-life of the 2°Pb isotope, and the inability of Pb-chalcogenides to host significant
concentrations of other longer lived radionuclides from 23U decay, e.g., 2*Th or ?Ra (Rollog,
unpublished nanoSIMS data), it is suggested that even if the Pb-chalcogenides were deemed to
have once carried 2!°RN during their initial formation, these unsupported concentrations have long
since diminished. Nevertheless, combining data from the isotope compositional study and the
nanoscale study of Pb-chalcogenides proved instructive for uncovering mechanisms of Pb
incorporation by Cu-(Fe)-sulphides.

The incorporation of Pb to form the clausthalite symplectite structures analysed by Owen et al.
(2018) were suggested to arise via migrating Pb from an external fluid source and Se which was
pre-existing in solid solution in the Cu-(Fe)-sulphides. Clear diffusion textures are observed in
porous zones within chalcopyrite by the formation of clausthalite nanoparticles, providing a link
between diffusion of Pb and symplectite formation. The same ‘diffusion style’ textures were not
visible within other Cu-(Fe)-sulphides, likely due to their ability to form superstructures during
thermal overprinting episodes, thus allowing the migration of Pb from nanometres to microns
within the hosting Cu-(Fe)-sulphides and the development of the spectacular symplectite textures
observed. Further evidence for this formation mechanism is provided by the isotopic analysis of

the different Pb-chalcogenides, whereby Pb-isotope trends for clausthalite and altaite lie along a
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clear mixing trend between the pure radiogenic signature (with respect to 2°°Pb, 2°’Pb and 2°¢Pb)
and common Pb. Included grains of galena are, in contrast, variably enriched in uranogenic 2°°Pb
and ?°’Pb, thus indicating that at least a portion of them likely formed from the products of U

decay, in situ within the Cu-(Fe)-sulphides.

1.2 Aluminium-phosphate-sulphates and RN deportment during metallurgical processing

The second part of this thesis focuses on the ability of gangue minerals, specifically aluminium-
phosphate-sulphate phases within the alunite supergroup, to scavenge RN during minerals
processing. Samples of Cu-concentrate were taken from the Olympic Dam Cu-processing circuit
after flotation and subsequent acid leaching. Samples from the acid leach stage of processing were
shown to contain significantly more RN (albeit only RN from ??°Ra onwards in the decay chain)
than equivalent flotation concentrates that had not been acid-leached. This relationship was
especially pronounced for 21°Ph. The recycling of Cu-sulphate rich dust from smelting of copper
concentrates, which is consequently enriched in RN, into the leach stage of processing likely
intensifies 21°Pb incorporation by APS phases. The observations emphasize that measurable RN
uptake into APS minerals takes place at plant conditions (~60 °C, pH = 1.5) and in a matter of just
8-12 hours.

Study of the broad range of solid solutions formed by the APS phases within the Olympic Dam
ore provides geological information allowing new insights into, and additional constraints on, the
formation of the deposit. It was revealed that the APS minerals are Sr-, and Ca-dominant with
variable amounts of rare earth elements (REE), with some analyses plotting within the
compositional fields of svanbergite and woodhouseite and others plotting closer to florencite-(Ce),
suggestive of an (incomplete?) solid solution, or field of solid solutions, between the two groups
(Owen et al. 2019). Florencite-(Ce) and the Ca-, Sr-dominant APS phases commonly replace the
REE-fluorcarbonate, bastnésite-(Ce), previously described by Schmandt et al. (2017). The Ca- and
Sr-bearing APS phases contain more sulphate than their REE-bearing equivalents, with the sulphur
derived from the local dissolution and replacement of Cu-(Fe)-sulphides. The observed
replacement of Cu-(Fe)-sulphides, and the suggested replacement of bastnasite-(Ce) by APS
phases indicates that they are paragenetically late, likely forming during a low-temperature
hydrothermal episode late in the history of the deposit. In any case, the resulting intimate textural
relationship between APS phases and Cu-(Fe)-sulphides (Owen et al. 2019), along with the
insolubility of APS phases (Kolitsch and Pring 2001) make them almost impossible to completely
eliminate from copper concentrate by flotation or acid leaching. This has consequences in that Pb
is clearly shown, at concentrations measurably by EPMA, to partition into available Ca- and Sr-
bearing phases, with a particularly strong correlation observed between Pb and Ca. The same
relationship was observed by nanoSIMS isotope mapping in which the highest concentrations of
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210pp showed clear spatial relationships with Ca-enriched zones, meaning that Ca- and Sr-bearing
APS phases may assist in the transport of 2°Pb through to the very final stages of processing.
Following from the recognition that natural APS phases could play a significant, if as-yet
unquantified role in the distribution of 2°Pb and changes in that distribution during processing, it
was deemed necessary to undertake a synthetic experiment on pure, Pb-free, Ca- and Sr-bearing
APS phases in order to model Pb uptake at different conditions with respect to fluid pH and
concentrations of dissolved Pb (Owen et al. 2020). Synthesis of APS phases via modification of
existing recipes (Schwab et al. 1991, 2004), proved difficult, taking six months equilibration time
for a single batch, while always forming minor amounts of accessory augelite Al(OH)s.
Nevertheless, EPMA and LA-ICP-MS analyses of sample powders exposed to solutions
containing dissolved Pb(NOz3). in dilute HNOgz readily confirmed that the incorporation of Pb into
the crystal structure of the synthetic APS phases occurred in the predicted way, whereby Pb
replaces Ca within the APS crystal structure. Interestingly, compositional data did not show
removal of Sr, even in phases which contained no Ca, indicating that cation exchange likely occurs
between Ca and Pb only. This likely occurred due to the formation of distortions in the APS crystal
structure, caused by its contraction to accommodate the relatively smaller ionic radii of Ca?*
cations. Extended X-ray absorption fine structure analysis of the resulting solids (Owen et al. 2020)
reveals the nature of Pb sorption by the synthesized material. The data showed that the dynamic
incorporation of Pb by APS phases occurred overwhelmingly at pH of 3.5, while the formation of
pyromorphite from the dissolution of accessory augelite dominated at lower pH. The insolubility
of APS phases (Kolitsch and Pring 2001) within acid leaching environments, compared with the
target Cu-(Fe)-sulphides, highlights their viability as an additive to leach solutions, or elsewhere
in the processing circuit, for the reduction of 2X°Pb from such streams, provided a mechanism can

be engineered to later remove the APS phases and their contained RN.

2 RECOMMENDATIONS

Due to the extraordinary diversity of the mineralogical relationships observed within ores of
the Olympic Cu-Au Province, the results outlined in this thesis comprises a valuable contribution
toward the understanding of radionuclide deportment within IOCG ores and concentrates and
evolution of those deportments from ore to smelter feed. Further characterisation of radionuclide
deportment within the Cu-Au ores is certainly necessary in order to obtain improved understanding
of the physical and chemical pathways available to mobilise RN and other penalty elements. Even
so, within the bounds of this research, a number or recommendations can be made for future

directions of study.
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2.1 Recommendations for work on natural mineral phases

The first would comprise a study of natural APS phases from Olympic Dam, and potentially
the synthetic analogues, conducted at the nanoscale. Such a study was initiated during the
candidature but with but poor results leading to the attempt being cut short. APS phases were
discovered to be incredibly beam sensitive on the SEM, EPMA and FIB-SEM, even under very
low currents and accelerating voltages. Traditional FIB milling with a Ga ion source resulted in
non-representative TEM foils and mineral phases that had visibly melted during extraction and
foil preparation. Similar beam sensitivity limitations are reported in studies on Ca-sulphates,
anhydrite and gypsum (Lee 1993), and the Ca-phosphate hydroxyapatite (Mayer et al. 2008), in
which TEM beam damage caused defragmentation of the crystalline phases within seconds of
exposure. Cryo-FIB, a technique normally reserved for delicate biological samples, might thus be
used to preserve mineral textural relationships and enable the extraction of foils thin enough (~20
to 50 nm) for TEM analysis. Similarly, cryo-sample holders are available for atomic-resolution
STEM microscopes such as the FEI Titan with high-angle annular dark-field (HAADF STEM)
imaging capability, as used in Owen et al. (2018) for element mapping.

Sample preparation permitting, such a technique would enable detailed study on the diversity
of the solid solutions, in terms of crystal-structural response to compositional change, among not
only the APS minerals, but also other minerals within the large alunite supergroup. In APS
minerals, a relationship between higher concentrations of PO4* and OH, and incorporation of M3*
cations, such as the rare earth elements, has been established (Owen et al. 2019), however, the
repeating motifs that make up the structural components of APS phases have not been previously
imaged at high-resolution. A fundamental, and as yet unanswered, question is whether they occur
in an ordered arrangement or completely random. Atomic-scale mapping, using methods offering
high Z-contrast, such as HAADF STEM (e.g., Ciobanu et al. 2017; Verdugo-Ihl et al. 2019b) could
prove extraordinarily useful to understand dimensions and limits of solid solution. If perfected for
such beam-sensitive compounds, such techniques might also aid identification of new mineral
phases within the alunite supergroup. Additionally, the ordering of individual motifs within an
APS minerals structure may provide valuable information on the mechanisms of element
incorporation.

The observed diffusion textures exhibited by the uptake of Pb by Se-rich chalcopyrite (Figure
1a), and the widely observed formation of symplectite textures between the other Cu-(Fe)-
sulphides and clausthalite (Owen et al. 2018), are indicative of Pb remobilization during one or
more geological events. Modelling this process via synthetic experiments on Pb uptake by Se-rich
Cu-(Fe)-sulphides may prove instructive for the determination of the strength and chemical
conditions of the hydrothermal fluids associated with such an event or events. As it stands, little
research has been done on the fundamentals of Se behaviour within Cu-(Fe)-sulphides or the
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significance for and relationships with Pb scavenging. Clausthalite-bearing symplectites hosted by
chalcopyrite (Figure 1b-c) are frequently restricted to the cores of grains, indicating that for the
grains in question, the first stage of growth was dominated by a Se-bearing hydrothermal fluid.
Additionally, given that oxidized Se compounds tend to be isotopically heavier than reduced Se
compounds (Stlieken et al. 2015, and references therein), analysis of fractionation of Se isotopes
may reveal important information regarding the redox conditions that were present during initial

Cu-(Fe)-sulphide formation.

Figure 1: Backscatter electron images of (a) clausthalite (PbSe) and altaite (PbTe) symplectites
hosted by a grain of chalcopyrite. Note the coarsening of the Pb-chalcogenides and more
concentrated nature of altaite in the upper part of the image where the chalcopyrite grain becomes

porous; and (b) and (c) clausthalite-bearing symplectites contained by zones within chalcopyrite.

Extensive methodological development for the characterisation of RN deportment within
mineral phases has been demonstrated within this thesis, and in those of Rollog (2019) and
Schmandt (2019). Combined with other microanalytical routines developed within the ARC
Research Hub for Australian Copper Uranium, there now exists an opportunity to attempt a semi-
quantitative mass balance model for RN within mineral phases of South Australian Cu-Au ores
during metallurgical processing. The development of techniques, such as nanoSIMS isotope
mapping for key radioisotopes which exist in minute concentrations within mineral phases, and
the ongoing development of complementary techniques such as quantitative alpha tracking
(Kalnins et al., 2019), combined with ‘user assisted” mineral liberation analysis (MLA) data on
the proportion of minerals may allow for such quantitative calculations. The application of
synchrotron techniques such as x-ray fluorescence microscopy (XFM), which could be deployed
to track U and Pb within grains quickly and at the sample scale (rather than grain by grain as was
done with the SEM), may also prove useful in such an endeavour. This has proven impossible until
now for two main reasons, the importance of which has become clear during the lifetime of the
ARC Research Hub for Australian Copper Uranium. These are (i) the poorly constrained
proportion of total RN that reside at grain boundaries, in nano- to microfractures, within pore

spaces, and on mineral surfaces rather than contained within a given mineral; and (ii) the difficulty
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of accurately determining the abundances of many of the finest-grained minerals that occur
dominantly at the sub-micron-scale.

2.2  Recommendations for work on APS phases

Much additional work is possible to further explore the potential use of APS phases as
scavengers of RN, the foremost being a simpler and faster method for their synthesis. The outline
of a recipe to produce a crystalline crandallite phase, within a much shorter time frame than was
needed for the synthesis of APS phases by Owen et al. (2020), is provided in Gilkes and Palmer
(1983). Here, the recipe could be modified to form phosphate-sulphate bearing phases, allowing
further testing of sorption dynamics and APS phase composition. A shorter method to synthesise
APS phases would also make them much more commercially viable as additives to metallurgical
processing streams for RN extraction. An additional method for the production of an ‘amorphous’
crandallite phase has been presented by Monteagudo et al. (2003), requiring only two weeks of
synthesis time per batch at 70°C and atmospheric pressure. Preliminary data, not presented here,
suggest that such a method could be modified for use in leach liquors for RN extraction via similar
mechanisms to the crystalline APS phases.

The sorption of RN by natural APS phases within Olympic Dam Cu-processing streams was
not limited to isotopes of Pb alone. Via nanoSIMS, ??°Ra was also observed, although with slightly
different spatial distribution to that of 2!°Pb. As such, if a clear and simple method for the synthesis
of crystalline APS phases can be established, a possible next step could be to determine the
competitive sorption of all of daughter RN resulting from decay of U. Such an experiment could
be done simply enough, by dissolving uraninite grains containing RN from #°U and #8U, in
secular equilibrium. Analysis of the stock solutions by ICP-MS before and after exposure to the
APS phases could give a grounding of which RN are compatible within the APS crystal structure,
though further microanalytical characterisation on the RN-sorbed solids, such as the methods set
out in Owen et al. (2020), would likely be required.

The final step to validate the use of APS phases as a method for reduction of RN from mineral
processing streams would involve testing them in situations which replicate processing plant
conditions. Testing would be carried out within solutions that are representative of those found in
the different stages of metallurgical processing. The aims of such a study would be to model the
amount of synthetic APS (although naturally occurring Ca-bearing APS could be used if sourced
cheaply enough) that would need to be added to metallurgical processing streams in order to cause
a significant reduction in overall RN concentration, identify specific areas of the Cu-processing
circuit in which addition of APS would be most effective, and, building on the results and
discussions from previous studies, conduct an overall cost benefit analysis. A method for effective
addition and removal of APS from the Cu-processing circuit would also have to be established.
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One suggestion could be to use a permeable container, allowing solution to contact the APS while
keeping it isolated from the ore material. Another method would be to crystallise APS directly
onto a grid which could be lowered into Cu-processing liquors. Both cases would have to be
sufficiently hardy to cope with exposure to the thick sludges and harsh solutions present in Cu-
processing circuits. Alternately, an additional floatation stage could be employed to remove APS
after exposure. Beyond removal, APS minerals may have value as permanent immobilisers of RN,
enabling safe long-term storage and isolation from surrounding environments. Previous studies
(Landa, 2003) have discussed the potential of jarosite in this respect, similar to that proposed for
apatite (Rigali et al. 2016).

3 CONCLUDING REMARKS

The research outlined in this thesis adds to an ever-growing body of knowledge on the
mineralogy, ore genesis and geological evolution of I0CG style deposits in the Olympic Cu-Au
Province. Characterization of the extraordinary complexity of mineral relationships all the way
down to the nanoscale has necessitated the use of multiple microanalytical techniques. At present
rates, the giant Olympic Dam Cu-Au-U deposit will continue production for the next 100 years
and beyond, highlighting the critical need for understanding not only the complex mineralogical
relationships that exist within the ore, but also how individual elements deport within each mineral
phase in order to allow the most efficient extraction of target metals while avoiding, isolating or
eliminating penalty elements. In the quest to develop a holistic understanding of Cu-Au ores in the
Olympic Cu-Au province, the data and discussions on the mineral groups contained within this
thesis supplement published research on other key mineral groups within these deposits, e.g., Cu-
(Fe)-sulphides (Ciobanu et al. 2017a), U-minerals (Macmillan et al. 2016a, 2016b, 2016c, 2017),
apatite (Krneta et al. 2016, 2017, 2018), Fe-oxides (Ciobanu et al. 2013, 2019; Verdugo-Ihl et al.
2017, 2019a, 2019b; Courtney-Davies et al. 2019a), REE-minerals (Schmandt et al. 2017, 2019a),
or baryte (Schmandt et al. 2019b).

An approach to extractive metallurgy that incorporates detailed mineralogical and geochemical
characterization of an ore, has becoming increasingly recognised as one of the most important
steps towards maximising recovery of economic elements while rejecting deleterious ore
components. The management of deleterious components in the ore, such as the RN discussed in
this thesis, can prove costly and may even present significant health and safety risks if not correctly
monitored and handled with due care (IAEA 2006). The ARC Research Hub for Australian Copper
Uranium, to which this research is a contribution, was established with the understanding of the
need for an all-inclusive interpretation of the mineralogical, geochemical and metallurgical
processes responsible for decoupling, mobilisation and deportment of RN throughout the

processing circuit, and how this is ultimately controlled by mineralogy. The mineralogy and
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mineralogical textures in South Australian Cu-Au ores, however, are diverse and complex down
to the finest scale, necessitating integrated multi-scale, multi-technique approaches to develop this
understanding. By taking a mineralogical approach, the research presented here, along with that
of Schmandt (2019), Rollog (2019), and the publications contained within those theses, has had
far reaching implications for metallurgical processes seeking to reduce RN from processing

streams.
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SUPPLEMENTARY MATERIAL A: APPENDIX FOR CHAPTER 2

Table 1: Pb isotope LA-ICP-MS analysis of Pb-chalcogenides and Cu-(Fe)-sulphides from a Cu-
Au mineralised zone in the Mt Woods Inlier.

Pb 208pp/ | % 207pp/ | % 206pp/ % 28pp/ | % 204pp/ | % 207pp/ | %

Mineral | 204Pb error | 204Pb error | 20°Pb error | 205Pp error | 205Pp error | 205Pb | error
Alt 53.60 5 18.70 5 73.80 7 0.744 6 0.014 7 | 0.257 4
Alt 58.00 7 22.40 7 99.70 4 0.568 3 0.010 4 | 0.219 3
Cls 49.90 7 16.50 8 36.90 8 1.350 3 0.027 8 | 0.449 2
Cls 55.50 5 17.61 4 37.50 3 1.454 3 0.027 3 | 0.462 1
Cls 55.70 5 17.63 4 37.70 3 1.470 2 0.027 3 | 0.466 1
Cls 55.90 4 17.59 5 38.50 4 1.423 3 0.026 4 | 0.458 2
Cls 53.10 4 16.85 3 38.90 3 1.364 2 0.026 3 | 0.437 2
Cls 46.90 5 16.72 4 38.90 4 1.208 2 0.026 4 | 0.431 2
Cls 43.40 3 16.13 3 39.10 3 1.113 2 0.026 3 | 0.420 2
Cls 53.84 1 17.88 1 39.42 1 1.372 1 0.025 1| 0.454 1
Cls 50.90 6 17.28 5 39.50 6 1.295 1 0.025 6 | 0.443 1
Cls 54.40 8 17.16 5 39.60 6 1.278 6 0.025 6 | 0.427 4
Cls 51.20 3 16.94 2 39.68 2 1.299 2 0.025 2 | 0.430 1
Cls 49.70 9 17.10 8 40.00 5 1.261 4 0.025 5| 0.428 3
Cls 50.00 3 16.79 3 40.08 2 1.258 2 0.025 2 | 0421 1
Cls 53.60 7 17.43 5 40.10 4 1.307 4 0.025 4 | 0.441 3
Cls 50.40 4 16.83 3 40.80 2 1.234 2 0.025 2 | 0.415 2
Cls 54.50 2 17.40 1 40.83 1 1.343 2 0.024 1| 0.429 1
Cls 52.50 5 17.43 3 41.10 3 1.283 4 0.024 3 | 0.429 3
Cls 54.70 4 17.41 3 41.22 2 1.311 2 0.024 2 | 0.419 2
Cls 55.60 4 17.46 4 41.50 3 1.338 2 0.024 3| 0.420 2
Cls 51.80 3 17.24 2 41.55 2 1.250 2 0.024 2 | 0.417 1
Cls 50.70 3 16.89 3 41.76 2 1.226 1 0.024 2 | 0.406 1
Cls 51.80 7 17.48 3 41.80 3 1.258 4 0.024 3| 0.420 4
Cls 49.60 3 16.98 2 41.83 2 1.196 2 0.024 2 | 0411 1
Cls 55.20 4 17.95 4 41.90 5 1.298 5 0.024 5| 0.416 2
Cls 52.70 2 17.14 2 41.92 2 1.248 3 0.024 2 | 0411 2
Cls 50.50 4 17.06 3 42.10 3 1.200 2 0.024 3 | 0.409 1
Cls 55.05 2 17.69 1 42.48 2 1.297 2 0.024 2 | 0416 2
Cls 55.10 3 17.66 2 42.58 2 1.296 2 0.023 2 | 0.416 2
Cls 56.40 6 17.77 6 42.70 4 1.323 3 0.023 4 | 0.420 2
Cls 51.30 4 17.47 4 42.70 4 1.215 3 0.023 4 | 0.409 2
Cls 52.39 2 17.68 1 42.75 1 1.224 1 0.023 1| 0412 1
Cls 53.90 2 17.25 2 42.80 2 1.259 2 0.023 2 | 0.404 2
Cls 53.80 8 18.18 5 42.90 3 1.241 5 0.023 3 | 0.415 2
Cls 55.50 2 18.06 2 42.91 1 1.270 2 0.023 1| 0.415 1
Cls 56.60 3 17.83 2 42.95 2 1.311 2 0.023 2 | 0.415 1
Cls 55.80 6 17.70 4 43.00 4 1.324 4 0.023 4 | 0.419 2
Cls 52.20 2 17.53 2 43.07 2 1.215 1 0.023 2 | 0.404 1
Cls 54.90 5 17.55 4 43.10 3 1.281 3 0.023 3| 0411 2
Cls 49.90 8 17.00 6 43.10 6 1.154 4 0.023 6 | 0.395 2
Cls 52.30 2 17.79 2 43.12 2 1.215 1 0.023 2 | 0.410 1
Cls 54.40 2 17.67 2 43.20 6 1.284 2 0.023 6 | 0.423 3
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Cls 52.10 2 17.08 2 43.21 1 1.208 1 0.023 1| 0.400 1
Cls 54.10 4 17.40 3 43.47 2 1.246 3 0.023 2 | 0401 2
Cls 52.50 6 17.56 5 43.50 5 1.216 3 0.023 5| 0.402 2
Cls 53.70 2 17.61 1 43.54 1 1.229 2 0.023 1] 0.406 1
Cls 53.40 4 17.88 3 43.59 2 1.234 2 0.023 2 | 0.410 1
Cls 57.30 4 17.98 3 43.71 2 1.305 2 0.023 2 | 0412 1
Cls 52.40 8 17.70 6 43.80 5 1.184 4 0.023 5| 0.396 2
Cls 55.80 3 18.02 2 43.88 1 1.282 2 0.023 1| 0.407 1
Cls 51.30 3 17.27 3 43.90 2 1.172 2 0.023 2 | 0.395 1
Cls 55.39 2 17.91 3 44.10 2 1.261 2 0.023 2 | 0.406 2
Cls 52.60 3 17.41 2 44.16 2 1.189 1 0.023 2 | 0.393 1
Cls 53.70 4 17.80 3 44.36 2 1.209 2 0.023 2 | 0401 2
Cls 52.60 4 17.72 5 44.40 4 1.190 3 0.023 4 | 0401 2
Cls 51.50 3 17.32 3 44.50 3 1.150 2 0.022 3] 0.386 1
Cls 53.10 3 17.65 3 44.60 3 1.187 1 0.022 3| 0.402 1
Cls 53.71 2 17.99 1 44.74 1 1.205 1 0.022 1| 0.405 1
Cls 54.50 2 18.38 2 44.80 2 1.201 3 0.022 2 | 0.404 2
Cls 53.00 2 17.92 2 44.83 1 1.181 1 0.022 1| 0.398 1
Cls 53.10 2 17.29 2 44.90 2 1.189 2 0.022 2 | 0.389 2
Cls 55.20 3 17.79 2 44.93 2 1.236 3 0.022 2 | 0.396 2
Cls 56.00 4 17.43 3 44.93 2 1.261 3 0.022 2 | 039 1
Cls 49.60 3 17.17 4 45.00 4 1.120 2 0.022 4 | 0.386 2
Cls 58.00 7 18.10 6 45.00 5 1.265 3 0.022 5] 0401 2
Cls 54.50 3 17.18 3 45.01 2 1.209 3 0.022 2 | 0.382 1
Cls 56.80 5 18.15 4 45.02 1 1.259 3 0.022 1| 0.402 2
Cls 52.00 2 17.68 2 45.09 1 1.150 2 0.022 1| 0.389 1
Cls 51.20 6 17.23 6 45.10 6 1.123 3 0.022 6 | 0.383 3
Cls 55.40 3 17.66 2 45.11 2 1.237 3 0.022 2 | 0.395 2
Cls 53.97 1 18.10 1 45.20 1 1.194 1 0.022 1| 0.403 1
Cls 49.60 5 17.12 5 45.30 3 1.095 3 0.022 3] 0372 2
Cls 53.10 7 17.90 7 45.30 6 1.184 4 0.022 6 | 0.386 3
Cls 53.02 2 17.29 2 45.30 2 1.153 2 0.022 2| 0381 1
Cls 53.30 4 17.18 4 45.40 3 1.179 2 0.022 3] 0379 2
Cls 52.30 3 17.41 3 45.40 3 1.147 1 0.022 3| 0.387 1
Cls 58.80 3 18.18 3 45.50 3 1.275 2 0.022 3] 0.398 1
Cls 54.40 4 18.02 4 45.60 4 1.173 2 0.022 4 | 0.390 2
Cls 55.88 2 17.93 2 45.66 1 1.224 1 0.022 1| 0.394 1
Cls 53.60 4 18.29 3 45.70 5 1.191 5 0.022 5] 0.404 6
Cls 55.10 2 18.39 2 45.73 2 1.202 1 0.022 2 | 0.401 1
Cls 57.30 3 18.08 2 45.79 2 1.237 2 0.022 2 | 039 1
Cls 59.70 4 18.71 4 45.80 4 1.306 2 0.022 4 | 0.410 1
Cls 52.51 2 17.91 2 45.83 2 1.156 1 0.022 2 | 0.391 1
Cls 58.00 3 18.20 2 45.94 2 1.252 2 0.022 2 | 0.393 1
Cls 53.67 2 18.20 2 46.21 1 1.162 2 0.022 1| 0.391 2
Cls 56.80 4 17.86 3 46.23 2 1.225 3 0.022 2| 0.383 2
Cls 55.90 3 17.63 2 46.29 2 1.201 3 0.022 2 | 0.381 2
Cls 55.40 5 17.66 5 46.30 3 1.193 2 0.022 3] 0.382 2
Cls 57.30 5 18.50 6 46.40 8 1.241 6 0.022 8 | 0.399 4
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Cls 55.50 3 17.78 2 46.59 2 1.188 1 0.021 2 | 0.382 1
Cls 57.30 8 18.10 7 46.60 7 1.220 3 0.021 7 | 0.405 10
Cls 56.60 4 17.91 3 46.60 3 1.209 4 0.021 3] 0381 2
Cls 55.60 4 18.04 4 46.70 3 1.182 2 0.021 3] 0.388 1
Cls 51.50 3 17.38 3 46.93 2 1.095 2 0.021 2 | 0.370 1
Cls 56.60 6 18.07 4 47.00 4 1.196 3 0.021 4 | 0.385 2
Cls 53.70 4 18.07 4 47.00 4 1.108 7 0.021 4] 0.384 4
Cls 48.10 8 15.93 6 47.10 4 1.005 5 0.021 4 | 0.334 3
Cls 54.80 9 17.73 5 47.30 7 1.153 7 0.021 7 | 0377 5
Cls 55.70 3 18.29 3 47.49 2 1.174 2 0.021 2 | 0.385 2
Cls 54.90 3 18.08 4 47.50 3 1.163 3 0.021 3] 0.378 3
Cls 57.30 4 18.15 3 47.60 2 1.209 4 0.021 2| 0379 2
Cls 54.20 4 17.24 4 47.60 3 1.177 3 0.021 3] 0.370 2
Cls 57.70 3 18.09 3 47.60 3 1.236 2 0.021 3] 0.386 2
Cls 52.30 6 17.98 5 47.90 6 1.095 5 0.021 6 | 0.373 4
Cls 56.50 8 18.20 8 48.50 7 1.156 3 0.021 7 | 0.372 2
Cls 55.90 3 18.14 2 48.68 2 1.158 2 0.021 2 | 0.376 1
Cls 54.60 1 18.35 1 48.79 1 1.118 1 0.020 1] 0.377 1
Cls 52.10 3 17.62 2 48.98 2 1.056 2 0.020 2 | 0.358 2
Cls 51.50 5 17.10 4 49.00 4 1.077 3 0.020 4 | 0.355 2
Cls 52.80 4 17.37 3 49.10 2 1.077 4 0.020 2 | 0.355 2
Cls 54.40 6 17.78 5 49.20 4 1.111 3 0.020 4 | 0.358 2
Cls 59.60 6 18.60 6 49.30 5 1.204 2 0.020 5] 0.380 2
Cls 58.70 5 18.68 5 49.40 5 1.172 2 0.020 5] 0.376 1
Cls 54.60 3 18.12 2 49.73 1 1.099 2 0.020 1| 0.365 1
Cls 54.80 5 17.34 5 49.80 5 1.105 1 0.020 5] 0.348 2
Cls 57.80 4 18.36 3 49.80 3 1.155 3 0.020 3| 0.370 2
Cls 54.40 2 18.86 2 50.00 2 1.074 3 0.020 2] 0371 3
Cls 57.40 6 17.60 3 50.60 3 1.128 2 0.020 3 | 0.350 1
Cls 57.80 4 18.55 4 50.80 4 1.129 3 0.020 4 | 0.365 2
Cls 51.80 8 17.20 8 50.90 9 1.041 4 0.020 9 | 0.354 3
Cls 49.60 7 16.70 8 51.10 9 0.947 4 0.020 9 | 0.330 6
Cls 53.00 3 18.12 2 51.10 2 1.035 1 0.020 2 | 0.352 1
Cls 57.40 4 18.70 3 51.40 3 1.115 3 0.019 3 | 0.360 1
Cls 52.63 1 18.60 3 51.44 2 1.022 2 0.019 2 | 0.361 3
Cls 53.70 3 18.07 3 51.88 2 1.045 2 0.019 2 | 0.349 2
Cls 51.40 7 17.30 6 52.10 6 0.991 5 0.019 6 | 0334 2
Cls 56.00 7 18.20 6 52.10 4 1.100 4 0.019 4 | 0.359 3
Cls 53.30 4 18.24 3 52.20 2 1.017 3 0.019 2 | 0.346 2
Cls 54.70 5 19.40 7 52.40 4 1.017 6 0.019 4 | 0.359 6
Cls 54.30 4 18.34 3 52.80 2 1.018 4 0.019 2 | 0.349 2
Cls 51.30 6 17.90 6 52.90 5 0.964 2 0.019 5] 0.338 2
Cls 54.50 4 17.91 5 53.60 5 1.046 4 0.019 5] 0.335 3
Cls 53.85 1 18.91 2 53.83 2 1.005 1 0.019 2 | 0.351 1
Cls 57.30 4 18.54 3 54.20 3 1.080 2 0.018 3] 0.348 1
Cls 53.80 3 18.85 3 55.60 2 0.964 2 0.018 2 | 0.339 2
Cls 55.80 8 18.60 7 56.40 10 1.001 5 0.018 10 | 0.332 5
Cls 53.87 1 18.62 1 56.58 1 0.950 1 0.018 1] 0.327 1
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Cls 56.40 8 18.60 6 56.90 6 0.975 4 0.018 6 | 0.325 3
Cls 56.40 6 18.60 6 57.10 4 0.994 4 0.018 4| 0.320 3
Cls 58.80 9 19.30 7 57.40 6 1.072 3 0.017 6 | 0.336 2
Cls 56.20 7 18.80 6 57.80 6 0.975 2 0.017 6 | 0.328 2
Cls 49.60 8 18.40 9 57.80 7 0.847 5 0.017 7 | 0.309 3
Cls 51.20 7 16.90 7 57.80 7 0.876 2 0.017 7 | 0.295 3
Cls 54.11 2 18.82 2 57.80 3 0.935 2 0.017 3| 0.328 3
Cls 57.00 8 19.60 8 57.90 9 1.018 2 0.017 9 | 0.339 2
Cls 54.70 5 18.20 6 58.00 7 0.957 4 0.017 7 | 0.317 3
Cls 54.00 4 20.10 5 58.10 4 0.936 1 0.017 4 | 0.333 2
Cls 54.80 1 19.07 1 58.87 2 0.935 1 0.017 2 | 0.324 2
Cls 57.20 9 19.30 9 59.10 9 0.958 6 0.017 9 | 0.329 4
Cls 55.80 6 19.16 5 59.10 5 0.914 3 0.017 5] 0.318 3
Cls 58.00 9 19.70 6 59.40 6 0.930 5 0.017 6 | 0.323 5
Cls 56.60 3 18.62 3 59.50 2 0.943 2 0.017 2 | 0.312 1
Cls 52.10 6 18.21 5 60.70 4 0.850 3 0.016 4 | 0.301 2
Cls 52.50 3 18.77 3 61.10 2 0.858 4 0.016 2 | 0.308 2
Cls 51.20 6 18.50 4 61.60 4 0.834 7 0.016 4 | 0.301 5
Cls 54.30 4 18.77 3 61.80 3 0.866 6 0.016 3] 0.299 5
Cls 56.70 8 19.30 8 63.80 8 0.910 3 0.016 8 | 0.301 3
Cls 53.26 2 18.98 1 64.04 1 0.832 1 0.016 1| 0.296 1
Cls 57.30 3 19.21 2 65.00 2 0.865 1 0.015 2 | 0.293 1
Cls 56.40 2 18.92 2 65.08 1 0.862 2 0.015 1| 0.292 1
Cls 60.60 4 20.02 4 65.10 4 0.949 2 0.015 4 | 0.310 2
Cls 53.10 4 19.50 5 65.20 9 0.851 6 0.015 9| 0.313 5
Cls 59.30 9 19.70 9 65.90 9 0.869 4 0.015 9 | 0.297 3
Cls 56.90 7 19.20 7 66.00 7 0.860 3 0.015 7 | 0.287 3
Cls 59.00 3 19.51 3 66.90 2 0.885 2 0.015 2 | 0.295 2
Cls 53.30 6 18.44 5 67.90 5 0.779 2 0.015 5| 0.275 2
Cls 54.80 6 19.74 4 72.70 5 0.763 5 0.014 5| 0.274 4
Cls 54.30 5 19.70 6 74.80 6 0.735 2 0.013 6 | 0.265 2
Cls 52.90 3 20.32 3 77.80 4 0.674 3 0.013 4 | 0.254 3
Cls 54.80 4 19.32 4 78.10 4 0.702 3 0.013 4 | 0.251 3
Cls 51.50 8 19.70 8 78.60 9 0.675 6 0.013 9 | 0.258 4
Cls 54.60 2 20.66 2 83.20 2 0.660 2 0.012 2 | 0.249 1
Cls 54.20 4 19.83 3 84.30 3 0.637 3 0.012 3] 0.232 2
Cls 56.40 6 20.70 8 88.00 8 0.664 4 0.011 8 | 0.238 1
Cls 46.30 6 19.90 8 93.00 8 0.505 5 0.011 8| 0.213 4
Cls 52.40 4 20.70 5 95.00 7 0.570 6 0.011 7 | 0.221 4
Cls 57.60 7 22.20 8 97.70 8 0.601 3 0.010 8 | 0.226 3
Cls 54.20 3 21.59 4 98.00 5 0.551 4 0.010 5| 0.217 3
Cls 49.10 5 19.94 4 98.90 4 0.485 3 0.010 4 | 0.201 2
Cls 59.80 8 23.10 6 99.40 5 0.603 6 0.010 5] 0.232 4
Cls 53.90 4 20.63 3 100.70 3 0.539 2 0.010 3 | 0.206 2
Cls 53.30 6 20.04 4 102.60 5 0.525 2 0.010 5] 0.198 2
Cls 56.40 6 21.20 6 104.60 5 0.537 2 0.010 5| 0.203 1
Cls 54.40 9 19.30 8 107.10 6 0.498 4 0.009 6 | 0.178 3
Cls 61.50 9 22.80 8 109.90 8 0.573 5 0.009 8| 0.213 4
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Cls 60.00 6 24.40 6 111.30 6 0.551 5 0.009 6 | 0.218 3
Cls 57.70 8 24.70 8 115.60 8 0.497 7 0.009 8 | 0.205 3
Cls 51.10 6 22.30 7 120.00 10 0.441 8 0.008 10 | 0.188 5
Cls 55.40 4 23.89 4 124.40 5 0.449 2 0.008 5] 0.193 1
Cls 56.10 9 21.80 8 124.60 8 0.445 2 0.008 8 | 0.174 2
Cls 55.40 4 23.90 4 124.80 5 0.445 2 0.008 5] 0.192 2
Cls 53.10 7 22.20 6 128.20 7 0.413 2 0.008 7 | 0.175 2
Cls 56.80 2 23.39 2 130.00 2 0.437 2 0.008 2| 0.182 2
Cls 53.12 1 23.94 1 131.90 3 0.403 3 0.008 3] 0.181 2
Cls 52.10 3 23.36 3 134.70 4 0.389 3 0.007 4| 0.173 2
Cls 61.60 8 24.50 7 135.00 8 0.459 4 0.007 8 | 0.185 2
Cls 52.50 4 24.25 4 143.50 3 0.373 3 0.007 3] 0171 2
Cls 54.60 7 25.00 7 152.00 7 0.356 2 0.007 7 | 0.167 2
Cls 59.90 8 29.80 7 167.00 7 0.344 3 0.006 7] 0.176 2
Cls 53.30 10 26.20 10 177.00 9 0.303 2 0.006 9 | 0.150 2
Cls 55.60 7 29.20 7 183.00 7 0.304 4 0.005 7 | 0.158 3
Cls 51.80 5 26.81 3 184.20 5 0.288 5 0.005 5] 0.143 2
Cls 58.00 6 29.70 5 200.00 6 0.291 3 0.005 6 | 0.149 2
Cls 56.80 4 29.40 5 211.00 7 0.271 5 0.005 7] 0.142 4
Cls 56.50 9 32.10 8 228.00 7 0.246 3 0.004 7 | 0.138 2
Cls 54.20 9 37.90 9 234.00 9 0.228 4 0.004 9 | 0.158 2
Cls/Alt 53.20 5 17.78 6 52.30 5 1.015 2 0.019 5] 0.338 1
Cls/Alt 52.10 5 17.59 4 56.20 4 0.935 2 0.018 4| 0313 2
Gn 54.60 6 17.39 5 42.30 4 1.271 3 0.024 4 | 0.408 2
Gn 52.00 3 17.44 2 43.92 2 1.207 2 0.023 2 | 0.403 1
Gn 52.10 3 17.59 3 44.60 3 1.166 2 0.022 3] 0.395 2
Gn 55.60 5 17.14 3 45.20 3 1.227 3 0.022 3| 0.384 2
Gn 53.30 6 17.80 5 46.00 4 1.157 2 0.022 4 | 0.389 2
Gn 54.71 2 18.38 1 48.32 1 1.140 2 0.021 1] 0.381 1
Gn 61.50 4 18.68 3 48.90 2 1.249 3 0.020 2| 0.384 2
Gn 51.10 4 17.46 3 52.40 2 0.982 3 0.019 2| 0341 1
Gn 53.30 7 17.80 6 54.60 3 0.952 4 0.018 3| 0.315 3
Gn 53.50 5 19.20 3 55.70 3 0.972 2 0.018 3] 0.349 1
Gn 62.90 6 19.21 3 61.10 4 1.016 5 0.016 4 | 0.315 6
Gn 53.70 6 18.16 5 66.00 6 0.855 5 0.015 6 | 0.277 3
Gn 52.00 9 18.80 10 69.00 9 0.775 4 0.014 9 | 0.278 3
Gn 45.00 8 16.81 5 69.40 6 0.658 7 0.014 6 | 0.245 3
Gn 53.10 6 18.96 5 82.60 4 0.651 3 0.012 4 | 0.232 2
Gn 54.20 3 21.45 2 94.50 2 0.580 3 0.011 2 | 0.228 2
Gn 53.00 3 21.75 2 95.10 2 0.569 2 0.011 2 | 0.230 1
Gn 50.50 4 20.06 3 99.30 3 0.510 3 0.010 3| 0.204 2
Gn 57.50 6 21.80 6 104.60 6 0.550 2 0.010 6 | 0.208 2
Gn 52.70 5 22.90 4 131.40 4 0.403 2 0.008 4 | 0.174 2
Gn 54.20 3 23.61 3 136.10 3 0.400 1 0.007 3] 0.173 1
Gn 54.10 6 25.00 7 153.00 10 0.361 6 0.007 10 | 0.164 4
Gn 51.10 5 26.90 5 164.40 5 0.312 3 0.006 5] 0.163 1
Gn 50.70 7 23.70 7 166.00 6 0.310 4 0.006 6 | 0.145 3
Gn 55.90 2 44.94 1 299.00 2 0.188 2 0.003 2 | 0.150 1
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Gn 55.20 2 34.61 2 362.40 2 0.154 2 0.003 2 | 0.095 2
Gn 39.30 5 40.90 6 363.00 7 0.111 5 0.003 7 | 0.113 2
Gn 53.10 7 34.50 7 391.00 6 0.139 4 0.003 6 | 0.087 4
Gn 54.40 3 40.90 3 419.70 2 0.130 2 0.002 2 | 0.097 2
Gn 54.60 5 50.70 4 547.00 3 0.100 3 0.002 3| 0.093 2
Gn 55.60 5 52.70 5 581.00 3 0.096 3 0.002 3] 0.091 2
Gn 56.50 4 142.40 3 1627.00 4 0.034 3 0.001 4| 0.087 1
Sulphide 75.00 13 24.70 13 86.00 13 0.843 4 0.012 13 | 0.296 3
Sulphide 56.40 9 26.30 9 136.00 9 0.415 4 0.007 9 | 0.188 3
Sulphide 53.00 10 23.60 11 120.00 13 0.468 5 0.008 13 | 0.202 4
Sulphide 87.00 25 37.50 23 217.00 24 0.377 5 0.005 24 | 0.176 5
Sulphide 49.90 6 23.10 6 78.60 7 0.639 2 0.013 7 | 0301 2
Sulphide 56.20 9 25.70 10 144.00 9 0.386 2 0.007 9| 0.174 2
Sulphide 77.00 32 35.00 34 172.00 34 0.451 4 0.006 34 | 0.205 4
Sulphide 56.10 7 20.00 7 70.30 8 0.799 3 0.014 8 | 0.290 2
Sulphide 52.00 11 18.40 10 65.90 10 0.760 3 0.015 10 | 0.284 3
Sulphide 54.00 19 20.80 16 76.00 20 0.725 9 0.013 20 | 0.272 5
Sulphide 62.10 14 22.70 14 102.00 15 0.602 4 0.010 15 | 0.239 5
Sulphide 53.70 5 21.70 6 73.40 8 0.775 6 0.014 8 | 0.299 4
Sulphide 50.70 7 17.60 6 55.80 6 0.935 3 0.018 6 | 0.320 3
Sulphide 57.70 14 20.50 14 69.60 14 0.852 3 0.014 14 | 0.307 4
Sulphide 64.00 17 31.60 16 184.00 17 0.353 3 0.005 17 | 0.177 4
Sulphide 65.30 11 28.20 9 142.00 24 0.429 5 0.007 24 | 0.189 3
Sulphide 52.60 17 22.80 15 145.00 32 0.428 6 0.007 32 | 0.185 6
Sulphide 59.00 34 26.00 42 177.00 40 0.327 5 0.006 40 | 0.159 4
Sulphide 86.00 78 40.00 80 210.00 71 0.408 5 0.005 71 | 0.183 5
Sulphide 85.00 40 32.00 38 150.00 35 0.539 4 0.007 35 | 0.214 4
Sulphide 56.70 6 25.00 6 144.80 6 0.389 2 0.007 6| 0.174 3
Sulphide 72.00 24 33.00 23 212.00 25 0.339 3 0.005 25 | 0.158 3
Sulphide 61.20 7 25.70 6 140.70 7 0.425 3 0.007 7 | 0.182 2
Sulphide 58.00 29 29.40 23 153.00 31 0.388 5 0.007 31| 0.172 5
Sulphide 50.00 200 44.00 157 290.00 97 0.336 9 0.003 97 | 0.209 6
Sulphide 60.10 7 22.70 6 105.70 6 0.561 3 0.009 6 | 0.217 2
Sulphide 67.00 16 29.30 19 128.00 17 0.549 4 0.008 17 | 0.224 4
Sulphide 62.00 95 50.00 126 470.00 106 0.123 3 0.002 106 | 0.121 2
Sulphide 59.20 11 23.20 12 94.00 13 0.665 3 0.011 13 | 0.256 3
Sulphide 68.00 25 27.10 25 137.00 26 0.463 4 0.007 26 | 0.200 3
Sulphide 65.00 22 25.00 24 86.00 22 0.754 3 0.012 22 | 0.288 4
Sulphide 59.60 10 25.50 9 148.00 10 0.400 5 0.007 10 | 0.173 3
Sulphide 56.70 11 22.50 11 110.00 12 0.498 4 0.009 12 | 0.200 5
Sulphide 54.00 20 21.70 18 130.00 18 0.386 6 0.008 18 | 0.167 5
Sulphide 57.90 11 25.70 11 130.00 16 0.434 10 0.008 16 | 0.196 8
Sulphide 69.00 39 39.00 49 146.00 20 0.382 5 0.007 20 | 0.169 6
Sulphide 53.30 10 26.80 10 173.00 9 0.304 3 0.006 9 | 0.150 2
Sulphide 64.00 34 28.70 30 147.00 30 0.491 6 0.007 30 | 0.202 5
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SUPPLEMENTARY MATERIAL B: APPENDIX FOR CHAPTER 3

Table 1: Elements analysed, peak/background positions, count times, and standards used for

sulphide analysis.

Element/line Diffracting Peak Background # bkgd points | Background Standard
Crystal/Sp# count type/fit* acquired count time
time (Lo/Hi) (Lo/Hi)
(sec) (sec)

S Ka LPET/1 10 Multipoint 212 10/10 Astimex
Marcasite

Pb Ma LPET/1 30 Multipoint 4/3 20/15 P&H block
Galena

CdLa LPET/1 60 Multipoint 2/2 30/30 P&H block
Grenockite

Bi Ma LPET/1 30 Multipoint 2/2 20/20 P&H block
Bi2Se3

As La TAP/2 30 Multipoint 212 20/20 Astimex GaAs

Se La TAP/2 100 Multipoint 2/3 60/60 P&H block
Bi2Se3

Fe Ka LLIF/3 10 Multipoint 2/2 10/10 P&H block
Chalcopyrite

CuKa LLIF/3 10 Linear - 10/10 P&H block
Chalcopyrite

Mn Ka LLIF/3 30 Multipoint 212 20/20 P&H block
Rhodonite

Ga Ka LLIF/3 20 Linear - 10/10 P&H block
GaAs

Ag La LPET/4 30 Multipoint 1/2 10/20 P&H block
AgTe

SnLa LPET/4 30 Multipoint 212 20/20 P&H
Cassiterite

InLa LPET/4 30 Multipoint 2/1 20/10 Astimex  metal
Indium

Sb La LPET/4 30 Multipoint 2/2 20/20 Astimex
Stibnite

Te La LPET/4 30 Multipoint 2/2 20/20 P&H block
AgTe

Tl Ma LPET/4 20 Linear - 10/10 Astimex
TI metal

Hg La LLIF/5 100 Multipoint 313 60/60 P&H
Cinnabar

Zn Ka LLIF/5 30 Multipoint 212 10/10 P&H
Spahlerite

Ni Ka LLIF/5 30 Linear - 10/10 Astimex
Pentlandite

Co Ka LLIF/5 30 Multipoint 2/2 10/10 Astimex
Co metal

Table 2: Elemental overlap corrections used in sulphide package.

Element/line Diffracting crystal QOverlapping element/order Overlap standard
S Ka LPET/1 Colll, Sb1l, Hg | Astimex Co metal, Astimex
Stibnite, Astimex Cinnabar
Pb Ma LPET/1 Fe lll, AsV P&H block Chalcopyrite,
Astimex GaAs
CdLa LPET/1 Pb IV, Agl, Se IV Astimex Galena, P&H block
AgTe, Astimex Bi2Se3
As La TAP/2 Sh Ill, Fe V, Co VI Astimex Stibnite, P&H
Chalcopyrite, Astimex Co
metal
Se La TAP/2 Asl, Telll, Co V, Ni IV Astimex GaAs, P&H AgTe,
Astimex Co metal, Astimex Ni
metal
Fe Ka LLIF/3 Pb Il P&H Galena
Mn Ka LLIF/3 Hg Il, As 1l P&H Cinnabar, P&H GaAs
Ag La LPET/4 Hg IV, Cu lll, Mn Il P&H Cinnabar, P&H
Chalcopyrite, P&H Rhodonite
Sn La LPET/4 Coll, Hg IV Astimex Co metal, P&H
Cinnabar
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In La LPET/4 Cd |, Bi IV, Hg I P&H Grenockite, P&H Bi2Se3,
P&H Cinnabar
Co Ka LLIF/5 Hg Il P&H Cinnabar
ShLa LPET/4 Bi Il P&H Bi2Se3
Te La LPET/4 Snl, Selll, Ni ll P&H Cassiterite, P&H Bi2Se3,
Astimex Pentlandite
Bi Ma LPET/1 Pb | P&H Galena
Tl Ma LPET/4 Hg | Astimex Cinnabar
Ga Ka LLIF/3 Pb | P&H Galena
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SUPPLEMENTARY MATERIAL C: APPENDIX FOR CHAPTER 4

Table 1: Electron Microprobe setup with element analysis conditions and standard information.

Element Ti%%u(rstc) (s!:ci:) (;_ecc)) Cr[;ga(csingo.) Starr:g.a "!"| standard Name

Caka 20 10 10 LPET (1) 535 Astimex Plagioclase

K ka 20 10 10 LPET (1) 541 Astimex Sanidine

Tika 30 15 15 LPET (1) 559 Rutile

Umb 60 30 30 LPET (1) 631 uo2

Lala 20 10 10 LPET (1) 1200 Lanthanum Phosphate (Ch)
Cela 20 10 10 LPET (1) 1201 Cerium Phosphate (Ch)
Bala 20 10 10 LPET (1) 554 Barite

F ka 20 40 30 PCO (2) 2001 Astimex Apatite

Fe ka 20 10 10 LIFF (3) 502 Astimex Almandine Garnet
Mn ka 20 10 10 LIFF (3) 557 Rhodonite

Cu ka 20 10 10 LIFF (3) 556 Chalcopyrite

Ho Ib 20 10 10 LIFF (3) 1209 Holmium Phosphate (Ch)
Yb la 20 10 10 LIFF (3) 1212 Ytterbium Phosphate (Ch)
Tmla 20 10 10 LIFF (3) 1211 Thulium Phosphate (Ch)
Erla 20 10 10 LIFF (3) 1210 Erbium Phosphate (Ch)

Gd Ib 20 10 10 LIFF (3) 1206 Gadolinium Phosphate (Ch)
Dy la 20 10 10 LIFF (3) 1208 Dysprosium Phosphate (Ch)
Thla 20 10 10 LIFF (3) 1207 Terbium Phosphate (Ch)
Smlb 20 10 10 LIFF (3) 1204 Samarium Phosphate (Ch)
Eu la 20 10 10 LIFF (3) 1205 Europium Phosphate (Ch)
Nd Ib 20 10 10 LIFF (3) 1203 Neodymium Phosphate (Ch)
Prlb 20 10 10 LIFF (3) 1202 Praseodymium Phosphate (Ch)
Na ka 20 10 10 TAP (4) 501 Astimex Albite

Sika 20 10 10 TAP (4) 501 Astimex Albite

Mg ka 20 10 10 TAP (4) 502 Astimex Almandine Garnet
Al ka 20 10 10 TAP (4) 501 Astimex Albite

Srla 20 10 10 TAP (4) 513 Astimex Celestine

As la 30 15 15 TAP (4) 562 Gallium Arsenide

P ka 20 10 10 LPET (5) 504 Astimex Apatite

Ska 20 10 10 LPET (5) 513 Astimex Celestine

Cl ka 20 10 10 LPET (5) 545 Astimex Tugtupite

Th ma 30 15 15 LPET (5) 629 Huttonite

Pb mb 20 10 10 LPET (5) 627 K227

Y la 30 15 15 LPET (5) 1214 Yttrium Phosphate (Ch)

Nb la 30 15 15 LPET (5) 616 Niobium

Zrla 30 15 15 LPET (5) 599 Zirconium
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V ka 30 15 15 LIFF (3) 608 Vanadium
W la 30 15 15 LIFF (3) 596 Tungsten

Tala 30 15 15 LIFF (3) 601 Tantalum

Bi ma 30 15 15 LPET (5) 568 Bi2Se3

Table 2: The complete Electron Microprobe dataset in weight percent concentration. Note, to
allow for the composition of H3O*, H,O and OH" within APS minerals, only analysis with totals
summing to 75-95 wt% were used. FT=Floatation concentrate, CLD=Concentrate leach discharge.

Egg}gg” Concentration (wt%o)
Material FT FT FT FT FT FT FT FT FT FT FT FT FT
Na20 0.000 0.000 0.000 0.000 0.000 0.135 0.103 0.035 0.107 0.000 0.262 0.109 0.028
K20 0.083 0.192 0.029 0.014 0.012 0.228 0.272 0.063 0.400 0.024 0.997 0.565 0.062
Ca0 0.125 0.151 0.182 0.199 0.201 0.218 0.307 0.332 0.332 0.376 0.402 0.599 0.783
SrO 1.489 1.485 2.115 2.155 2.380 3.239 10.197 2.277 1.484 1.611 12.853 | 12.704 7.713
BaO
Y203 0.000 0.023 0.026 0.055 0.044 0.051 0.000 0.051 0.000 0.021 0.000 0.000 0.000
Zr02 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
La203 10.091 8.716 9.908 6.734 9.434 | 11.440 | 3.430 | 13.639 | 6.605 8.966 3.315 1.993 5.358
Ce203 13.558 13.952 11.564 | 14.264 | 14.589 | 10.285 4.145 12.931 8.113 15.722 3.065 2.287 8.002
Pr203 0.800 1.259 0.470 1.467 1.034 0.405 0.326 0.601 0.420 1.383 0.099 0.106 0.579
Nd203 1.890 3.082 0.618 4.688 2.241 0.632 0.868 0.983 0.782 3.570 0.224 0.291 1.834
Sm203 0.000 0.122 0.000 0.357 0.000 0.000 0.103 0.000 0.000 0.212 0.000 0.106 0.221
Eu203 0.000 0.038 0.000 0.086 0.000 0.000 0.000 0.000 0.000 0.046 0.000 0.000 0.000
Gd203 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Th203 0.000 0.000 0.054 0.000 0.000 0.000 0.000 0.000 0.072 0.000 0.000 0.039 0.000
Dy203 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ho203 0.000 0.000 0.116 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Er203 0.000 0.000 0.069 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Tm203 0.000 0.000 0.065 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Yb203 0.000 0.000 0.000 0.000 0.000 0.000 0.249 0.327 0.000 0.000 0.000 0.000 0.000
Bi203
PbO 0.000 0.000 0.000 0.027 0.000 0.000 0.182 0.000 0.000 0.000 0.171 0.139 0.000
ThO2 0.042 0.061 0.028 0.020 0.000 0.000 0.083 0.000 0.000 0.000 0.027 0.045 0.127
uo2 0.000 0.000 0.063 0.000 0.000 0.054 0.023 0.000 0.173 0.000 0.000 0.000 0.000
MgO
Al203 28.411 28.876 29.197 | 28.859 | 29.776 | 25.336 | 30.988 | 30.401 | 29.276 | 29.768 | 32.194 | 33.704 | 31.438
TiO2
V205
MnO
Fe203 0.904 0.681 0.315 3.304 3.149 3.822 | 14.073 | 2.635 2.863 1.331 0.982 0.694 7.152
Cu20
Nb205 0.023 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.000
Ta205
WO03
Si02 0.000 0.000 0.000 0.000 0.000 2.363 3.890 0.000 2.233 0.000 2.026 1.960 0.000
P205 20.229 20.422 19.546 | 19.498 | 17.264 | 14.040 | 11.109 | 19.290 | 18.294 | 19.753 | 16.453 | 15.597 | 19.033
SO2 0.877 0.766 1.525 0.672 1.487 2.373 7.409 1.563 2.133 0.718 | 11.796 | 12.046 | 4.307
As203 0.182 0.000 0.435 0.688 0.156 0.000 0.000 0.031 0.020 0.000 0.037 0.000 0.022
F 0.085 0.064 0.267 0.061 0.218 0.611 0.307 0.219 0.217 0.265 1.187 1.293 0.505
Cl 0.018 0.097 0.050 0.035 0.073 0.037 0.065 0.030 0.035 0.031 0.143 0.045 0.028
Total 78.807 79.988 | 76.643 | 83.184 | 82.057 | 75.268 | 88.128 | 85.407 | 73.559 | 83.795 | 86.234 | 84.343 | 87.192
Material FT FT FT FT FC FC FC FC FC FC FC FC FC
Na20 0.143 0.133 0.181 0.135 0.000 0.000 0.131 0.061 0.035 0.058 0.082 0.047 0.139
K20 0.216 0.258 0.294 0.150 0.009 0.044 0.258 0.108 0.102 0.359 0.202 0.071 0.271
CaO 0.876 0.936 0.950 1.241 0.276 0.532 0.615 0.852 0.953 0.958 0.980 1.006 1.052
SrO 9.004 9.961 3.145 10.810 2.244 8.680 13.027 8.707 8.723 14.447 | 11.946 9.469 12.607
BaO 0.062 0.177 0.182 0.174 0.516 0.328 0.459 0.557 0.331
Y203 0.000 0.035 0.034 0.043 0.000 0.078 0.000 0.059 0.120 0.028 0.053 0.176 0.165
Zr02 0.000 0.000 0.000 0.000 0.040 0.028 0.039 0.064 0.051 0.000 0.047 0.071 0.050
La203 4.507 3.753 10.082 3.033 7.820 4.793 2.691 4.144 5.780 1.730 2.020 4.787 2.462
Ce203 6.288 4.846 10.985 | 5.904 | 11.685 | 8.238 3.652 8.046 8.684 3.207 4.989 6.680 5.152
Pr203 0.333 0.398 0.711 0.476 0.904 0.714 0.391 0.881 0.406 0.210 0.327 0.545 0.410
Nd203 0.741 1.049 1.313 1.683 2.577 2.160 0.661 2.101 1.247 0.908 1.176 0.919 0.834
Sm203 0.000 0.000 0.083 0.156 0.189 0.185 0.176 0.154 0.000 0.000 0.080 0.087 0.000
Eu203 0.000 0.000 0.000 0.079 0.000 0.103 0.000 0.122 0.000 0.000 0.040 0.081 0.000
Gd203 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.068 0.000 0.000 0.000
Th203 0.000 0.000 0.000 0.000 0.000 0.062 0.049 0.068 0.000 0.000 0.000 0.000 0.000
Dy203 0.044 0.000 0.000 0.000 0.000
Ho0203 0.000 0.098 0.000 0.000 0.000
Er203 0.000 0.000 0.000 0.000 0.000
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Tm203 0.000 0.000 0.000 | 0.000 | 0.000
Yb203 0.000 0.000 0.000 | 0.000 | 0.000
Bi203 0.000 | 0.000 | 0.081 | 0.000 | 0.000 | 0.000 | 0.000 0.046 0.000
PbO 0.110 0.112 0.027 0.090 | 0.000 | 0.000 | 0.146 | 0.220 | 0.000 | 0.340 | 0.267 0.000 0.262
ThO2 0.132 0.164 0.037 0.152 0.000 | 0.000 | 0.119 | 0.000 | 0.000 | 0.116 | 0.105 0.000 0.120
uo2 0.000 0.027 0.041 0.000 | 0.041 0.000 | 0.027 | 0.000 | 0.000 | 0.000 | 0.046 0.032 0.021
MgO 0.015 | 0.000 | 0.041 | 0.069 | 0.000 | 0.033 | 0.026 0.000 0.032
Al203 30.117 32.408 | 29.739 | 29.975 | 29.364 | 33.562 | 34.717 | 33.071 | 33.199 | 35.817 | 31.267 | 30.480 | 35.109
Tio2 0.000 | 0.028 | 0.042 | 0.018 | 0.013 | 0.000 | 0.000 0.025 0.000
V205 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 0.000
MnO 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 0.033
Fe203 1.083 1.604 4.444 1.389 | 9.642 4.553 1.229 2471 1.360 | 0.879 1.573 1.674 0.947
Cu20 0.942 0.295 | 0.845 | 0.838 | 0.248 | 0.568 | 0.228 0.470 0.422
Nb205 0.020 0.000 0.000 | 0.000 | 0.023 | 0.000 | 0.000 | 0.026 | 0.000 | 0.022 | 0.000 0.000 0.000
Ta205 0.000 | 0.000 | 0.126 | 0.078 | 0.000 | 0.000 | 0.063 0.000 0.000
WO3 0.000 | 0.071 | 0.092 | 0.000 | 0.000 | 0.000 | 0.000 0.000 0.000
Sio2 0.000 0.000 0.000 | 0.000 | 0.718 | 0.187 | 0.286 | 0.744 | 0.359 | 0.246 | 0.278 0.542 0.228
P205 17.537 17.174 | 16.133 | 19.746 | 18.747 | 19.204 | 18.091 | 18.807 | 19.414 | 18.062 | 20.055 | 20.421 | 17.824
S0O2 6.079 7.967 1.180 | 4.455 1420 | 4.487 | 11.031 | 6.299 3.787 | 10.716 | 7.134 | 4.258 | 10.041
As203 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 0.000
F 0.584 0.973 0.584 1.866 | 0.000 | 0.402 | 0.353 | 0.706 2498 | 0.836 2.014 | 2.745 1.573
Cl 0.094 0.073 0.127 0.052 0.031 0.047 | 0.032 | 0.035 | 0.000 | 0.030 | 0.052 0.000 0.036
Total 77.908 81.969 | 80.092 | 81.434 | 86.747 | 88.626 | 89.131 | 88.923 | 87.497 | 89.968 | 85.508 | 85.188 | 90.121
Material FC FC FC FC FC FC FC FC FC FC FC FC FC
Na20 0.077 0.076 0.049 0.127 0.139 | 0.084 | 0.136 | 0.000 | 0.147 | 0.094 | 0.102 0.072 0.119
K20 0.233 0.146 0134 | 0204 | 0.243 | 0.124 | 0235 | 0185 | 0.203 | 0.217 | 0.160 0.085 0.205
Ca0 1.069 1.136 1.288 1.307 1.442 1.478 1.507 1521 1.531 1.544 1.602 1.602 1.610
SrO 14.077 13571 9.584 | 11.347 | 10.100 | 10.952 | 10.059 | 8.614 | 10.530 | 12.744 | 11.778 | 10.601 | 11.220
BaO 0.382 0.439 0.420 | 0.691 0.510 | 0.398 | 0.471 | 0.443 | 0.505 | 0.619 | 0.740 0.508 0.624
Y203 0.048 0.053 0.230 | 0.100 | 0.152 0.109 | 0.164 | 0.298 | 0.104 | 0.120 | 0.115 0.377 0.144
Zr02 0.051 0.052 0.052 0.056 | 0.069 | 0.036 | 0.044 | 0.075 | 0.067 | 0.057 | 0.059 0.058 0.067
La203 1.544 1.983 3.941 2.640 | 2.782 3.287 | 4947 | 4.332 3.230 2.616 2.806 4.096 2.941
Ce203 3.332 3.934 8.354 | 5044 | 5.887 5.675 | 5.848 7.893 5353 | 4.670 5.449 6.478 5.202
Pr203 0.375 0.461 0.871 0.409 | 0.341 0.570 | 0327 | 0.681 | 0.557 | 0.442 | 0.543 0.641 0.342
Nd203 0.896 1.072 1.832 1.410 1.138 1.118 | 0.895 1.946 1162 | 0.932 | 0.999 1.107 0.994
Sm203 0.000 0.000 0.203 0.000 | 0.000 | 0.095 | 0.000 | 0132 | 0113 | 0.129 | 0.128 0.174 0.000
Eu203 0.000 0.000 0.055 | 0.000 | 0.049 | 0.000 | 0.000 | 0.067 | 0.146 | 0.086 | 0.093 0.059 0.051
Gd203 0.076 0.072 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.098 | 0.089 | 0.000 | 0.000 0.000 0.091
Th203 0.000 0.000 0.065 | 0.000 | 0.000 | 0.000 | 0.000 | 0.049 | 0.000 | 0.000 | 0.000 0.066 0.000
Dy203 0.000 0.042
Ho0203 0.000 0.000
Er203 0.000 0.051
Tm203 0.000 0.000
Yb203 0.000 0.000
Bi203 0.000 0.000 0.092 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.046 | 0.000 | 0.000 0.000 0.000
PbO 0.311 0.340 0.000 | 0.172 0.167 0.222 | 0.140 | 0.000 | 0.236 | 0.207 | 0.185 0.000 0.239
ThO2 0.082 0.107 0.000 | 0.082 0.107 0.000 | 0.077 | 0.000 | 0.098 | 0.084 | 0.139 0.000 0.095
uo2 0.000 0.000 0.000 | 0.000 | 0.038 | 0.059 | 0.035 | 0.076 | 0.020 | 0.036 | 0.000 0.027 0.000
MgO 0.034 0.034 0.026 0.019 | 0.070 | 0.088 | 0.040 | 0.000 | 0.093 | 0.047 | 0.047 0.012 0.055
Al203 35.325 34.205 | 34.872 | 33.037 | 34.563 | 32.098 | 32.119 | 34.491 | 33.944 | 34.957 | 34.900 | 32.563 | 32.908
Tio2 0.000 0.015 0.016 0.046 | 0.000 | 0.020 | 0.000 | 0.022 | 0.034 | 0.039 | 0.000 0.033 0.017
V205 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 0.000
MnO 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 0.000
Fe203 0.859 1.108 1.444 1456 | 3.922 1.043 1.196 | 4.208 1.298 1.342 1411 2.180 1.347
Cu20 0.387 0.473 0.626 0.461 0.481 0538 | 0510 | 0521 | 0.733 | 0.563 | 0.533 0.320 0.562
Nb205 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.034 | 0.000 | 0.000 | 0.000 0.026 0.000
Ta205 0.000 0.000 0.000 | 0.000 | 0.000 | 0.083 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 0.000
WO3 0.000 0.000 0.000 | 0.000 | 0.000 | 0.071 | 0.000 | 0.000 | 0.128 | 0.066 | 0.000 0.071 0.000
Sio2 0.206 0.220 0.933 0.268 | 0.457 0.644 | 0567 | 0507 | 0.489 | 0.353 | 0.402 0.499 0.391
P205 19.241 18.876 | 19.957 | 20.470 | 18.976 | 19.259 | 19.557 | 20.168 | 18.459 | 19.595 | 19.546 | 20.606 | 19.673
SO2 9.764 9.184 3.752 6.331 6.973 7.011 5.187 | 3.995 7.787 8.400 7.737 3.896 7.018
As203 0.000 0.023 0.000 | 0.000 | 0.024 | 0.000 | 0.065 | 0.000 | 0.000 | 0.000 | 0.000 0.000 0.000
F 1.537 1.279 2.065 1.977 1.584 1.661 2.797 1.336 1.727 1.602 1.395 3.051 1.744
Cl 0.045 0.038 0.030 | 0.089 | 0.092 0.068 | 0.040 | 0.016 | 0.059 | 0.065 | 0.092 0.000 0.097
Total 89.952 88.897 | 90.892 | 87.743 | 90.304 | 86.790 | 86.963 | 91.707 | 88.983 | 91.627 | 90.960 | 89.209 | 87.754
Material FC FC FC FC FC FC FC FC FC FC FC FC FC
Na20 0.094 0.133 0.166 0.157 0.129 | 0.081 | 0.064 | 0125 | 0112 | 0.081 | 0.101 0.119 0.000
K20 0.236 0.168 0.144 | 0.231 0.303 | 0317 | 0.362 | 0.340 | 0.283 | 0.274 | 0.563 0.340 0.071
CaO 1.637 1.764 1.765 1.821 2.203 2.247 2.369 2.371 2574 | 2.799 2.916 3.156 6.165
SrO 12.860 9.884 10.613 | 8.810 | 13.863 | 13.904 | 13.419 | 14.219 | 11.456 | 13.323 | 10.413 | 11.234 | 9.860
BaO 0.540 0.420 0.539 0.471 0.477 0.375 | 0.363 | 0.578 | 0.527 | 0.296 | 0.499 0.412 0.197
Y203 0.058 0.095 0.119 0.161 0.154 | 0.114 | 0.047 | 0132 | 0.085 | 0.027 | 0.085 0.037 0.158
Zr02 0.055 0.000 0.040 | 0.051 0.066 | 0.051 | 0.075 | 0.070 | 0.062 | 0.055 | 0.050 0.073 0.052
La203 2.966 5.138 3.118 5.375 1.500 1.586 1.344 1.329 3.053 1.158 2.285 1.649 3.609
Ce203 3.926 6.455 5.077 6.091 2.437 2.626 2.217 2.240 | 4.641 2.068 | 3.687 3.240 7.409
Pr203 0.361 0.431 0.257 0.367 0.157 0.225 | 0.260 | 0.227 | 0.422 | 0.100 | 0.416 0.435 0.659
Nd203 0.791 0.956 1.561 1.027 0.686 | 0.677 | 0549 | 0.582 | 0.804 | 0.526 | 0.896 1.124 1.649
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Sm203 0.000 0.000 0.057 | 0.074 | 0.065 | 0.115 | 0.000 0.000 | 0.103 | 0.000 | 0.079 | 0.136 0.129
Eu203 0.051 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.062 | 0.000 | 0.107 | 0.138 0.000
Gd203 0.000 0.000 0.000 | 0.068 | 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.114 | 0.147 | 0.082 0.000
Th203 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.054
Dy203 0.000 0.061 | 0.062
Ho0203 0.093 0.000 | 0.000
Er203 0.000 0.000 | 0.000
Tm203 0.000 0.000 | 0.000
Yb203 0.000 0.000 | 0.000
Bi203 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.032 0.000
PbO 0.188 0.139 0329 | 0178 | 0.233 | 0.274 | 0454 | 0.292 | 0.000 | 0.270 | 0.223 | 0.315 0.000
ThO2 0.077 0.112 0.087 | 0.107 | 0.027 | 0.000 | 0.000 0.000 | 0.061 | 0.031 | 0.023 | 0.000 0.000
uo2 0.072 0.148 0.038 | 0.000 | 0.019 | 0.039 | 0.021 0.000 | 0.066 | 0.000 | 0.070 | 0.024 0.000
MgO 0.022 0.127 0.101 | 0.077 | 0.067 | 0.030 | 0.040 0.018 | 0.014 | 0.016 | 0.084 | 0.027 0.013
Al203 33.276 33.437 | 33.017 | 32.610 | 34.333 | 35.368 | 35.397 | 36.253 | 32.668 | 36.158 | 34.830 | 36.203 | 30.524
TiO2 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.018 0.000 | 0.019 | 0.015 | 0.036 | 0.021 0.014
V205 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000
MnO 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.040 | 0.000 | 0.000 | 0.000 | 0.000 0.000
Fe203 2.223 1.369 1.218 1.469 1.271 1.046 | 0.896 0.836 1.532 1.280 1.503 1.554 2.480
Cu20 0.315 0.714 0376 | 0522 | 0524 | 0.622 | 0.510 0.638 | 0.251 | 0.589 | 0.415 | 0.385 0.303
Nb205 0.000 0.000 0.000 | 0.000 | 0.023 | 0.000 | 0.000 0.035 | 0.000 | 0.000 | 0.000 | 0.000 0.000
Ta205 0.000 0.000 0.000 | 0.059 | 0.000 | 0.000 | 0.000 0.047 | 0.000 | 0.000 | 0.090 | 0.000 0.000
WOQO3 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.000 | 0.136 | 0.086 0.000
Sio2 0.265 0.616 0.716 | 0.682 | 0.227 | 0.242 | 0.609 0.176 | 0225 | 0.322 | 0.560 | 0.967 0.659
P205 19.463 17.768 | 19.257 | 17.423 | 22.127 | 20.763 | 20.782 | 22.017 | 19.756 | 20.059 | 19.515 | 19.789 | 18.460
SO2 7.801 6.581 6.170 7.211 | 5.753 7.378 9.234 | 6563 | 7.330 | 9.551 | 7.966 | 8.601 4.681
As203 0.022 0.000 0.000 | 0.023 | 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.024
F 2.703 1.734 1.402 1.638 3.432 2.654 1.995 3.042 | 3.100 1.277 1.167 1.451 3.255
Cl 0.041 0.091 0.119 | 0.082 | 0.000 | 0.027 | 0.038 0.016 | 0.034 | 0.021 | 0.059 | 0.031 0.000
Total 90.045 88.279 | 86.380 | 86.785 | 90.076 | 90.760 | 91.064 | 92.188 | 89.241 | 90.408 | 88.983 | 91.726 | 90.427
Material CLD CLD CLD CLD CLD CLD CLD CLD CLD CLD CLD CLD CLD
Na20 0.035 0.000 0.000 | 0.000 | 0.000 | 0.033 | 0.000 0.000 | 0.064 | 0.061 | 0.108 | 0.084 0.134
K20 0.189 0.000 0.018 | 0.009 | 0.000 | 0.365 | 0.105 0.018 | 0.103 | 0.033 | 0.038 | 0.310 0.093
CaO 0.256 0.261 0.261 | 0.281 | 0.285 | 0.435 | 0.492 0.541 | 0.566 | 0.679 | 0.865 1.097 1.534
SrO 5.096 2.530 5.786 2.190 2.529 6.189 | 11.441 | 2582 | 6.698 | 7.321 | 6.620 | 13.012 | 11.812
BaO 0.160 0.196 0.101 | 0.09 | 0493 | 0.196 | 0.178 0.155 | 0.168 | 0.259 | 0.226 | 0.408 0.465
Y203 0.033 0.022 0.000 | 0.000 | 0.040 | 0.000 | 0.062 0.092 | 0.047 | 0.053 | 0.041 | 0.036 0.052
Zr02 0.063 0.028 0.069 | 0.034 | 0.057 | 0.066 | 0.066 0.054 | 0.075 | 0.057 | 0.047 | 0.000 0.065
La203 7.478 11.094 7.043 | 11.233 | 11.211 | 6.940 | 4.218 9.407 | 5209 | 5.159 | 5083 | 2216 2.726
Ce203 10.644 12.873 | 11.099 | 13.415 | 12.682 | 10.169 | 6.218 | 13.735 | 9.132 | 9.520 | 8.550 | 3.024 4.644
Pr203 0.893 0.674 0.859 | 0.701 | 0.758 | 0.917 | 0.611 1.073 1.099 1.011 | 0.986 | 0.106 0.453
Nd203 1.943 1.182 2.168 1.106 1.092 1.885 1.133 1.960 | 2564 | 2.719 | 2.434 | 0.732 1.340
Sm203 0.000 0.082 0.088 | 0.075 | 0.000 | 0.132 | 0.138 0.000 | 0.258 | 0.126 | 0.224 | 0.000 0.193
Eu203 0.046 0.000 0.087 | 0.000 | 0.041 | 0.113 | 0.083 0.000 | 0.000 | 0.147 | 0.111 | 0.000 0.080
Gd203 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.103 | 0.083 | 0.000 | 0.000 0.120
Th203 0.000 0.000 0.000 | 0.000 | 0.048 | 0.000 | 0.046 0.000 | 0.000 | 0.000 | 0.059 | 0.000 0.000
Dy203 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 0.055 | 0.000 | 0.000 | 0.077
Ho0203 0.000 0.203 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.000 | 0.000
Er203 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.054 | 0.000
Tm203 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.000 | 0.000
Yb203 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.176 | 0.340 | 0.205
Bi203 0.000 0.000 0.000 | 0.000 | 0.032 | 0.024 | 0.040 0.000 | 0.000 | 0.081 | 0.086 | 0.000 0.000
PbO 0.000 0.184 0.000 | 0.000 | 0.145 | 0.241 | 0.000 0.245 | 0.000 | 0.166 | 0.176 | 0.457 0.172
ThO2 0.000 0.000 0.203 | 0.000 | 0.000 | 0.160 | 0.078 0.000 | 0.080 | 0.086 | 0.084 | 0.088 0.053
uo2 0.022 0.000 0.022 | 0.019 | 0.000 | 0.000 | 0.000 0.037 | 0.000 | 0.000 | 0.000 | 0.000 0.000
MgO 0.000 0.000 0.000 | 0.000 | 0.000 | 0.022 | 0.047 0.035 | 0.037 | 0.060 | 0.095 | 0.033 0.047
Al203 32.889 31.715 | 31.687 | 32.552 | 31.738 | 33.875 | 34.142 | 32.227 | 32.551 | 33.838 | 34.112 | 35.541 | 35.828
TiO2 0.032 0.000 0.077 | 0.000 | 0.036 | 0.071 | 0.054 | 0.045 | 0.041 | 0.041 | 0.036 | 0.015 0.023
V205 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.022 | 0.000 | 0.000 0.000
MnO 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000
Fe203 3.283 0.755 1.856 | 0.733 | 0.647 | 0.949 1.075 1.091 1.908 1.705 1.268 1.499 1.713
Cu20 0.693 0.687 0.811 | 0.710 | 0.593 | 0.850 | 0.951 0648 | 0.760 | 0.957 | 0.782 | 0.548 0.699
Nb205 0.026 0.028 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.020 0.000
Ta205 0.107 0.089 0.073 | 0.000 | 0.000 | 0.117 | 0.000 0.000 | 0.141 | 0.103 | 0.125 | 0.000 0.000
W03 0.109 0.000 0.000 | 0.000 | 0.115 | 0.106 | 0.080 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000
Sio2 0.803 0.306 0.299 | 0399 | 0.341 | 0574 | 0.175 0.460 | 0.394 | 0.315 | 0559 | 0.705 0.254
P205 19.172 19.982 | 19.248 | 19.552 | 20.083 | 19.216 | 18.823 | 19.575 | 19.212 | 18.909 | 18.897 | 17.702 | 19.422
S0O2 3.734 2.002 4.140 1.833 2.089 | 4.295 8.956 1541 | 5.075 | 4.830 | 4.705 | 11.073 | 7.837
As203 0.070 0.280 0.000 | 0.293 | 0.225 | 0.000 | 0.000 0.030 | 0.000 | 0.033 | 0.026 | 0.020 0.000
F 0.119 0.224 0.395 | 0.235 | 0.208 | 0.550 | 0.523 0335 | 0.441 | 0618 | 0.619 | 0.933 1.382
Cl 0.025 0.024 0.000 | 0.025 | 0.027 | 0.025 | 0.016 0.056 | 0.022 | 0.035 | 0.053 | 0.027 0.029
Total 87.918 85.422 | 86.390 | 85.490 | 85.514 | 88.515 | 89.752 | 85.999 | 86.923 | 89.418 | 87.295 | 89.687 | 91.172
Material CLD CLD CLD CLD CLD CLD CLD CLD CLD
Na20 0.054 0.095 0.079 | 0.052 | 0056 | 0.082 | 0.114 | 0.061 | 0.151
K20 0.040 0.605 0.198 | 0.066 | 0.067 | 0.176 | 0.169 0.286 | 0.267
CaO 1.603 1.610 1.815 1.873 1.893 2.019 2.545 3.664 | 3.750
Sro 9.249 12371 | 12,641 | 12.788 | 8.353 | 10.002 | 10.805 | 8.958 | 10.104
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BaO 0.123 0.385 0.409 0.250 | 0.157 0.352 | 0522 | 0.305 | 0.361
Y203 0.000 0.069 0.109 0.025 | 0.031 | 0.043 | 0.192 | 0.101 | 0.061
Zr02 0.000 0.036 0.049 0.072 0.077 0.065 | 0.071 | 0.070 | 0.045
La203 3.786 2.681 3.281 1.601 | 4.147 3.471 2.757 2.374 1.598
Ce203 6.676 4.990 4.407 3.189 | 7.160 5.075 5971 3.373 2.939
Pr203 0.632 0.252 0.349 0.423 | 0.745 | 0291 | 0.624 | 0.373 | 0.285

Nd203 1.609 1.386 0.927 0.956 1.582 1.277 1.702 | 0.902 | 0.959
Sm203 0.107 0.000 0.091 0.162 0.137 0.000 | 0.169 | 0.104 | 0.106
Eu203 0.074 0.000 0.121 0.077 0.072 0.000 | 0.078 | 0.091 | 0.043
Gd203 0.099 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.104 | 0.101 | 0.000
Th203 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.042 | 0.000 | 0.000
Dy203 0.000 0.070 0.000 0.060 | 0.000
Ho0203 0.112 0.000 0.189 0.000 | 0.000
Er203 0.000 0.000 0.000 0.052 | 0.000
Tm203 0.000 0.000 0.000 0.000 | 0.000
Yb203 0.000 0.000 0.000 0.000 | 0.000
Bi203 0.000 0.000 0.091 0.094 | 0.053 | 0.000 | 0.000 | 0.000 | 0.000

PbO 0.268 0.453 0.517 0.413 | 0.217 0.719 | 0.250 | 0.356 | 0.688
ThO2 0.000 0.077 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.021 | 0.022
uo2 0.000 0.000 0.037 0.000 | 0.000 | 0.000 | 0.023 | 0.058 | 0.000
MgO 0.021 0.186 0.038 0.028 | 0.042 0.038 | 0.029 | 0.051 | 0.043
Al203 32.497 35.094 | 35.494 | 32.350 | 32.560 | 34.015 | 35.827 | 34.318 | 34.661
Tio2 0.037 0.046 0.065 | 0.021 0.049 | 0.048 | 0.025 | 0.014 | 0.016
V205 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
MnO 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Fe203 2.039 1.063 0.938 0.901 1.316 1.295 | 0.892 1.057 | 0.886
Cu20 0.837 0.966 0.975 | 0.930 | 0.847 0.622 | 0971 | 0.574 | 0.640

Nb205 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Ta205 0.000 0.000 0.110 | 0.000 | 0.000 | 0.000 | 0.000 | 0.058 | 0.000

WO3 0.000 0.000 0.155 | 0.089 | 0.098 | 0.000 | 0.000 | 0.000 | 0.000
Sio2 0.398 0.752 0.302 0.117 0578 | 0.409 | 0.271 | 0.259 | 0.295
P205 18.748 19.910 | 18.469 | 18.504 | 19.101 | 20.057 | 18.010 | 20.194 | 21.209

S02 6.843 7.055 8.434 | 10.826 | 6.505 7.161 6.537 6.479 8.119

As203 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
F 0.811 2.125 1.673 0.522 0.737 2.307 2.624 1.990 1.788

Cl 0.039 0.046 0.056 0.027 0.070 | 0.026 | 0.041 | 0.045 | 0.048
Total 86.590 92.364 | 91.901 | 86.358 | 86.649 | 89.740 | 91.362 | 86.347 | 89.086
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SUPPLEMENTARY MATERIAL D: APPENDIX FOR CHAPTER 5
Appendix D.1: Extended methods

Electron probe micro analysis (EPMA)

Quantitative compositional data was obtained using a Cameca SX-Five electron probe
microanalyzer (EPMA), equipped with 5 tunable wavelength-dispersive spectrometers. The
instrument uses PeakSite software for microscope operation, and Probe for EPMA software
(distributed by Probe Software Inc.) for data acquisition and processing. Six elements (Ca, Sr, Pb,
A, P and S) were analyzed. Operating conditions were 15 keV and 20 nA, further operating
parameters are listed in Table 1.

Table 1: EPMA operating parameters for the analysis of synthetic APS phases.

Count . . .

Element 'Elsr;g (sHeé) (sLe(():) Cr?ggrla(cst;)nr?o.) Stagco)llard Standard name
CaKa 15 10 10 LPET (5) 535 Astimex Plagioclase
P Ka 15 10 10 PET (2) 504 Astimex Apatite
SKa 15 10 10 LPET (4) 513 Astimex Celestine
Al Ka 15 10 10 LTAP (1) 535 Astimex Plagioclase
SrLa 15 10 10 LTAP (1) 513 Astimex Celestine
Pb Ma 120 60 60 LPET (5) 627 K227

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)

LA-ICP-MS analysis was undertaken at AM using an Agilent 7700s mass spectrometer with
attached ASI M-50 laser ablation system (Adelaide Microscopy) using a spot size of 15 um,
repetition rate of 5 Hz, at 65 mJ energy, with an attenuation of 50 %T and fluence of 3.5 J.cm™.
The following isotopes were monitored for analysis: 2’Al, 3P, S, 4Ca, 8Sr, 208Ph. 13'Ba was also
measured to account for any overlapping spectral data. The standard NIST 212 was analysed using
a spot size of 50 um at the start and end of each batch run, and after every 15-20 unknown analyses.
An additional GSD standard was run in parallel with the APS samples with spot sizes of 50 and
15 um to measure any related discrepancy associated with the use of a smaller spot size. Total
count times for each analysis ran for 40 sec with an additional 30 sec of background measured
prior to ablation. Output data was analysed using correction software Igor and lolite v3.4 (Paton

etal. 2011). Averaged Al values, gained via EPMA, were used as an internal standard.
X-ray absorption spectroscopy (XAS) Data collection

The AS is a 3 GeV ring and was operated in top-up mode with a current of 200 mA. The XAS

beamline has a Si(111) double crystal monochromator and an effective energy resolution ( E/E) of
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~ 10 ° at 10 keV. A focused beam size of FWHM 0.7 x 0.9 mm? was used. The incident and
transmitted beam intensities 10 and 11 were measured with Si diodes, and a Canberra 30 element
solid state fluorescence detector was used for detecting fluorescence data. The beam energy was

calibrated with a Pb foil, such that the maximum of the first derivative was at 13,035 eV.

X-ray absorption near edge structure (XANES) spectra were measured for Pb-bearing APS Phases
to be used as standards. The respective Pb-APS standards, pyromorphite Pbs(POs)3:OH
(synthesized) and hinsdalite PbAI3(PO4)(SO4)(OH)s (natural sample, donated by the Melbourne

Museum), were confirmed via X-ray diffraction.

The EXAFS spectra represent a final state interference effect arising from the scattering of the
outgoing photoelectron from neighbouring atoms and are therefore sensitive to the atomic number
of the neighbouring atoms and their distances. Similar to the XANES, the EXAFS was obtained
on the Pb-sorbed APS phases. The Fourier transforms of the EXAFS oscillations, k (A1), provide
information on electron density distributed away from the central Pb atom in radial distance (A).
The data was found to fit either a hinsdalite or pyromorphite-like structure within reasonable

certainty, such that the EXAFS data identifies the most dominant Pb-bearing phase.
References (Appendix D.1)

Paton, C., Hellstrom, J., Paul, B., Woodhead, J., and Hergt, J. (2011) lolite: Freeware for the visualisation
and processing of mass spectrometric data. Journal of Analytical Atomic Spectrometry, 26(12), 2508—
2518.
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Appendix D.2: Supplementary tables

Table 1: The relative concentrations of reactants for synthesis of APS phases.

Table 2: Representative EPMA data of synthetic Ca- and Sr-bearing phases listed as wt% per
oxide and atoms per formula unit to fit the general formula MAI3(XO4)2(OH,H.0)s. All values
have been normalised so that P+S = 2 apfu. Averaged values are taken from the full dataset

Starting material molar ratios

CaOH  SrOH

APS  MsSite (%) (%)  HsPO4:H,S0,
| Sr - 100 1:1
Il (CaSr) 50 50 1:1

(Appendix D, Table 1).

Material APS(I) APS() APS(l) Ave APS(Il) APS(Il) APS(Il) Ave
Oxides (Wt%)
Ca0 0.54 0.60 0.39 0.50 4.36 6.86 5.58 4.76
SrO 15.02 12.26 776 1230 13.37 6.16 7.92 8.83
P20s 11.35 8.85 1131 8.92 16.03 29.12 1770  16.03
SOs3 23.09 2851 2845 2746 19.40 6.70 16.76  15.97
Al203 39.79 4986 5590 4891 4047 33.89 39.34  39.63
Total 89.79 100.09 103.81 98.09  91.47 82.74 87.30 87.94
Formula (apfu)
Ca 0.04 0.04 0.03 0.04 0.35 0.50 0.43 0.38
Sr 0.65 0.49 0.29 0.51 0.59 0.24 0.33 0.38
> M2+ 0.69 0.54 0.32 0.55 0.94 0.74 0.77 0.76
S 1.29 1.48 1.38 1.46 111 0.34 0.91 0.89
P 0.71 0.52 0.62 0.54 0.89 1.66 1.09 1.01
>X 2 2 2 2 2 2 2 2
Al 3.48 4.07 4.26 4.09 3.63 2.69 3.36 3.46
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Table 3: Representative averaged data from EPMA analyses of Pb-sorbed APS phases. Solution

conditions for Pb-sorption experiments are given. Note, [Pbag]o is measured in ppm.

Mat AP AP AP AP AP AP AP APS APS APS APS APS APS APS APS APS
erial  S() S() SU) S() S() S() Sy () (@ gy @y oy ()

pH 15 35 15 55 15 35 55 15 35 55 15 35 55 15 35 55

[Pbaq
lo 10 10 10 10 10 100 100 100
(op 10 10 o 0 o0 o0 oo 10 10 10 100 100 100 0 0
m)
Oxides (wt%)

a0 03 03 04 04 02 02 04 48 57 83 55 58 68 55 70 50

6 5 4 0 1 6 4 6 5 4 6 7 5 1 5 2
oo 40 34 93 1237 77 10 93 89 69 96 10 75 10. 75 99

6 7 4 06 6 6 40 8 4 3 5 46 0 23 6 7
PbO

51 23 43 10 11 50 80 110
S:;D s 1 7 14 o1 1 o 201 305 400 184 277 339 695 913
o, %5 36 60 77 44 70 79 24 19 25 18 2L 20 18 2L 18
2 6 7 1 8 8 7 55 06 28 99 17 87 68 69 68
o, 28 27. 26 22 30. 26 24 89 13 76 13. 1. 1l 14 1l 14
3

9% 74 69 41 56 77 71 5 56 5 22 65 31 51 34 26
Al,O 56. 56. 49. 48. 53. 47. 45, 33. 34, 33. 34. 34, 34. 34, 34. 34
3 98 45 90 49 41 88 78 33 27 55 62 72 62 08 18 95

92. 91. 92. 91. 92. 89. 89. 81. 81. 81. 82, 83  81. 83. 81l 83

Total 93 69 48 16 52 8 39 09 61 78 06 89 19 09 92 00
Formula (atoms per formula unit)
Ca 00 00 00 00 00 0O OO 03 04 06 04 04 05 04 05 04
3 3 4 4 2 2 4 8 7 6 5 7 6 4 6 0
Sr 02 01 04 06 01 03 04 04 03 03 04 04 03 04 03 04
0 7 3 3 6 6 7 0 9 0 4 6 4 5 3 4
Pb 00 00 00 00O 00O 0O OO OO 0O 0O 00 00 00 00 00 00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Total 02 02 04 06 01 03 05 07 08 09 08 09 08 08 08 08
3 0 7 7 8 9 1 8 6 5 9 3 9 9 9 4
S 1.8 17 15 14 17 15 14 04 07 04 07 06 06 08 06 0.8
2 4 9 1 2 5 7 9 8 3 7 6 6 2 4 1
p 01 02 04 05 02 04 05 15 12 15 12 13 13 11 13 11
8 6 1 9 8 5 3 1 2 7 3 4 4 8 6 9
Total 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Al 56 55 46 49 47 43 42 28 30 29 31 30 31 30 3.0 31

4 6 7 3 2 7 9 6 7 2 4 7 3 1 0 1
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Table 4: Representative LA-ICP-MS spot analyses of synthetic APS phases which have

undergone Pb-sorption from Pb-loaded solutions. Conditions of the reaction solutions are given.

0,
Material pH L Palo P % Ca % Sr % Pb % Pkl)vl(-/o
PP (ppm) (Wt%) error (wt%) error (Wt%) error (wt%) error site

APS(I) 35 10 3.708 7 3.814 6 14.251 5 0.187 12 1.025
APS(I) 35 10 4.614 5 3.219 8 10.873 6 0.033 8 0.234

Average 4.161 6 3.517 7 12.562 5 0.110 10 0.679
APS(I) 55 10 1.825 10 3.760 8 13.143 7 0.020 9 0.118
APS(I) 55 10 4.614 8 2.525 12 7.308 7 0.007 6 0.071
APS(I) 55 10 3.571 8 2.633 17 8.700 4 0.005 10 0.044

Average 3.336 9 2.973 13 9.717 6 0.011 8 0.087
APS(I) 15 100 2.652 9 3.138 18 10.252 4 0.035 15 0.261
APS(I) 55 1000 7.722 7 1.506 13 5.498 7 3.685 7 34.475
APS(I) 55 1000 3.473 12 4.491 19 13.152 5 0.206 33 1.154
APS(I) 55 1000 7.644 10 1.488 9 5.720 8 0.600 15 7.684

Average 6.280 10 2.495 14 8.123 7 1.497 19 12.357
APS(II) 1.5 10 6.223 8 3.553 19 7.272 6 0.006 7 0.055
APS(II) 15 10 8.282 4 5.455 8 4.647 4 0.007 9 0.069
APS(II) 15 10 9.169 6 7.250 8 4.062 5 0.004 9 0.035

Average 7.432 6 6.662 8 5.173 5 0.006 10 0.052
APS(Il) 35 10 7.181 5 5.609 7 6.820 6 0.347 12 2.716
APS(Il) 35 10 6.425 6 7.944 6 9.161 11 0.469 36 2.669
APS(Il) 35 10 6.745 4 8.007 4 2.324 2 0.169 21 1.610

Average 6.778 6 6.892 8 5.780 5 0.158 16 1.230
APS(Il) 55 10 6.386 3 4.969 7 4.949 7 0.453 9 4.368
APS(Il) 55 10 7.136 3 4.283 12 3.450 12 1.107 10 12.523
APS(Il) 55 10 8.067 6 8.386 7 5.693 5 0.170 11 1.193

Average 7.561 6 6.009 16 4574 6 0.429 14 3.893
APS(II) 15 100 5.845 3 7.638 3 4.824 5 0.010 14 0.080
APS(II) 1.5 100 8.198 6 8.161 4 3.893 7 0.073 7 0.602
APS(II) 1.5 100 7.435 7 6.871 10 3.175 6 0.021 12 0.209

Average 7.460 6 6.259 10 4.773 7 0.107 16 0.957
APS(Il) 35 100 7.083 3 7.737 3 8.789 4 0.083 20 0.500
APS(Il) 35 100 8.263 5 7.133 8 3.707 12 0.967 17 8.190
APS(Il) 35 100 8.217 3 8.395 3 4.727 3 0.186 12 1.398

Average 7.143 4 6.772 7 6.380 6 0.945 15 6.706
APS(Il) 55 100 7.344 7 1.840 24 2474 8 0.513 14 10.628
APS(Il) 55 100 5.904 5 6.492 5 8.177 3 0.156 15 1.052
APS(Il) 55 100 7.865 4 8.215 4 5.640 4 1.730 6 11.100

Average 6.695 7 5.299 15 5.219 7 0.621 21 5.574
APS(II) 1.5 1000 5.624 4 7.367 4 8.638 3 0.006 9 0.037
APS(II) 1.5 1000 8.191 4 7.998 4 6.465 4 0.076 15 0.523
APS(I1) 1.5 1000 7.566 4 8.079 4 5.215 4 0.027 7 0.203

Average 7.076 4 6.484 9 5.919 5 0.083 16 0.667
APS(II) 3.5 1000 8.061 4 7.493 9 6.704 11 1.213 8 7.872
APS(II) 35 1000 6.125 6 6.186 11 5.631 4 0.067 22 0.564
APS(Il) 35 1000 7.716 3 6.745 4 3.494 6 1.191 12 10.420

Average 7.379 5 5.897 8 5.151 7 1.616 13 12.758
APS(Il) 55 1000 8.211 13 4.689 51 6.554 11 4.288 21 27.609
APS(Il) 55 1000 6.705 4 7.061 7 10.970 3 0.363 7 1.973
APS(II) 55 1000 8.830 3 8.855 4 5.268 4 1.240 23 8.071

Average 6.655 7 6.777 14 7.771 5 1.219 22 7.731

163



Table 5: EXAFS data showing Pb-bond distances for peaks fitted to the hinsdalite-like
structure. Bond lengths were fixed, 1-sigma errors are given in parentheses. N=2 for
every distance/path.

Analysis Ro1 Roz Ros Ros Ros Ros Ran Rar Rai Rx1 Rxa Rxs Rxa 2
0 (A? AE k-range R-range
# A A @A A) A) A A A A) A) A) A A ° ) 0 g g
Hinsdalite 2.631 2.66 2.768 2.815 2872 2987 335 3463 3573 3.894 4,087 4.271 5.17 n/a n/a n/a n/a
1 2.38 2.45 2.68 2.68 291 3.08 3.66 3.28 4.00 4.46 4.22 457 5.22 0.013(2) 5.9(1) 2<k<8.5 1.0<R<5.2
2 2.40 2.61 2.75 2.75 2.99 3.35 2.93 3.27 3.64 3.44 3.85 4.26 5.39 0.011(2) 5.6(2) 2<k<8.5 1.0<R<5.2
3 2.38 264 273 2.92 2.65 3.15 2.85 3.52 3.19 3.78 4,09 431 5,63 0.0061(6) 5.7(2) 2<k<8.5 1.0<R<5.2
4 2.35 2.50 2.73 2.73 2.73 3.08 2.89 3.79 3.26 3.50 3.94 4.24 5.53 0.016(2) 4.5(2) 2<k<8.0 1.0<R<5.2
5 2.38 2.57 2.68 3.01 2.83 3.25 3.27 3.40 3.88 3.54 4.48 4.65 5.25 0.0030(8) 5.9(1) 2<k<8.5 1.0<R<5.2
6 238 268 259 338 275 388 338 279 390 351 445 461 523 ﬂ_umvp 56(2) 2<k<7.0 1.0<R<52
7 2.44 2.42 2.58 2.75 3.01 3.29 3.32 3.53 3.56 3.80 3.96 4.16 5.12 0.0203(7) OA.ANV 2<k<10.0 1.0<R<5.2
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Table 7: Cell parameters of natural Ca-, Sr-, and Pb-bearing members of the crandallite group

and woodhouseite series. Note that while the a-axis remains fixed, the c-axis expands with

increasing ionic radii of the M-site metal, and with the replacement of a PO, group with SO4. All

phases are isomorphic and crystallize in the R3m or R3m space group.

Mineral a(pm) c(pm) Reference
Crandallite 700.2 1620 Owens et al. (1960)
CaAl3(PO4)2(OH)s+(H20) 701.7 1625.2 Blanchard (1972)
700.5 1619.2 Blount (1974)
700 1619.4 Schwab et al. (2004)
699.9 1616.4 Schwab et al. (2004)
mean 700.4 1620
Goyazite 702.1 1650.5 Kato and Radoslovich (1968)
SrAl3(PO4)2(OH)s+(H20)  698.1 1648.7 Guillemin (1955)
698.2 1654 McKie (1962)
mean 699.4 1651
Plumbogummite 703.9 1676.1 Kolitsch et al. (1999)
PbAI3(PO4)2(OH)s+(H20) 701.8 1678.4 Botinelly (1976)
701.9 1679.2 Frost et al. (2013)
701.4 1675 Frost et al. (2013)
mean 702.2 1677.1
Woodhouseite 697.9 1621.4 Blanchard (1986)
CaAl3(PO4)(SO4)(OH)s 697.5 1630 Pabst (1947)
697.6 1623.5 Kato and Radoslovich (1968)
mean 697.7 1625
Svanbergite 699.6 1652.8 Schwab et al. (2005)
CaAl3(PO4)(SO4)(OH)s 697.53  1659.7 Kato and Miura (1977)
696 1680 Botinelly (1976)
697.3 1654.9 Botinelly (1976)
709.3 1685 Kato and Radoslovich (1968)
mean 699.9 1666.5
Hinsdalite 700.6 1683.1 Botinelly (1976)
PbAI3(PO4)(SO4)(OH)s 699 1672.5 Kato and Radoslovich (1968)
699 1680 Nicolas and De Rosen 1963
702.9 1678.9 Kolitsch et al. (1999)
mean 700.4 1678.6
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Appendix D.3: Supplementary figures (figures labelled as per Chapter 5)
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Appendix C.1: Preliminary semi-quantitative XRD pattern showing all phases precipitated during
synthesis of APS(I) as a percentage of the bulk analysis.
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Appendix C.2: A simple geochemical model showing the solubility of Pb in water at varying pH.

The green box indicates the conditions tested during the Pb-sorption experiments.
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Appendix D.4: Complete datasets (EPMA and LA-ICP-MS)

Table 1: Complete EPMA dataset comprising of spot analysis on synthetic Sr-, and (Ca,Sr)-

bearing APS phases before and after Pb sorption experiments. Analyses that were below detection
limit are labelled b.d.l.

. Pbaglo Cao P,Os5 SO3 Al,O3 SrO PbO
Material pH [(ppr?]) (WI%)  (Wi%) (Wi%) (wi%) (wiv) (wis) O At
APS(I) 15 10 0.27 3.05 28.15 57.16 3.09 b.d.l. 91.72
APS(I) 15 10 0.39 2.59 30.03 55.64 3.60 0.07 92.33
APS(I) 1.5 10 0.32 2.44 27.89 58.32 452 0.03 93.53
APS(I) 35 10 0.26 11.07 20.12 54.68 3.51 b.d.l. 89.64
APS(I) 35 10 0.23 2.26 31.87 54.49 5.02 b.d.l. 93.86
APS(I) 35 10 0.35 3.66 27.74 56.45 3.47 0.02 91.69
APS(I) 55 10 0.66 8.65 20.16 4193 1234 Db.d.l. 83.75
APS(I) 55 10 0.42 1054 2043 39.73 1492 b.d.l. 86.04
APS(I) 55 10 0.49 1249 1986 51.20 7.70 b.d.l. 91.74
APS(I) 55 10 0.44 6.47 25.48 49.28 12.74 b.d.l. 94.41
APS(I) 55 10 0.30 4,95 28.78 53.84 6.99 b.d.l. 94.86
APS(I) 1.5 100 0.34 6.71 2591 4840 11.59 b.d.l. 92.96
APS(I) 3.5 100 0.45 8.54 23.22 47.12 11.29 b.d.l. 90.63
APS(I) 3.5 100 0.26 2.81 30.28 55.21 6.42 b.d.l. 94.98
APS(I) 3.5 100 0.39 4.50 29.62 52.07 7.22 0.06 93.86
APS(I) 3.5 100 0.49 7.64 23.76  47.73 11.45 0.03 91.10
APS(I) 5.5 100 0.28 5.78 26.74 52.28 7.26 b.d.l. 92.35
APS(I) 5.5 100 0.59 1058 16.05 46.84 16.03 0.18 90.27
APS(I) 5.5 100 0.21 4.84 28.77 50.14 8.08 0.02 92.06
APS(I) 1.5 1000 0.52 10.80 21.97 37.87 14.30 b.d.l. 85.45
APS(I) 1.5 1000 0.28 5.83 2483 4440 11.92 b.d.l. 87.26
APS(I) 1.5 1000 0.29 4,18 30.49 4555 7.31 b.d.l. 87.81
APS(I) 1.5 1000 0.19 1.85 32.17 54.03 3.53 0.11 91.89
APS(I) 1.5 1000 0.22 7.10 28.95 52.80 3.98 0.11 93.15
APS(I) 3.5 1000 0.41 6.21 2455 48.13 9.97 b.d.l. 89.27
APS(I) 3.5 1000 0.19 15.78 23.95 49.72 4.59 0.13 94.36
APS(I) 3.5 1000 0.33 7.00 23.90 4359 12.80 0.05 87.66
APS(I) 3.5 1000 0.33 6.02 22.61 46.48 9.01 0.03 84.48
APS(I) 3.5 1000 0.19 2.64 33.36 51.67 4.17 0.02 92.05
APS(I) 3.5 1000 0.26 3.98 30.02 47.91 8.22 0.02 90.43
APS(I) 5.5 1000 0.53 7.86 25.33 4430 1090 b.d.l. 88.93
APS(I) 5.5 1000 0.34 10.04 25.25 49.59 6.89 b.d.l. 92.10
APS(I) 5.5 1000 0.47 6.93 26.00 46.79 10.22 0.15 90.56
APS(I) 5.5 1000 0.49 11.75 2146 41.71 11.81 0.11 87.33
APS(I) 5.5 1000 0.59 10.42 2257 40.05 13.48 0.03 87.14
APS(I) 5.5 1000 0.22 2.79 28.83 54.56 6.09 0.02 92.52
APS(I) n/a n/a 0.49 7.76 22.88 39.57 1057 b.d.l. 81.27
APS(I) n/a n/a 0.45 5.82 2750 46.52 9.17 b.d.l. 89.46
APS(I) n/a nla 0.15 2.94 31.76 54.72 3.74 b.d.l. 93.31
APS(l) nfa nla 028 426 2981 5342 638 bdl 9415
APS(I) n/a nla 0.39 5.03 26.31 50.95 7.79 b.d.l. 90.50
APS(II) 15 10 6.14 20.26 11.20 34.76 8.19 b.d.l. 80.54
APS(II) 15 10 5.49 17.00 15.64 37.59 7.22 b.d.l. 82.93
APS(II) 15 10 9.18 22.16 6.96 40.19 6.73 b.d.l. 85.22
APS(II) 15 10 7.59 32.22 7.41 37.50 6.82 b.d.l. 91.54
APS(II) 15 10 4.86 24.55 8.95 33.33 9.38 0.02 81.09
APS(II) 35 10 9.15 27.14 5.16 34.76 4.93 b.d.l. 81.14
APS(II) 35 10 5.92 19.72 12.07 34.11 10.46 b.d.l. 82.29
APS(II) 35 10 5.75 21.12 11.81 33.04 10.63 b.d.l. 82.35
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APS(ll) 35 10 6.84 2137 1201 3463 7.98 bdl 8283
APS(Il) 35 10 415 1385 1992 3543 1080 bdl  84.15
APS(ll) 35 10 245 663 2594 4390 531 bdl  84.23
APS(Il) 35 10 172 778 2483 4351 6.89 bdl 8471
APS(Il) 35 10 310 959 2355 4511 614 bdl  87.49
APS(Il) 35 10 585 1691 1612 3403 901 004 8195
APS(Il) 55 10 540 1857 1171 3709 7.73 bdl  80.50
APS(ll) 55 10 416 13.69 17.14 3969 692 bdl  81.60
APS(ll) 55 10 663 2077 1321 3184 919 bdl  81.63
APS(ll) 55 10 397 1097 2180 4055 7.85 bdl  85.15
APS(ll) 55 10 1.78 607 26.85 5251 538 bdl  92.60
APS(Il) 55 10 267 728 2661 4998 628 bdl  92.82
APS(Il) 55 10 312 908 2491 4867 719 bdl  92.96
APS(Il) 55 10 6.36 2136 10.79 3366 944 007 8168
APS(Il) 55 10 762 2399 1000 31.98 993 005 8357
APS(ll) 55 10 182 778 1378 6099 336 002 87.76
APS(Il) 55 10 874 2617 580 3523 504 002  80.99
APS(Il) 55 10 10.62 2960 403 3333 330 002 80.90
APS(Il) 15 100 828 2363 707 3649 572 bdl 8119
APS(Il) 15 100 256 14.02 17.98 3592 14.95 004 8547
APS(Il) 15 100 898 2742 533 3534 519 003 8228
APS(Il) 15 100 508 2089 1266 3384 1282 002 8532
APS(Il) 15 100 6.84 2237 1063 3378 886 002 8250
APS(Il) 35 100 742 2383 866 3459 6582 bdl 8133
APS(Il) 35 100 227 610 2694 5000 569 003 91.02
APS(Il) 35 100 175 1627 12.99 3234 1763 002  81.00
APS(Il) 35 100 751 2004 1307 3483 7.07 002 8254
APS(Il) 35 100 612 2009 1297 3434 1007 002  83.60
APS(Il) 35 100 893 2803 418 3458 460 001  80.33
APS(Il) 35 100 340 1148 2139 4415 552 001  85.94
APS(Il) 55 100 789 2056 1042 3512 671 bdl  80.70
APS(Il) 55 100 723 2416 807 3324 848 bdl 8117
APS(Il) 55 100 424 1777 1532 3573 1206 bdl  85.14
APS(Il) 55 100 237 1229 2017 4205 1285 bdl  89.75
APS(Il) 15 1000 534 1530 1853 3860 7.27 bdl  85.04
APS(I) 15 1000 350 1231 2338 2979 1812 028  87.37
APS(I) 15 1000 561 1834 1384 3504 893 0.8 81.94
APS(Il) 15 1000 653 2125 1041 3330 932 006  80.87
APS(Il) 15 1000 676 2003 1326 3310 7.72 005  80.92
APS(Il) 15 1000 591 1925 1513 3477 9.83 003  84.93
APS(Il) 15 1000 641 2026 1327 3222 965 003 81.85
APS(Il) 35 1000 514 1666 1656 3372 9.63 019  81.91
APS(Il) 35 1000 335 818 2591 4471 6.09 017  88.42
APS(Il) 35 1000 898 2640 6.63 3281 670 015 8167
APS(Il) 35 1000 842 2567 6.80 3337 639 014  80.80
APS(Il) 35 1000  7.54 2272 954 3234 916 004 8134
APS(Il) 55 1000  1.89 573 2747 4320 560 005 83.94
APS(Il) 55 1000 397 1557 17.07 3483 10.67 003 8215
APS(Il) 55 1000 459 1889 1370 33.60 1222 0.03  83.03
APS(Il) 55 1000 625 23.89 9.88 3264 1082 003 8351
APS(Il) nfa nla 312 1274 1797 3814 964 bdl 8161
APS(Il) nla nla 545 1727 1635 3839 773 bdl 8520
APS(Il) nla nla 293 768 2683 4575 617 bdl  89.37
APS(Il) nla nla 120 312 3069 51.36 4.00 bdl  90.38
APS(Il) nla nla 133 291 3081 5367 441 bdl 9313
APS(Il) nfa nla 183 219 32.63 5182 474 bdl 9321
APS(Il) nfa nla 171 452 29.96 5267 489 bdl 9375
APS(I) nfa nla 153 242 3136 5519 401 bdl 9450




Table 2:Complete LA-ICP-MS dataset comprised of spot analysis on synthetic Sr-, and (Ca,Sr)-
bearing APS phases before and after Pb sorption experiments.

Material pH [Pbalo  Ca (ppm) 2SE Sr (ppm) 2SE Pb (ppm) 2SE

APS(l) 15 10 2146 780 4753 870 10 15
APS(l) 15 10 1389 660 3547 170 28 2.2
APS(l) 35 10 38143 2300 142514 6600 1871 220
APS(l) 35 10 32192 2700 108726 6600 333 26
APS(l) 55 10 37602 3100 131429 9100 195 17
APS(l) 55 10 25248 3100 73075 5000 74 4.7
APS(l) 5.5 10 26330 4500 86998 3400 55 54
APS(l) 15 100 31380 5600 102518 3900 347 51
APS(l) 15 100 39766 6200 136573 19000 2284 170
APS(l) 15 100 28855 2200 95157 6200 186 36
APS(l) 15 100 4202 920 15342 1400 404 86
APS(l) 1.5 1000 24798 3900 89570 15000 877 93
APS(l) 1.5 1000 18035 2400 77155 10000 511 58
APS(l) 1.5 1000 14879 2500 56491 9800 535 61
APS(l) 1.5 1000 14518 2200 46914 3500 1005 62
APS(I) 1.5 1000 2254 1000 12682 1300 561 56

APS(I) 5.5 1000 15059 1900 54984 3800 36852 2400
APS(I) 5.5 1000 44906 8700 131518 7100 2060 690
APS(l) 55 1000 14879 1400 57201 4500 6004 930

APS() nfa nla 29306 2200 97641 5000 4 1.1
APS() nfa nla 30929 6500 100390 7300 4 15
APS() nfa nla 27954 14000 81411 5000 6 6.6
APS(I) 15 10 35528 6700 72720 4700 63 4.2
APS(I) 15 10 52210 6200 47268 5900 49 75
APS(I) 15 10 54555 4100 46470 1900 74 6.7
APS(I) 15 10 45267 3000 32636 1800 28 1.4
APS(I) 15 10 77909 2200 55959 1900 39 3
APS(I) 15 10 75745 3200 54186 2200 25 1.8
APS(Il) 15 10 75655 2600 48953 2800 48 4.4
APS(Il) 15 10 33995 5200 19510 2400 24 2.3
APS(I) 15 10 72499 5900 40617 2200 38 36
APS(I) 15 10 59965 3600 23678 1200 113 11
APS(I) 15 10 67449 7500 26339 1500 85 5.9
APS(I) 15 10 89902 13000 18455 350 163 23
APS(I) 35 10 12714 2000 28467 2200 15063 7900
APS(I) 35 10 80254 8600 114402 5500 6621 730
APS(Il) 35 10 56088 4100 68198 3800 3475 420
APS(I) 35 10 79442 4600 91610 9900 4694 1700
APS(I) 35 10 66367 2700 65448 1900 666 140
APS(I) 35 10 93870 3400 90635 6300 306 36
APS(I) 35 10 84041 4800 67045 4000 1240 390
APS(I) 35 10 71327 3700 55427 3200 109 14
APS(Il) 35 10 76376 1900 58176 1700 18 2.2
APS(I) 35 10 76917 5000 54806 5500 450 95
APS(Il) 35 10 73942 5800 40706 1700 221 15
APS(Il) 35 10 82779 4100 45317 2800 292 22
APS(I) 35 10 74843 2700 34764 1400 156 8.7
APS(I) 35 10 55907 14000 21905 1200 151 14
APS(I) 35 10 80705 2600 30436 750 425 50
APS(I) 35 10 80074 3000 23244 580 1688 350
APS(Il) 55 10 49685 3500 49485 3300 4533 400
APS(I) 55 10 42832 5100 34498 4300 11069 1100
APS(I) 55 10 45988 23000 24069 900 24101 3000
APS(I) 55 10 19477 6100 2288 300 15343 3000
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APS(II)
APS(II)
APS(II)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(II)
APS(II)
APS(II)
APS(II)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(II)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(11)
APS(11)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(11)
APS(11)
APS(11)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(II)
APS(II)
APS(II)
APS(II)
APS(I1)
APS(I1)
APS(I1)
APS(I1)
APS(II)
APS(II)
APS(II)
APS(II)
APS(I1)
APS(I1)
APS(I1)
APS(I1)

55
55
55
5.5
5.5
5.5
15
1.5
1.5
1.5
1.5
15
15
15
15
1.5
1.5
1.5
1.5
1.5
1.5
3.5
3.5
35
35
35
35
3.5
3.5
3.5
55
55
55
55
55
55
55
55
55
55
55
55
55
55
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
3.5
3.5
35
35
35
35

10
10
10
10
10
10
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

98649
58342
16592
83861
21822
4779
5140
48242
62219
31921
33544
76286
62580
65015
76376
56809
71597
61498
81606
63662
68712
13526
63392
77368
78901
55907
78631
71327
83951
84402
2705
21371
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4

Abstract: The distributions of 21°Pb and 219Po, short half-life products of 238U decay, in geological and
related anthropogenic materials are reviewed, with emphasis on their geochemical behaviours and likely
mineral hosts. Concentrations of natural 21°Pb and 21%Po in igneous and related hydrothermal
environments are governed by release from crustal reservoirs. 21%Po may undergo volatilisation,
inducing disequilibrium in magmatic systems. In sedimentary environments (marine, lacustrine, deltaic
and fluvial), as in soils, concentrations of 219Pb and 21%Po are commonly derived from a combination of
natural and anthropogenic sources. Enhanced concentrations of both radionuclides are reported in
media from a variety of industrial operations, including uranium mill tailings, waste from phosphoric
acid production, oil and gas exploitation and energy production from coals, as well as in residues from
the mining and smelting of uranium-bearing copper ores. Although the mineral hosts of the two
radionuclides in most solid media are readily defined as those containing parent 238U and ??®Ra, their
distributions in some hydrothermal U-bearing ores and the products of processing those ores are much
less well constrained. Much of the present understanding of these radionuclides isbased onindirectdata
ratherthandirectobservation and potential hostsarelikelyto be diverse, with deportments depending on
the local geochemical environment. Some predictions can nevertheless be made based on the
geochemical properties of 21°Pb and 21%Po and those of the intermediate products of 238U decay,
including isotopes of Ra and Rn. Alongside all U-bearing minerals, the potential hosts of 21°Pband ?1°Po
may include Pb-bearing chalcogenides such asgalena, as well as a range of sulphates, carbonates, and Fe-
oxides. 219Pb and 2?1%Po are also likely to occur as nanoparticles adsorbed onto the surface of other
minerals, such as clays, Fe-(hydr)oxides and possibly also carbonates. In rocks, unsupported 210Pb-
and/or 219Po-bearing nanoparticles may also be present within micro-fractures in minerals and at the
interfaces of mineral grains. Despite forming under very limited and special conditions, the local-scale
isotopic disequilibrium they infer is highly relevant for understanding their distributions in mineralized
rocks and processing products.

Keywords: 210Pb; 210Po; uranium decay chain; radionuclides; mineral deportment
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Minerals 2018, 8, 211
1. Introduction

210pp and 219Po are intermediate isotopes within the 238U decay-series (Figure 1) and occur in minute
amounts in nature [1]. Details of the uranium (%38U, 235U) and thorium (%32Th) decay-series
radionuclides are concisely provided in the review by Cowart and Burnett (1994) [2].

210ph has a half-life of 22.2 years and is generated via: (i) the decay of atmospheric ??2Rn gas
(“unsupported” 219Pb); and (ii) via the continuous production of 222Rn from natural 226Ra contained in
crustal materials (“supported” 219Pb). 210Pb decays to 21°Bi by emission of a beta particle. 21°Pb is useful
for determining the age of a recent sediment in that, provided that the atmospheric flux is constant, the
decay profile relates directly to sedimentation rate. Hence, 210Pb is useful for dating sediments up to a
century or so old.

Polonium has no stable isotope [3,4]. 21%Po is by far the longest-lived of the 7 naturally-occurring Po isotopes
in the U and Th decay-series (half-life = 138.376 days). 219Po is generated via beta decay from 21°Bi (half-life
5.01 days) and decays to 2°°Pb by emission of an alpha particle. It has a high specific activity (1.66 101* Bq
g™1) and is highly toxic [5] and-one of the most radioactive natural radioisotopes; 1 mg of 21%Po emits as
many alpha particles per second as 5 g 22Ra. Its toxicity in nature is, however, limited by its vanishingly
small mass concentration, even compared to 22°Ra. As an energy-generating alpha emitter, 210Po has
been used as a lightweight heat source to power thermoelectric cells, for example in the Russian Lunokhod
lunar rovers to keep their internal components warm during the lunar nights. The principal source of both
210ph and 219Po in the environment is natural 222Rn gas which escapes to the atmosphere and undergoes
radioactive decay. Airborne particles containing sorbed amounts of these highly particle-reactive decay
products of 222Rn fall to the land or water surface and either dissolve, are deposited onto soils, or become
subject to sedimentation.
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Figure 1. The uranium (radium series) decay chain, indicating half-lives, adapted from various publicly available
sources.
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Both radionuclides are, however, found in trace amounts in a range of solid media, both natural and
anthropogenic in origin. 21°Pb and 219Po are present in higher activity concentrations relative to crustal
averages in uranium-bearing ores, and in the products of mining and processing from such deposits,
including concentrates and wastes. While polonium concentrations are extremely low (< 0.1 mg/tonne
eveninhigh-grade uranium ores [6]), the presence of shorthalf-life radionuclides (RN) can impact on the
treatment, processing and transport of ore and resulting concentrates. In mining operations in which
uranium is present, whether exploited or not, a knowledge of the geochemical behaviour of210ppand
210po during mineral processing s critical to ensure that produced concentrates are as clean as possible.
These radionuclides, whether occurring together with parent uranium in the mineralized rocks, or
spatially decoupled from it as U-bearing minerals begin to break down, may represent a non-target
element that could attract a financial penalty when sold on the open market. If present at high enough
concentrations, saleability of that product may be prevented altogether (e.g., [7]). More extensive, and
expensive, safety protocols and transport measures may also be required [8].

A comprehensive understanding of the geochemical behaviour and mineralogical distribution of 22°Ra,
210pp and 21%Po during ore processing is a pre-requisite for the development of methods to remove or
reduce their concentration in products from minerals processing, and provides the motivation behind the
present study. The following review of the distributions of 21°Pb and 21°Po (and of parent 22°Ra) in a broad
range of geological materials builds on existing reviews of various length [9-12], many of which have
emphasised the environmental and health risks that 21°Pb and 21%Po present. Our emphasis is on the
concentrations and distributions of 219Pb and 21°Po in solid media, with focus on mineralized rocks and ores,
and in anthropogenic materials resulting from the exploitation of natural resources. An assessment of the
likely mineral hosts for both 219Pb and 21%Po in critical geological environments, including ores and in non-
nuclear industrial sources (technologically enhanced naturally occurring radionuclide material (TENORM,;
[11]) follows.

2. Crustal Distribution of 21°Pb and ?1%Po

210ph and 210Po are widely dispersed in a large variety of natural media because they often mimic the
distributions of parental 238U, 226Ra, or 22?2Rn. Much of the literature on 219Pb and 21°Po distributions in
nature is focused on their concentrations in the atmosphere (e.g, [13]), in oceans (e.g, [14-17]), rivers
(e.g, [18]), lakes (e.g., [19]), groundwaters (e.g., [20-23]), drinking waters (e.g., [24-26]), and soils [27-
29]. Attention has also been given to mosses and lichens, which efficiently capture atmospheric 21°Pb and
210pg, peat bogs (also anomalous with respect to 21°Pb and 21°Po), and in the animal and human food chains,
e.g., milk or berries, and particularly seafood (e.g, [12,30-32]). A smaller body of data is available for some
natural environments, notably hydrothermal ore deposits or active volcanic fumaroles, where there is
evidence for the selective fractionation of 21°Pb and 21%Po from other 238U decay products, and where 21Pb
and 219Po are concentrated in “new” precipitates. These particle-sensitive decay product isotopes are always
fractionated from gaseous parent 222Rn that has extreme dispersion and mobility in the environment,
particularly in the atmosphere.

There is a large body of data addressing the distribution and behaviour of 21°Pb and ?1%Po in

both magmatic and marine/lacustrine sedimentary environments, as well as in relation to the mining,
processing and smelting of uranium-bearing ores, processing of phosphate ores for phosphoric acid
production and other human activity. Somewhat less well documented are concentrations of 226Ra, 21°Pb and
210pg in other anthropogenic materials such as coal ash (e.g., [33,34]), and as scales and sludges associated
with oil and gas production [35-37]. Not infrequently, observed distributions are the product of a complex
interplay between natural and anthropogenic 2°Ra, 21°Pb and 219Po from different mining and non-mining
sources, the effects of which can only be elucidated by high-quality analysis and a good understanding of the
physical and historical context of the samples in question (e.g., [38,39]). There is generally a strong link
between the distributions of 21°Pb and 21%Po and that of parent ?2°Ra in many industrial wastes (uranium
mill tailings, phosphogypsum, coal fly ash, oilfield
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scales and sludges) such that understanding the mode-of-occurrence of 22°Ra will enable prediction of 21°Pb

and 219Pg behaviour. There are, however, some exceptions in which selective fractionation and concentration
of 210Ph and 210Po takes place, as will be shown below.

A detailed treatment of analytical techniques for the determination of short-lived isotopes at
concentrations of small fractions of parts-per-billion, and quantification of 21°Pb and 21%Po in rocks,
minerals, concentrates and leachates, lie beyond the scope of this contribution. The reader is referred to
References [1,40,41], in which comprehensive reviews of methodologies used for the determination of
210pg in environmental materials are provided, building on earlier studies [42] and others. Clayton and
Bradley (1995) [43] describe their methodology to measure 21°Pb and 21%Po in a range of environmental
materials. In a series of papers, Jia and co-authors [44-46] have put forward procedures for analysis of
210ph and 219Po in mineral, biological and soil samples. Particularly relevant to our focus on 21°Pb and
210pg distributions in ores and ore processing residues are separation techniques outlined by
Prud’homme et al. (1999) [47] for fine-grained multi-phase materials.

2.1. Magmatic Rocks and Related Hydrothermal Systems

Volcanoes represent the largest single contributor of atmospheric 219Pb and 21%Po. For example, Allard et
al. [48] document extremely high fluxes from the Ambrym basaltic volcano, Vanuatu Island Arc, in the
South Pacific Ocean. Based on direct measurements, these authors maintain that this volcano is among
the most powerful volcanic gas emitters on Earth, producing between 5% and 9% of current estimates
for global subaerial volcanic emissions of 219Pb and 219Po. Data for both dissolved and emitted magmatic
volatiles are used to estimate the depth, size and degassing rate of the basaltic magma reservoir that
sustains the eruptive activity [48]. In the aforementioned paper, Allard et al. note radioactive
disequilibrium of 210Pb, 210Bj and 219Po in the volcanic gas phase and use this to constrain the renewal
rate and dynamic time scales of the magma reservoir. Extensive radioactive disequilibrium between the
three radionuclides reported in Ambrym volcanic gas is concordantwith observations from otherbasaltic
volcanoes[49,50]. Theradioisotopicdisequilibrium is attributed by Allard et al. [48] to the very different
volatilisation rates of the three radionuclides during high-temperature basalt degassing (*1°Po > 210Bj >
210pp). All 210po is volatilised, whereas the emanation rate is two orders of magnitude lower. 21°Po-
210pp geochronology is routinely used to date recent volcanic eruptions (e.g., [51]). Measurable activity
of 210pp, 210Bj and 21%Po is not restricted to basaltic volcanoes. The volatility of all three radionuclides
have been studied in andesitic gases from Merapi Volcano, Indonesia [52], although the authors note that
the emanation coefficients are significantly lower than observed at basaltic volcanoes, a feature
attributed to lower magma temperatures. The same authors state that the radionuclides are mainly
transported in the volcanic gases as Pb-chlorides, and as “Bi- and Po-metallic species”.

The radionuclide systematics of igneous activity nevertheless differ considerably with respect to
tectonic environments [53]. Enrichment of 219Po and ?2®Ra relative to 23°Th is noted to be more common
and greater in island arcs than in continental margin subduction environments. Levels of enrichment
tend to decrease with differentiation. Differences were attributed [53] to variations in the process of
melt extraction, changes in bulk partition coefficients within the mantle wedge, or preferential addition
of U from subducted lithosphere.

Interest in the activity of 21%Pb and relationships with parent radionuclides in young volcanic

rocks centres on the useful geochronological information the radioisotope distributions can provide. The
literature reveals substantial debate about the possible causes of observed isotopic disequilibria in many
young volcanic rocks (e.g., [54]). The observed 210Pb deficits relative to 22°Ra are attributed to magma
degassing over decades rather than partial melting or interaction with cumulates [55].
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Most igneous rocks contain both U and Th, with concentrations increasing as silica content increases.
Granites are thus the rock type with the highest concentration of all daughter radionuclides, which remain
in secular equilibrium until weathered. Uranium, Th and daughter radionuclides are important heat
producers in granitic rocks [56].

Radionuclide concentrations have been examined in volcanic fumaroles from La Fossa cone, Vulcano
Island, Italy [57,58]. Sulphur and sulphide incrustations show relative but variable enrichments in 21°Po
(as high as 500 Bq-g™1), and in 219Pb relative to 226Ra, which are related to degassing of the fumarolic
fluids. The published data record mobility of sublimates within the fumaroles. 21°Po is almost fully
volatilised due to the relatively high velocity of the gas, even though temperatures did not exceed 280-
350 °C.Much 219Po may therefore be present in gaseous form within the fumarole. Sublimates at La Fossa
Crater, Aeolian Islands, Italy [59] contain an abundance of rare Pb-Bi-sulphosalt mineral species (e.g.,
wittite, cannizzarite, mozgovaite, etc. [60,61]). Several of sulphosalts, including Cl- and Br-bearing
species (e.g., vurroite [62]) have been first described from the locality.

The unusually high sulphur-reducing environments offered by deep-sea hydrothermal vents display
210pp and 21%Po enrichment relative to 22°Ra. Boisson et al. (2001) [63], for example, describe the relative
enrichment in naturally-occurring 21%Po and 219Pb associated with the high particle fluxes brought about
by hydrothermal venting off the island of Milos, Aegean Sea. 210Po levels in organisms living on or near
the microbial mat in the vent zone were higher than from non-vent areas. It was, however, stressed [63]
that input of 21°Po and 219Pb to oceans through venting activity is probably not significant compared to

that of atmospheric origin. High levels of natural radioactivity, including 21°Po-210Pb, in vent biota from
both the East Pacific Rise and Mid-Atlantic Ridge have been confirmed [64].

2.2. Sedimentary Environments

Measurable concentrations of 21°Pb and 21°Po in sedimentary environments, whether marine,
lacustrine, deltaic or fluvial have proven invaluable for understanding age relationships of sediments on
the decade-scale and for calculation of rates of sedimentation. Many dozens of case studies, e.g., [65-
68], document the spatial distributions of 2!1°Pb and 219Po, and successfully separate natural from
anthropogenic sources. Activities of 219Pb and 21°Po have also proven valuable for studies of glaciation
and the accumulation and melting rates of ice sheets [69]. Remarkably few of these studies have
addressed the mineralogy of the sediments, and the likely host(s) of 21°Pb and 21Po.

Akey feature of many studies of sediments and water columns in marine or lake waters is the recognition
of disequilibrium between 21°Pb and 21°Po that is linked to differential cycling patterns, rates of
sequestration by sediments,aswellasthe contributions ofatmosphericdeposition, particularly for 21%Po.
Some sedimentary rocks contain anomalous radionuclide concentrations. Of particular note are
restricted marine and estuary environments supplied by organic- and clay-rich sediment. Under
reducing conditions, uranium is readily adsorbed onto the organics and/or clay particles.

Sedimentary rocks are also the host for many of the World’s largest and richest uranium deposits, formed
via migration of dissolved U®* in oxidising waters along paleoaquifers and deposited in reduced rocks.
The genesis of such deposits has been amply described elsewhere [70].

3. 210Pb and ?'°Po from Anthropogenic Sources

The mining of uranium, smelting of copper and polymetallic ores, phosphoric acid and oil/gas
production and combustion of coal (and peat) are the main extractive activities leading to generation of
materials with high contents of 210Pb, 210Po, and other RN. Surveys of the generation of Naturally
Occurring Radioactive Materials (NORM) from industrial operations [71-75] also cover other industrial
sectors, including manufacture of zirconia, titanium dioxide pigment production, cement production and
alumina and iron and steel production.
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3.1. 219pb and ?19Po in Uranium Mill Tailings

The radiological risks associated with management of uranium mill tailings have been discussed by [76-
79], among many others. Several authors have suggested that 22°Ra occurs in radium-bearing sulphate
minerals in uranium mill tailings [80-82]. Landa et al. [83] examined uranium mill tailings from
Monticello, Utah. 226Ra was found to be associated with particles and colloids of alkaline-earth sulphates,
alkaline-earth carbonates, and surfaces of quartz, clay, and feldspar. Landa [77] inferred from the
leaching behaviour of uranium mill tailings that 22°Ra occurs with hydrous oxides of  iron and
manganese. In one study specially aimed at understanding the mineralogy of 21%Po [84], material from
three uranium mill sites in the USA were examined to establish where contaminants reside as a
prerequisite for modelling contaminant mobilisation. Four mineral hosts were suggested using a
combination of electron probe microanalysis, thin-section petrography, &X-emission mapping, and
selective chemical extractions (although none of these techniques can identify mineral hosts for specific
radioactive decay products): uranium minerals, authigenic siliceous material, Ba-Sr-sulphates, and Fe-Ti-V-
oxides. These themes are explored further by Landa and Bush [79], who recognised a redistribution of
radium by particle size during milling but also of the components in the tailings onto which radionuclides
are adsorbed. The following potential sorbents were identified: clay minerals, Fe- and Al-oxides,
feldspars, fluorite, barite, jarosite, coal, and volcanic glass. Both 22°Ra and 219Pb showed both higher
degrees of adsorption than either 238U or 230Th, attributable to either selective adsorption or ingrowth
of 210pPb daughter isotopes in minerals containing substituted radium (e.g., Ra?* for Ca?*).

In a review of the mineralogical controls on radionuclide mobility in uranium mill tailings [78], the
importance of amorphous silica, carbonates and phosphates, and microbial reduction processes is noted. The
same publication also examines radionuclide behaviour (although not mentioning 21°Pb and 21%Po in this
context) during in-situ leach (ISL) recovery operations. Jarosite [KFe3(S04)2(OH)s], which may precipitate and
severely restrict permeability along ISL aquifers, is said to be a significant host for radium. The presence of
sulphides and Fe-(hydr)oxides will also impact on recovery dependent on the extracting agent used. These
ideas are expanded in a more recent study of uranium mill tailings [85] that also stresses the potential role
of sulphates and secondary galena as hosts for 219Pb. It is reasonable to infer that these minerals scavenge
210pp dissolved within pore fluids.

Radionuclide distributions, including 210pp deposition rates and inventories, have been examined in and
around the Ranger Uranium Mine, N.T., Australia [86]. Natural redistributions of 222Rn and 21°Pb occur
via atmospheric dispersion of 222Rn, (seasonal) deposition of 21°Pb on surfaces, and eventual migration
creating 219Pb depth profiles prior to decay to 2°°Pb. A netloss of 21°Pb from the region occurs during the
dry season by attachment to aerosols.

3.2. 219pp and ?19Po in Copper and Polymetallic Ores and Products of Their Mining and Processing

Some copper ores contain anomalously high concentrations of RN, meaning that daughter radionuclides
are present in products of mining and smelting, and within wastes resulting from those activities. Due
to selective volatilization/condensation of 219Pb and 219Po, smelter dusts tend to be enriched in 21°Pb
and 21%Po compared to 22°Ra, compared to their activity concentrations in the original ore feed, and
compared to their activity concentrations in other solids produced during processing. Suchascenariois
documented for the Olympic Dam copper mining and smelting operation, South Australia [87]. The
behaviour of 219Pb and ?1°Po during concentration and smelting of copper ores, and their preferential
partitioning into smelter flue dusts where they may accumulate, has been documented in several studies.
One of the best studied examples is the contamination generated through centuries of exploitation of
copper-bearing bituminous shales (Kupferschiefer) in the Mansfeld district of eastern Germany. A
characterisation of scrubber dust slurries (Theisenschlamm) containing 21°Pb and 21°Po, which were
produced as a by-product of the Mansfeld smelting operations, is given in [88]. Around 220,000 tonnes of
these sludges are deposited at several sites and continue to represent a serious environmental risk [89-
92]. The material contains: 18% Zn (as sphalerite and wurtzite);
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14% Pb (as galena and secondary anglesite); a wide variety of hazardous (As, Tl, Cd) elements and rare
metals (Ag, Ge, Re); polycyclic aromatic hydrocarbons and other organic compounds, as well as radionuclides.
210ph and 219Po are concentrated in the finest size fractions, typically of sub-micron size and combined as
aggregates with mean diameter of 1.25 pm [88]. Additional characterisation of the Theisenschlamm is
provided by Morency et al. [93], with experimental evidence in support of oxidative processes designed to
immobilize elements and isotopes of concern. Of relevance to the overarching aim of the present study is the
observation that almost all 21°Pb and 21%Po can be concentrated into a lead sulphate phase. Ores of
comparable age and origin, albeit with generally lower associated radioactivity, are currently mined in the
Lubin region, Poland [94]. The highly selective enrichment of 21°Pb and ?1°Po compared to ?2Ra in certain
wastes from copper smelting highlights the importance of understanding the distribution of these isotopes
when designing plant operations or planning waste clean-up or handling.

Hypogene tin ores are generally genetically related to granites and often contain anomalous concentrations
of Cu, Pb, Bi, U and Terelative to crustal averages. They may contain measurable concentrations of 219Pb, 210pg
and 21%Bi. The smelter process, for which feedstock may not only comprise tin ores/concentrates but also tin-
rich residues from other processes, involves a molten metal stream and separation into tin, lead and lead-
bismuth alloys. 21%Po will rapidly volatilise, and according to Martin et al. [71], can be highly enriched in
smelter fumes (200,000 Bq-kg™1). Slags will contain the non-volatile radionuclides but also some 219Pb and
210pg (10,000 Bq-kg™1). Within the bismuth metal, short-lived 21°Bi rapidly decays to 21°Pb, which may have
activity concentrations up to 100,000 Bq-kg ™. Hipkin and Paynter (1991) [95] address activity concentrations
of materials and the radiation exposures of workers in the tin industries of Bolivia and SE Asia, while
background data on 219Pb and ?1%Po behaviour during the tin smelting and electro-refining process are given
by Harvey et al. [96]. 21°Pb and 21%Po activities in and around a large, now-closed, tin smelter in northern
England are discussed by Baxter et al. [97]. Here, over the course of ca. 55 years of tin production, about
30% of the 219Po was isolated in tellurium dross, 48% decayed within the refinery, 19% went to waste slag,
and 2% was released into the atmosphere.

3.3. 219pb and ?19Po in Mining and Processing of Phosphates

Many phosphate formations exploited for the fertiliser industry contain concentrations of naturally occurring
radionuclides of the uranium and thorium decay series that exceed those in other rocks. The risks
associated with mining, milling and manufacturing of phosphoric acid and phosphate fertilizers have
been widely documented at different sites around the world. Solid waste products of the phosphate
industry, notably gypsum (CaSOs 2H20), termed phosphogypsum, but also dusts generated during
milling, can carry particularly high concentrations of 226Rn, 219Pb and ?1°Po (e.g., [74,98-109]. Although
waste from the phosphate industry has, in some cases, been disposed of in the marine environment (e.g.,
[101]), elsewhere, most spectacularly in Florida, where the World’s largest phosphoricacid industry is
centred, huge waste piles (gypstacks) havebeengenerated, creating serious waste management issues.

In the manufacture of phosphoricacid, an importantindustrial chemical, phosphate rock (which typically
contains U within apatite or other phosphates) is treated with sulphuric acid, resulting in by-product
gypsum in volumes three times greater than the phosphoric acid (Figure 2). The reaction involved in
phosphoric acid production can be simplified, after Burnett et al. [103], as:

Ca10(PO4)6F2 + 10H2S04 + 20H20 — 10CaS04-2H20 +6H3P04 + 2HF

The above reaction creates disequilibrium between U, Th and Ra. The majority of U if found in the
phosphoric acid, ca. 90% of the 22°Ra, and effectively all the 21°Pb and 219Po, will be preferentially
concentrated within the phosphogypsum (e.g., [110]), with 21°Pb and 21°Po in secular equilibrium [111]. The
210phand 21%Po activities in phosphogypsum are typically afew hundreds of Bq-kg ™. For example,
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Brasilian phosphogypsum described by Mazzilli et al. [106] shows concentration ranges of 47-894

Bq-kg™'and 53-677 Bq-kg™! for 219Pb and 210Po, respectively. These activities depend on the uranium
concentrations in the phosphate ore, which can vary over as much as an order of magnitude. For
comparison, phosphate rocks in Florida, Morocco and Jordan, three important producing areas, contain
1300-1850 Bq kg™! U [112]. In the phosphate rocks, U (and Th) is present mostly within the mineral
apatite. U** has a similar ionic radius to Ca%* (0.97 and 0.99 A, respectively) and readily substitutes into
the apatite lattice, resulting in less abundant uraninite in some ores.

The physical distribution of 226Ra and 21°Pb in phosphogypsum waste piles is addressed by Rutherford
etal. [100], who note heterogeneity in which 21%Pb is concentrated in the finest fraction (no more than
a few microns). In studies of Florida phosphogypsum, 21°Pb/219Po disequilibrium in mature
phosphogypsum samples has been demonstrated [104], suggesting that 21°Pb was more mobile than either
210pg or 226Ra. Although none of the phosphogypsum research has demonstrated that the mineral hosts
for each radionuclide differ (phosphogypsum is, in any case essentially monomineralic with around 1%
impurities), these observations are indirect evidence to the suggestion that 21°Pb may be less well bound
within the crystal lattice of gypsum.

RN Phosphate rock
Miring J Phosphonc acid
(fertilisers and
Ore processing other uses)
(acid leach or furnace)
Phosphogypsum e

Figure 2. Schematic diagram showing RN behaviour during phosphate production.

3.4. 210pp and 219Po Associated with Oil and Gas Production

Radioactive scales and sludges associated with offshore oil and gas production often contain
anomalously high concentrations of ?2°Ra, 21°Pb and 21%Po, and have been well documented [35-
37,113,114]. After the mixture of oil, gas and water is brought to the surface, and the gas and formation
waters are separated from the oil, hard scales will build up on the internal surfaces of the oil field
extraction and production equipment. Well fluids (saline formation waters that are co-produced with oil
and gas and require separate handling) are characteristically enriched in Ca, Sr, Ba and associated Ra.
Pipes and tanks that come into contact with these waters are subject to scale and sludge build-up. The
relative amounts of solid waste (sludges and sands) vary with the production area due to the different
geological and fluid characteristics of the reservoirs. 226Ra, 219Pb and 21%Po-enriched scales precipitate as
solids directly from the formation waters following changesin temperature, pressure and salinity.
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The volumes of these materials are, however, generally rather small and typically comprise a mixture of
carbonate and sulphate compounds of calcium, strontium and barium. Generation of 21°Pb and 21Po is
due to the presence of parent U and Th in the oil/gas source rocks, which decays to Ra that dissolves
within the saline formation waters that also contain P, Sr, Ba and Ca. The radium isotopes, 226Ra and
228Rg, co-precipitate with the salts of these elements, enriching the sludgesand, particularly, scales in
radium and products of radium decay, including radon isotopes, 21°Pb and 21%Po. The relatively longer-
lived decay products such as 210Pb, will accumulate as very thin films and deposits in gas handling
equipment and storage tanks.

3.5. 219pb and ?19Po from Combustion of Coal and Other Solid Fuels

The combustion of solid fuels such as coal for heat and power applications is an important source of
atmospheric 21%Pb and 21%Po and has been studied in detail in various parts of the World. During the
combustion of solid fuels, trace elements, including 21°Pb and 21°Po, partially volatilise along with organic
constituents in the fuel matrix. The remaining trace elements remain in the fuel bed and are eventually
collected as bottom ash. The volatilised fraction generally condenses on fly ash particles in the flue gases as
the flue gases are cooled [115]. Fly ash samples collected from coal-fired power stations have been reported
to contain elevated concentrations of 21°Pb and 21°Po, when compared with the original feedstocks [116],
indicating that these two radionuclides volatilise to a large extent during the combustion of solid fuels. The
United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) provide further evidence
for the enrichment of 219Pb and 21Po relative to precursor RN  in fly ashes during solid fuel combustion in
their survey on the activity concentrations of radionuclides in coal samples sourced from a wide range of
geographical locations and in fly ashes sourced from various coal-fired power stations [117]. Country-
averaged activity concentrations for coal were all within 50 Bq-kg™! for both 21°Pb and 219Po. Average
concentrations of 21Pb and 21%Po in the fly ash samples were much higher by comparison (930 Bq kg™ for
210ph and 1700 Bq kg™! for 210Po). Studies on the size distribution of radionuclides in fly ash show 219Pb and
210pg to preferentially condense on fine particles below 10 microns in size [118,119]. This makes the capture
of 210Pb and 21Po difficult, since conventional particulate control devices (e.g., electrostatic precipitators and
bag filters) generally become less effective with diminishing particle size [119]. Consequently, a small but
nevertheless not insignificant fraction of the 21°Pb and 21%Po in solid fuels is emitted from the stack into the
atmosphere. According to Roeck et al. [120], in old coal-fired power plants, ca. 3% of the initial radioactivity
will be discharged from the stack but this proportion is no more than 0.5% in modern plants. UNSCEAR [121]
state that annual emissions from a “typical” 600 MW coal fired power station was 0.4 GBq for 21°Pb and 0.8
GBq for 210Pb. 219Ph and 21°Po may also accumulate in deposits on furnace walls and on the fireside of boiler
tubes.

The amounts of 21%Pb and ?1%Po released into the different product streams during solid fuel
combustion not only depend on processing parameters (e.g., combustion temperature and gas
atmosphere) but also on the properties of the feedstock, particularly the activity concentrations of
210pp and 21%Po. Most coals contain small amounts of parent U and Th but their concentrations can vary
over several orders of magnitude from deposit to deposit. There is a substantial volume of literature on
naturally occurring radionuclide distributions in coals and fly ash [116,122-125]. Coal is formed via
reduction of organic material, in which uranium is trapped or adsorbed onto clay particles, carbonaceous
matter, pyrite and organic matter. In contrast, Th occurs within minerals such as monazite or apatite.
Since organic matter is an effective reductant, coal horizons may accumulate additional uranium over
time by extracting dissolved uranium from circulating groundwaters [126]. Lower rank sub-bituminous
coals, brown coals, and lignites may contain higher concentrations of parent U and Th ([125] and
references therein). Unconsolidated analogues, including peats, may also contain anomalous RN
concentrations.
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Enhanced atmospheric 21%Po in urban areas may be attributed to coal-fired power stations[127,128].
In a comparison of emissions from power plants fuelled by different hydrocarbon fuels, Hisdnen et al.
[129] point out that the greatest emissions of 21Po per burnt volume of fuel were from combustion of
peat.

3.6. 21°Pb and ?19Po from Exploitation of Mineral Sands

Anomalous concentrations of 219Pb and 21%Po are associated with exploitation of mineral sands for
production of zircon and zirconia, titanium dioxide and rare earth elements. Radiological risks
associated with such ores (and corresponding products and wastes) are generally low (around 10,000
Bq-kg™1 [71]). This could, however, be an area in which 21°Pb and ?1%Po release is set to increase, since
demand for these commodities, especially REE, is booming, and new mineral sands operations are being
established around the globe.

Mineral sands are of particular interest because of the indirect information they provide on potential
mineral hosts for 21°Pb and 219Po. The minerals within such sands (zircon, baddeleyite, monazite,
xenotime, ilmenite, rutile, etc.) all host trace to minor amounts of uranium and thorium (varying up to as
much as 1 wt % depending on primary source) and are all highly refractory. Despite this, there are
relatively few published studies detailing 21°Pb and 21%Po geochemistry in mineral sands enabling an
understanding of whether daughter radionuclides are retained in the crystal structures. The
manufacture of zirconia for glazes and ceramics involves production of small volumes (~1% of feed) of
highly RN-enriched waste, as well as volatilisation of 21°Pb and 21%Po.

Titanium oxide pigment production, from rutile, a mineral that also commonly contains primary minor U
and Th, also results in a RN-enriched solid waste residue.

3.7. 21°Pb and 219Po in Other Anthropogenic Materials

Most iron ores contain only low concentrations of 21°Pb and 2'°Po and thus accumulation of
radioactivity in waste materials produced by iron and steel production are mostly attributable to other
feed materials (coal/coke and limestone). 21°Pb and 21%Po tend to accumulate in the sinter plant in dust
collected from the gas cleaning systems and are generally very low or absent in saleable products.
According to Martin et al. [71], for every million tonnes of steel produced, 2000 tonnes of contaminated
dust will be generated. In a study of sinter plant radioactivity in the Port Kembla foundry, NSW, Australia,
Brown et al, in a report cited by Martin et al. [71], report activities of 18,900 and 15,600 Bq-kg™! for
210pp and 219po, respectively, in ductwork dust.

Production of the elements niobium and tantalum is also associated with generation of RN-rich residues.
Like tin ores, Nb-Ta ores are granite-related and commonly contain minor amounts of other elements
including uranium (and thorium). Pyrochlore, a primary ore mineral of niobium and tantalum, will often
contain actinides at measurable concentrations. 219Pb activities as high as 16,700 Bq kg™! in slags from
a Brasilian niobium processing facility are reported [11].

Martin et al. (1997) [71] compiled information on 21°Pb and 21%Po in cement, bricks and other building
materials, and provide activity concentrations for 22°Ra and 232Th. They note that activities are only of
concern if substantial amounts of waste materials in which 21°Pb and ?1°Po are concentrated are added into
the materials. Examples include the common addition of copper slag in concrete (in the former East
Germany), phosphogypsum waste in wallboard and road construction, and fly-ash in bricks and some
cements. Lightweight building blocks may contain both slag and fly-ash. Several publications detail
representative 21Pb and 219Po activity concentration data for building materials, focussing on eastern
European countries where the practice of adding smelter slags and fly-ash was commonplace [130-132]. The
environmental impact of radionuclide release during processing of granite rock for ornamental stone has also
been explored [133]. In this paper, Guillén et al. suggest that even basic mechanical processing of granites
can lead to increased levels of 21°Po and 219Pb in the surrounding environment, as dusts, solid waste and
slurries.
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Numerous studies have sought to demonstrate the impact of historical human industrial activity by
monitoring the levels of lead isotopes in peat bogs, salt marsh, lakes and estuarine sediments
[38,134-140].

4. Mineral Repositories for 21°Pb and ?''Po

The literature contains extensive reference to the potential mineral repositories for 219Pb and 210Po,
although much of this evidence has been obtained indirectly. Very few studies to date have been able to
provide direct confirmation that a given phase contains these RN. This is largely due to those RN with
relatively shorthalf-lives being present at minute concentrations well below minimum detection limits of
conventional microanalysis.

Polonium has no non-radioactive isotope and does not occur naturally as a metal or essential component
of naturally occurring compounds, although the compound PbPo has been reported [141] and has been
attributed to natural alpha decay of polonium to form lead. Polonium is readily vaporised, forming Po2
molecules even well below the melting and boiling points (254 and 962 °C, respectively) via small clusters
of polonium atoms spalled off by alpha decay. These particles are readily adsorbed. Chemically, polonium
displays similarbehaviourtothatoftelluriumandbismuth [141,142]. More than 50 polonium compounds
have been synthesized including metal polonides, polonium hydride, the two oxides PoO2 and PoOs,
halides and sulphates. Various oxidation states, including 2+ 4+ and 27, are known.

Valuable insights into the behaviour of 21°Pb and 21%Po in polymetallic ores are provided by

Golubev et al. [143]. By comparative analysis of different volumes of ore within a single vein-type
uranium orebody, these authors provide critical evidence for migration of 238(J and, critically, of
intermediate decay products within an effectively open system, creating disturbances of U-Pb
systematics, expressed as local enrichments or depletions in 29°Pb, giving rise to discrepancies between ages
based on 296Pb /238U and 207Pb /235U ratios. The authors note the presence of zones with low U contents
but with excess 20°Pb. These contain pyrite/marcasite onto which migrating longer-lived radionuclides,
including 21%Po and 219Pb, are considered to accumulate, effectively playing the role of geochemical
barriers within the system.

In a study attempting to identify the solid-phase partitioning of 21°Po and 21°Pb in anoxic marine sediments
[144], the influence of early diagenetic processes on distribution patterns is documented. In sediment,
210pg was found to be either bound to organic matter, sulphides such as pyrite, clay minerals or
refractory oxides. 21°Po was found not to be significantly bound to acid volatile sulphides in sediment, even if
the authors considered that 21°Po initially bound to acid volatile sulphides may have been redistributed by
bioturbation.

Because ofthe extremelylow concentrationsand the difficulty of separating fine-grained minerals, there is
a paucity of published concentration data for 219Pb and ?1%Po in individual minerals. Identification of the
potential mineral repositories for either radionuclide, except for post-decay reincorporation of daughter
RN into parent U-minerals is therefore reliant on indirect observation. Good indications as to potential
hosts can nevertheless be made based on the literature we have summarised above (Table 1).
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Table 1. Summary of potential mineral hosts for 210pp and 219Po,
Mineral Group Mineral Formula (e) Host for
Uraninite UO; (ideally) U. radi"ge%if Pb, minor
Urani eruls Coffinite U(SiOg) o (OH)y, ditto -
ratm el Brannerite (U,Ca,REE)(Ti,Fe),0; ditto -
Uranothorte (Th,U)S:10y4 Th, U, radiogenic Pb
Carnotite Ka(UO3)p(VOy)p-3H;0 U, (Th and Pb?)
Monazite (REE)PO, Minor U, ;}:?gadiu genic
Bastnisite REE(COs)F ditto -
Synchysite Ca(REE)(CO;),F ditto -
REE-, Zr- and Xenotime fY,REE)PO; ditto -
Nb-Ta-mierals Alunite Supergroup Minerals (especially R i —
crandallite and beudantite groups) (Various minerals) ditto
Baddeleyite Zry ditto -
Zircon 2510y ditto -
Tantalite-(Fe )-tantalite-(Mn) series (Fe,Mn,Mg)(Nb,Ta),Og Trace U, Th,Pb (7)
Euxinite (¥,Ca,Ce, U, Th)(Nb,Ta,Ti)2Og ditto -
Galena PbS Radiogenic Pb
Clausthalite PbSe ditto -
) ) ) Altaite PbTe ditto -
G » iy -
Sulphides/selenides/tellurides Bi-chalcogenides Bix(Te, Se,S), >
Pb-Bi-sulphosalts (various) ?
Pyrite FeSa as a sorbent (7)

Calcite, dolomite, ankerite

CaCOj5, CaMg(COy)a,
Ca(Fe,Mg)(CO3)

Ra, minor Pb

Carb . Strontianite SrCOs5 ditto -
arbonates Rhodocrosite MnCOq ditto -
Magnesite MgCOy ditto -
Witherite PbCO, Fb
Barite BaS0y Ra, Pb
Sulphates Celestite Sr50y ditto -
SHIpRates Anglesite PbSO4 Pb
Gy psum CaS0y-2H,0 Pb(?)
. Minor/ trace U, Pb, and
Fe-oxides, hydroxides Hematite o-Fez 03 as sorbent
Goethite FeO(OH) As sorbent
o llmenite FeTiOy Minor U and Th
Fe-Ti-oxides, Ti-oxides Rutile TiO, ditto-
[arosite sub-group Jarosite KFe(S504)2(0H)g Pb?
Apatite group Cag(POy):(F,CLOH) Minor U and Th
Other potential hosts Fluorite CaFz ?
Feldspar group - Pb (replacing Ca?)

4.1. Re-Incorporation of Radionuclides into Parent Minerals

Allminerals originally containing uranium will hostdaughter RN ifthose products do not migrate from the
parent. Plausible 21°Pb and 21%Po carriers thus include the more common uranium minerals, such as
uraninite, coffinite, uranothorite and brannerite, as well as the large number of minerals which carry trace
to minor amounts of uranium. The latter include REE-fluorocarbonates and phosphates (monazite,
bastnasite, synchysite, florencite, xenotime, etc.), and common accessory minerals in rocks and ores such
as apatite, allanite, zircon, titanite and rutile). The assumption that 21°Pb and ?1°Po can be found in these
minerals, however, infers that all decay chain products, including 234Th, 22°Ra and %2%Rn, are retained
within the parent mineral, either within the crystal lattice, or as inclusions.

In the case of the mineral uraninite, strong supporting evidence for this emerges from our own
recent research on the Olympic Dam Cu-U-Au-Ag ore deposit, South Australia, where (re-
)Jincorporation of radiogenic lead within the crystal lattice of uraninite is recognised [145-147]. Lead
concentrations in Olympic Dam uraninite can, locally exceed 10 wt % in solid solution within the uraninite
structure. This contradicts the findings of Janeczek and Ewing [148], where it is maintained that Pb?* is
incompatible within the fluorite-type uraninite structure at concentrations greater than a few wt %.
Other U-minerals will also contain Pb, albeit at lower concentrations, e.g., coffinite and
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brannerite from Olympic Dam [149]. Lower Pb concentrations relative to contained U suggest these
structures accommodate daughter RN less well than uraninite.

The presence ofradiogenicleadisalsowellknowninminerals such as monazite and zircon where it directly
substitutes into the crystal structure (e.g., [150,151]). The ratios between parent uranium, thorium and
radiogenic lead underpin U-Pb geochronology. In the Olympic Dam deposit, both U and Pb (2°6Pb) are
also noted in a characteristic oscillatory-zoned textural type of hematite [152,153]. Hematite is the most
abundant gangue mineral in the deposit. Within this hematite, uranium and lead isotopes, both in solid
solutionandasnanoparticleinclusions[154]areinapparentsecularequilibrium, indicatingaclosed system
and providingabasis for U-Pbgeochronologyusinghematite [152,155,156].

4.2. Migration and Precipitation as New Minerals

During radioactive decay of U-bearing minerals, metamictisation will take place. This is a natural process
occurring over geological time (millions to billions of years) in which the crystal structure  of the parent
mineral is gradually, and ultimately completely, destroyed, rendering that mineral amorphous [157]. During
that process, any impurities may be expelled from the metamict phase. Even if a portion of the 21Pb and
210pg is retained within the U-bearing parent mineral, migration of daughter isotopes and other trace
elements initially incorporated within the parent mineral (Th, REE, Nb, etc.) is widely observed to take place
following metamictisation, alteration and recrystallization. The radionuclides are either precipitated as new
minerals, or alternatively, are incorporated into other existing minerals at distances ranging from microns to
metres from the parent phase. Such phenomena are particularly common in hydrothermal ores, in which
transport is assisted by permeability and  the presence of fluids. There thus exist several potential mineral
hosts for daughter RN. Obvious products resulting from 21°Pb and 21°Po migration include the common lead
mineral, galena, which is often observed within, or immediately adjacent to parent U-minerals ([158,159],
and many others). For example, nanometre-scale galena is documented within uraninite in parts of grains in
which Cu-sulphides and fluorite fill sub-micron-scale fractures [145]. Finch and Murakami [160] have
outlined how galena will form in close association with uraninite if the sulphur activity is high enough. Direct
evidence for the presence of 219Pb within galena is limited but has been shown within recently formed galena
from burning heaps associated with coal mining in the Lower Silesian basin, Czech Republic, [161]. Migrating
radiogenic lead may also combine with Se or Te, either within existing minerals or from fluid, to form
clausthalite (PbSe) or altaite (PbTe). Owen et al. [162] have recently documented the formation of 20°Pb-
enriched nanoscale inclusions of clausthalite in Cu-(Fe)-sulphides, which formed via interaction between
migrating Pb in fluids with Se initially hosted in solid solution within the sulphides. These may be as small as
1-2 nm in size but display coarsening.

Rollog et al. [163] have used nanoSIMS mapping to directly observe the sub-micron-scale distributions
of 210RN in copper ores and flotation concentrates from Olympic Dam; measurementsare the sum of 21%Po
+ 210Bj + 210pp but are overwhelmingly dominated by 21°Pb. Although concentrated within U-bearing
minerals, migration of 21°RN away from the parent is observed on the scale of microns, with formation of
nanoinclusions of “new” phases at sulphide grain boundaries, within microfractures, and within
micropores in a range of host minerals. This phenomenon leads to daughter 21°RN becoming readily
trapped within their host phases and accompanying those hosts through processing. Figure 3 shows an
example of this innovative method to visualise RN distributions within individual mineral grains.
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Figure 3. nanoSIMS map, modified from Rollog et al. [163] confirming the presence of 210RN in apatite that is
compositionally-zoned with respect to REE. Green = Fe, blue = Ca, pink = 21°RN.

4.3. Sulphates, Carbonates, and Other Potential Hosts

Sulphates, notably barite (BaSO4), celestine (SrSO4), anglesite (PbSO4) and gypsum are commonly
considered as hosts for radium and subsequent daughter radionuclides including 21°Pb and 219Po. Prieto
etal. [164] provide compelling experimental evidence for (Ba,Pb)SO4 solid solution. We are nevertheless
unaware of empirical proof for the presence of 21°Pb and ?1°Po in these sulphates.

The similarity in chemical behaviour between Ra and Ba, and to some extent also Pb, makes sulphates a
good host for 219Pb and, potentially, for 21%Po. For example, Al Attar et al. [114] report barite-strontianite
solid solution and hokutolite [(Ba,Pb)SO4] as the main mineral components of radionuclide-containing
scales associated with oil production. Extensive solid solution between isostructural Ba- and Ra-
sulphates (so called radiobarite, (Ba,Ra)S04 [165-174] has been modelled, and a number of natural
occurrences have been documented e.g., [175,176]. In a detailed mineralogical insight into radionuclide
host phases, Landa and Bush [79] document intense alpha particle activity associated with the presence
of 210pb within micron-scale inclusions of anglesite within laths of gypsum.

Other possible candidates as hosts for 21°Pb and ?1°Po in natural samples include common

carbonates, notably the Pb-carbonate cerussite (PbCO3). Reactions of dissolved Ra and Ba onto the
surfaces of different carbonate minerals were examined by Jones et al. [177]. Calcite, dolomite,
strontianite, rhodochrosite, ankerite and witherite all showed evidence of a co-precipitation reaction
(increased uptake with increasing Ra concentration), siderite, magnesite and ankerite demonstrated a
behaviour suggesting simple sorption. Magnesite showed a particularly high sorption capacity. An
extensive treatment of the principles and mechanisms of co-precipitation with application to
radionuclide incorporation within, and onto carbonate substrates, is given by Curti[178].

The role played by tellurium-bearing minerals, notably altaite (PbTe) and bismuth tellurides, as hosts for
210ph and/or 210Po is unknown at the present time. These phases, as well as the selenide analogue of
galena, clausthalite (PbSe) are minor yet persistent components of many hydrothermal ores, could potentially
be important carriers of either radionuclide, especially given the similar chemistry of Po and Te. The
environmental geochemistry of tellurium itself is only recently beginning to become better understood
[179]. There may be a number of less obvious candidate hosts for 21°Pb and 219Po. We can reasonably
speculate that these will include those minerals capable of trapping gaseous radon within pore spaces
during, or subsequent to growth.

4.4. Clay Minerals, Iron-Manganese-Oxides and Organics

Clay minerals, Fe-Mn oxy-hydroxides, and organic matter are well known sorbants for dissolved uranium
and radium. 219Pb and 21%Po sorption may not be primary and abundances may relate to
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in-situ decay of the sorbed U and Ra. As an alternative, sorption of 222Rn daughter isotopes, including

210pg and 219Pb may follow their generation via decay of dissolved 222Rn.

In a study of a range of sites on the River Danube, preferential accumulation of 21Po in sediments that are
rich in clay minerals has been shown [180]. These authors invoked the ion exchange and adsorption
characteristics of different types of clay minerals, suggesting that they may represent both a sink or a source
for 210Pb and 21%Po and other contaminants, as element mobilities are influenced by evolving physical,
chemical and biological conditions.

A strong association between 21°Po and 21°Pb and iron oxide minerals is demonstrated in

beach sands [181], even if other, far more voluminous hosts contained the majority of these and other
radionuclides. Yang et al. [182] report on the adsorption properties of 21°Po and 21°Pb onto micro-
particles and reported that Fe- and Mn-oxides were stronger sorbents of 21°Po and ?1°Pb than SiO:z and
CaCOs. They did, however, note preferential adsorption of 219Po over 21°Pb onto both SiOz and CaCOs. In
the presence of the protein BSA; acid polysaccharides appeared to produce the opposite effect, enhancing
210pp adsorption.

Interaction, by both adsorption and incorporation, between Pb and Fe(IlI) (oxyhydr) oxide minerals, has
been demonstrated by Yang et al. [183], who considered that the presence or absence of these minerals
playsamajorinfluence onthe partitioningand transportoflead. They have shown how Pb is both surface-
adsorbed and incorporated within ferrihydrite during crystallisation to hematite and goethite,
depending on pH conditions.

Further evidence for the importance of both organic compounds and nanoparticles is given by Yang et al.
[184], who have documented adsorption and fractionation of 21%Po and 21°Pb onto chemically simple oxide
and carbonate nanoparticles in the presence or absence of various macromolecular organic compounds
(MOCs) in natural seawater. MOCs were found to enhance sorption of selected nuclides on most nanoparticles
(partition coefficients for 21°Po and 21°Pb increasing 2.9- and 5-fold, respectively), even if adsorption was
largely dependent on particle composition.

In soils, 219Po is adsorbed onto clay particles and organic material [9,185]. Sequential leaching techniques
enable insights into the speciation of 21°Pb and 21%Po in soils to be gained [46]. Of the five fractions into which
210pp and 21%Po were fractionated, they found the majority of both 219Pb (67.2%) and 21%Po (77.4%) bound
to the insoluble residue. Small, but still significant fractions of the total 21°Pb (14.3%) and 21°Po (21.0%) were
extracted with NH20H HCl in 25% v/v acetic acid, which may indicate partial association of the radionuclides
with Fe-Mn-oxides [186]. The bio-reactivity of 21°Pb and 21°Po was demonstrated by Kim and Kim [187], who
asserted that colloids play a major role in their cycling within oceans.

Further supporting evidence for the affinity of 219Pb and 21%Po for Fe-oxides comes from the Talvivaara
mine, Eastern Finland, where microbe-induced heap leaching is used to recover Ni and by-product Zn,
Cu, Co from a black schist [188,189]. Non-target metals in the depositinclude uranium (as uraninite) and
its daughter isotopes. The behaviour of 226Ra, 21°Pb and 21°Po were studied in the mining process. It was
found that they mostly remain in the heaps during leaching, where they are associated with jarosite,
goethite and gypsum.

5. Discussion

5.1. Geochemical Behaviour of Daughter Radionuclides

Considerations of the likely mineral hosts for 21°Pb and ?1°Po needs to include not only the geochemistry
of each specific radionuclide, but the geochemical behaviour of the entire 238U decay chainin the context
ofhalf-lives thatrange from fractions ofa seconds (1#Po) to billions of years (?38U

4.5 x 107 years). The geochemical behaviours of each daughter radionuclide differ fundamentally from
those of parent uranium, and thus, if released from the parent mineral and able to migrate, even if only at
the sub-micron-scale, they will be readily incorporated, by virtue of ionic size and/or charge, into quite
different minerals. They may potentially even undergo several “metamorphoses” before
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accumulation of stable radiogenic lead within minerals such as galena or clausthalite that which do not

necessarily coexist with the parent phases. Geochemical differences are particularly pronounced between
U and Th, between Th and Ra, between Ra and Rn, and between Rn and Pb [2]. Figure 4 is a schematic
diagram thatattempts to illustrate how RN behaviour in different minerals may be viewed, also indicating
how decoupling of RN within the decay chain might be achieved.

a

Most U-bearing minerals (e.qg., uraninite, zircon, apatite etc.)
Daughter RN fully retained within structure
Rapid healing of transient porosity and radiation damage

Isotopic equilibrium (dateable minerals)

Other U-bearing minerals (daughter RN only partially
re-incorporated into structure)

RN within new phases (e.g., galena) and nanoparticles
formed in pores within U-bearing host (A), within micro-
fractures in enclosing minerals (B), at grain margins (C)
other grain boundaries (D)

Fluid-assisted Nanometer- to micron-scale migration of
daughter RN

Possible (local) isotopic disequilibrium at smallest scales

C High fluid conditions enabling (semi)-continuous mobilization
and migration of RN within the system
H20 : W N
—p Micron- to (?) metre-scale mobilization of all RN, including
RN U-238 to form new assemblages

Growing sulphates/carbonates important substrates - will
host Ra and Pb; Pb-chalcogenides host Pb; also formation
of new U-minerals (e.g., coffinite)

Q.

Further selective mobilization of RN; potential isotopic
disequilibrium

RN Absorption onto newly created mineral surfaces (e.g.,
Fe-(Mn)-oxides and hydroxides, sulphates)

Occurs during comminution and/or flotation

Figure 4. Schematic illustration of RN (red dots) behaviour in selected minerals within a mineralized rock,
including reincorporation into parent mineral (a); grain-scale migration of daughter RN (b); fluid-assisted
migrationtobeincorporated intonew minerals (c) and potentialadsorption of decoupled species (d).

Uranium canformagreatvariety of stable phases with differentligands. Nolessthan 262 different uranium
minerals are currently recognised, one of the largest numbers for any element in the periodic table [190].
Uranium thus belongs among a small group of elements whose mineralogical diversity is anomalous
compared to its low crustal abundance. The unusual mineralogical behaviour of uranium is attributable
to the unique combination of relatively large-size, high-valence and unusual coordination geometry
displayed by the U®* ion [191]. The hexavalent oxidation state is dominant in most U-minerals although
U occurs in the tetravalent state in the most common minerals, including uraninite. Uranium mineral
diversity has been amplified by Earth evolution over time with respect to oxidation state [192]. Although
U#* is not especially mobile, U®* is highly mobile under oxidising conditions when it will readily
dissolve, re-precipitating upon contact with reductants such as
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sulphides or graphite. Certain minerals containing uranium undergo a process of structural breakdown
(metamictisation), during which daughter radionuclides are not normally captured within the host
lattice but rather migrate within or outside the mineral (e.g., [157]). In the case of uraninite, rapid
annealing kinetics (e.g., [145,193]), do, however, allow for repair of radiation damage, allowing for
sustained inclusion of decay product radionuclides in the mineral.

A good example of how daughter products differ geochemically from their parents is the ability for
radium (226Ra), unlike U or Th, to be readily enriched in the common Ba-sulphate mineral, barite. This, as
examined above, takes place via directionic substitution (Ra?* for Ba?*) due to its comparable geochemical
behaviour to barium with respect to charge, electronegativity and ionic size (0.143 and

0.134 nm for Ra and Ba, respectively). Although less well constrained, the potential incorporation of
210pp into galena and other Pb-bearing minerals, and of 219Bi and 21%Po into bismuth minerals (including
tellurides and other chalcogenides) may be viewed in the same way.

Decay of 22°Ra involves production of 222Rn, a gas, which will seek to escape from the host mineral.
Malczewski and Malczewski [194] have provided empirical data on 222Rn and 22°Rn emanations from a
range of metamict oxides, phosphates and silicates. These data demonstrate exponential differences in
emanation rates among common minerals. Moreover, these rates vary as a function of many factors [195]
closely linked to crystal structure and placing important controls on the decoupling of post-222Rn decay
products from parent 238U. Significantly, minerals with the highest

2381 concentrations, notably uraninite and brannerite, showed some of the lowest 22?2Rn and 22°Rn
emanation coefficients. We believe that these rates—which are closely linked to crystal structure—place
important controls on the decoupling of post-222Rn daughter isotopes, including 21°Po and 21°Pb, from
parent 238U. This decoupling is expressed as secular disequilibrium on the small scale yet may not be
noticed in bulk samples, or on the scale of a mineral deposit. The importance of the “radon stage” is
illustrated in detailed mineralogical-isotopic study on a weathered aplite dyke [196], which showed
significant (>40%) release of radon, leading to significant differences in the absolute concentrations of
distributions of pre-Ra and post-Ra radionuclides.

Several studies cited in this review have given compelling evidence that particles of, or containing, 21°Pb
and 219Po are readily adsorbed onto the surfaces of clay minerals, Fe-oxides, and potentially also other
minerals that can readily adsorb heavy atoms. This raises the possibility that the two radionuclides may
not necessarily occur within the crystal structures of mineral phases. Evidence from disparate sources
suggests that any study addressing the mineralogical deportment of 219Po and 21°Pb must also consider
that these radionuclides, or at least a significant part thereof, may not be hosted within minerals at all,
but largely as nanoparticles of unknown speciation, which are adsorbed onto the surface of other
minerals, such as clays, and probably, Fe-(hydr)oxides. In solid rocks, such nanoparticlesmaybe present
within micro-fractures in minerals and/or at the interfaces of mineral grains. We also believe that the
affinity of 21°Po and 21%Pb for organic matter, and the potential role of organic complexes in the transport
andsequestrationof?1°Pband 21%Po (e.g.,biopolymers[197], should also be taken into considerationinany
effortto derive a quantitative mineralogical balance for

210pp and 210po.

The physical process involved in radionuclide decay has profound consequences for understanding the
mineralogical location of each daughter radionuclide. An alpha particle comprises two protons and two
neutrons, the nucleus of a helium atom. When alpha decay takes place,  the energy of the nucleus
recoiling from alpha decay is sufficient to break chemical bonds [198], and the newly-formed nucleus
(with new geochemical behaviour) will be deposited at a different site in the damaged crystal. This new
position and matrix damage may make the nucleus more vulnerable to mobilisation or leaching [2]. A
newly-formed radionuclide may thus migrate and be incorporated into another mineral, although this
may be limited if the half-life is short, e.g., for 222Rn (3.83 days) or 219Bi (5 days). Cowartand Burnett [2],
citing Reference [199], also make the valuable point that, if sited close to a grain boundary, the resulting
nucleus may be recoiled across the grain boundary and end up in an entirely different matrix.
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Roudil et al. [200] explored the creation of “bubbles” in uranium minerals from production of radiogenic

helium as a product of alpha decay. This He may be concentrated in the mineral grains, or trapped atgrain
boundaries, also generating matrix damage. Their measurements of He outgassing from a uranium ore
showed that less than 5% of the He produced was conserved, and that one-third of the residual He is
occluded in the matrix and vacancy defects, and two-thirds occurred as bubbles observable by high-
resolution transmission electron microscopy.

5.2. Research Trends and Future Directions

A large part of the existing literature on 21°Pb and 21°Po and their distributions in rocks and minerals
concerns radioactive contamination resulting from nuclear weapons testing, uranium mining, energy
generation and industrial production of fertilisers and other products from materials containing RN. These
issuesremain serious buthave attracted markedly less research attentionin the 21stcentury literature as
industrial practices have improved. This has been compounded no doubt by the relatively shorthalf-lives
of 210Pband 219Po such that their concentrations, in atleast some materials produced by human activity in
the past, have declined to safer levels. The contemporary literature also reflects the many ways in which
radioactive waste can be efficiently treated and immobilised ([201] and references therein). Indeed, the
“benefits” of man-made contamination have been highlighted in the more recent literature, notably the
potential of short-lived anthropogenicradionuclides,including 21°Pband 21%Po, as geochemical tracers for
understanding processes and rates of sedimentation (e.g., [67]).

The toxicological risks from exposure to 21°Pb and 219Po in materials from a wide range of terrestrial
and marine environments are likely to remain a research focus. As older anthropogenic sources of air-
and water-borne radionuclides (e.g., nuclear testing, energy generation) begin to diminish in
significance, others emerge, e.g., 219Po release from large-scale burning of forest biomass (e.g., [202]), or
even ingestion of 210Pb from calcium dietary supplements [203]. It should, however, be borne in mind
that natural sources of 210Pb and 21%Po are more significant in scale than man-made sources, e.g., from
volcanic eruption. Indeed, a study of radionuclide hazards in seafood from the NW Pacific fishing area
contaminated following the 2011 Fukushima nuclear accident [204] showed that despite elevated
Fukushima-derived °%Sr, 134Cs and 137Cs, these were exponentially subordinate in dose terms to natural
210pp and 21%Po in the same ocean area.

Despite the relative slowdown in the construction of nuclear power stations in the aftermath of the
Fukushima nuclear accident, production of uranium for power generation continues to increase. Nuclear
power is currently advanced as a possible low-carbon emission “green” energy alternative among the
conservationist movement (e.g., [205]). In the absence of available technology to process thorium (a
potential alternative fuel; [206]), increased demand necessitates a continued supply of uranium, and
inevitably, as for other commodities, a need to exploit lower-grade resources, and to optimise extraction
from deposits in which uranium occurs alongside other metals, notably copper, as in giant iron-oxide
copper gold deposits such as Olympic Dam, South Australia.

6. Conclusions

This review has highlighted some of the many advances made in understanding the distribution of
radionuclides in the environment during the past three decades. It also highlights that although the
deportment and behaviour of 21°Pb and 21%Po at the scale of individual minerals is reasonably well
understood, or atleast predictable to some degree, there remains a paucity of direct observational data at
the nano- to micron-scales to support these models. This is particularly true for metal ores and the
products of their processing, for which there is an outstanding gap in knowledge. Bridging this gap is
essential for generation of clean concentrates from a range of uranium-bearingores.

Characterisation of short half-life radionuclides down to the atomic scale is now possible via use of a
combination of nanoscale techniques: nanoSIMS isotope mapping [163]; scanning transmission electron
microscopy with electron energy-loss spectroscopy (e.g., [207]); and high angle annular dark-field scanning
transmission electron microscopy on foils prepared in-situ using focused ion
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beam methods (e.g., [162,208,209]). Valuable additional constraints on RN deportment may also come
from the application of nanoscale analysis techniques to radioisotope dating of minerals within
hydrothermal mineral deposits forming on the present-day seafloor [210,211]. Despite these crucial
advances, a fully quantitative understanding of the physical form of 219Pb and ?1°Po, and the quantitative
mineral deportment of these RN in solid media, remains elusive. Researchers can, however, expect to
respond to these outstanding challenges by capitalising on micro-/nanoanalytical technology, which is
rapidly advancing in terms of both spatial resolution and analytical sensitivity. This will enable reliable,
predictive information on the physical state of 210Pb, 219Po and other RN to be communicated to
stakeholders, including mining companies and environmental authorities.
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Nanoscale investigation of symplectites comprising clausthalite (PbSe)
and host Cu-(Fe)-sulfides (chalcocite, bornite and chalcopyrite) are
instructive for understanding the genesis of South Australian
Mesoproterozoic Cu-Au-(U) ores. High-resolution Focussed lon Beam
(FIB)-SEM imaging and Transmission Electron Microscopy study of
FIB- prepared foils reveal that clausthalite ‘inclusions’ vary in size from
a few um to down to nm-scale (<5 nm), and arepresent as rods, blebs or
needles in any of the aforementioned sulfides. The Cu-(Fe)-sulfides
outside inclusion areas still contain measurable Se; these are highest in
chalcopyrite. Pb is, however, absent from these areas, suggesting
formation from solid solution in the system Cu-Fe-S-Se with Pb supplied
from an external source. Although the orientation of swarms of smaller
clausthalite inclusions is broadly congruent with the host, there is an
orientation offset with host sulfide that increases with bleb coarsening,
nm-scale inclusions of other phases, and with boundary
corrosion/displacements. These are particularly apparent in 2a bornite
and high-T chalcocite. Such decrease in the degree of crystallographic
congruency with the host sulfide indicates that the symplectites record
superimposed thermal event(s). Moreover, trace element re-
mobilisation within the ores is concordant with sulfide recrystallization
within nanoscale domains during fluid percolation as observed by
presence of pores, nucleation of multi-component inclusions along
boundaries between low-T chalcocite and bornite, etc. Although
clausthalite may have initially exsolved from Cu-(Fe)-sulfides, cyclic
solid-state diffusionprocesses,alsofacilitatingincorporationof mobilized
radiogenic Pb released from U-(Th)-bearing minerals, have
progressively modified primary structures. Such observations are
concordant with preliminary LA-ICP-MS Pb-isotope data for Pb-
chalcogenides, which reveal Pb-Pb ages younger than the initial ~1590
Ma mineralisation event.

206



207



SUPPLEMENTARY MATERIAL G

REE-, SR-, CA-ALUMINIUM-PHOSPHATE-SULPHATE MINERALS OF
THE WOODHOUSEITE SERIES AND THEIR ROLE AS HOSTS FOR

RADIONUCLIDES

Nicholas D. Owen, Nigel J. Cook, Mark Rollog, Kathy J. Ehrig, Danielle S. Schmandt, Cristiana
L. Ciobanu

208



15th Quadrennial IAGOD International Association on the Genesis of Ore Deposits Symposium, Salta, Argenting.

\ Y s/
%, 7
\‘3‘!“@41\"’/

REE-, Sr- Ca-ARSENATE-PHOSPHATE- SULPHATE MINERALS OF THE
WOODHOUSEITE SERIES AND THEIR ROLE AS HOSTS FOR RADIONUCLIDES
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BACKGROUND

Aluminium-phosphate-sulphate (APS) minerals of the alunite supergroup (Kolitsch and Pring 2001) form in
geological environments ranging from sedimentary settings (Tripplehorn et al. 1991; Rasmussen 1996; Pe-Piper and
Dolansky 2005) to hydrothermal ore deposits such as the giant Olympic Dam [OD] Cu-U-Au-Ag deposit, South
Australia (Ehrig et al. 2012). Sulphate-free phosphate members and phosphate-free sulphate members (e.g. florencite,
jarosite) have been previously identified from OD but the occurrence and composition of mixed phosphate-sulphate
members such as those of the woodhouseite series (woodhouseite, svanbergite, etc.) have been inadequately
characterised in prior studies. The woodhouseite series represents a broad field of solid solution between florencite,
crandallite and goyazite; coupled substitutions between the ‘A’ and the ‘X’ sites preserve overall charge balance (Pe-
Piper and Dolansky 2005).

Here, we report Sr-Ca-dominant APS minerals of the woodhouseite series from OD with the general formula
ABS(POQ)M(SOQ)J_X(OH)E-n(HEO), where A=Ca, Sr, REE, Pb, and B=Al, Fe, Ga. These phases are of interest for two
reasons: the observed replacement relationships with Cu-(Fe)-sulphides that can shed light on ore evolution; and the
potential ability of APS minerals in ores and copper concentrates to accommodate, within the ‘A’ site, **U decay
generated radionuclides (RN), notably #*Ra, **?Rn, **°Po, ?'°Bi and **°Pb.

METHODS

Samples of Cu-sulphide flotation concentrates (FC) and concentrates following removal of the majority of
uranium via sulphuric acid leaching (concentrate leach discharge, CLD) were collected from the Olympic Dam
metallurgical processing plant. Backscatter electron (BSE) images were used to document textures and compositional
zoning. Quantitative electron microprobe data allowed categorisation of APS minerals present. In-situ isotope
mapping was attained using a Cameca NanoSIMS 50L (Centre for Microscopy, Characterisation, and Analysis, UWA;
methodology described in Rollog et al. 2018).

RESULTS

Individual APS mineral grains show significant variation in backscatter contrast on BSE images, consistent
with grain-scale compositional zonation. Different zones are variably enriched in REE, Ca and Sr, whereby brighter
zones are typically richer in REE. Several species (REE-, Ca-, and Sr-dominant) are present. BSE imaging and EDAX
data indicate that different zones also show variation with respect to S and P, suggesting that some are phosphate-
dominant, and others are sulphate-dominant. Grains range from finely mottled in appearance through to needle-
like grains and then coarsening towards those with tabular morphology, which appear particularly strongly zoned.
Coarser subhedral varieties (Figure 1a) can be interpreted as having replaced pre-existing minerals such as bastnasite
(Schmandt et al. 2018), florencite or apatite (Stoffregen and Alpers 1987). Sr-Ca-dominant APS minerals (svanbergite,
goyazite) are observed to replace Cu-Fe-sulphides (Figure 1b), often showing a modification of grain morphology
within the APS minerals along interface boundaries (e.g. a fine-grained replacement zone surrounding coarser
grains). Sr-Ca-APS minerals often contain remnants of replaced Cu-Fe-sulphides and gangue including Fe- oxides.

The EPMA dataset shows that REE-phosphate-dominant members are low in total Pb, with Pb concentrations
increasing as Ca, Sr and S content rises (Figure 1c). The Pb content also increases with increasing (calculated) H,0
content,

NanoSIMS investigation of FC and CLD samples confirms the presence of RN within Sr-Ca- dominant APS
minerals. Within most mapped areas (e.g. Figure 1d-f), there appears to be an excess of daughter 2°Ra and #°RN
(overwhelmingly #*°Pb) compared to the equivalent map for parent ***U. ***Ra and *°RN are also more dispersed
throughout the APS minerals than 2*U and elevated signals for ?2°Ra and ?°RN do not always coincide with those for
28, The distribution of 2°RN throughout the APS minerals appears to correlate strongly with that of Ca. These
qualitative distribution patterns strongly suggest micron-scale migration of *Ra and #*°RN from parent 2**U-bearing
phases, and possibly diffusion into APS. Although the number of examples mapped by nanoSIMS is currently limited,
our mapping also indicates that RN activities are significantly greater within Sr-Ca-APS minerals in the CLD samples
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than in the FC samples, suggesting fluid-mineral interaction and sub-solidus diffusion during leaching. The observed
difference in 210RN concentrations between FC and CLD samples may also be amplified due to the recycling of Cu-
sulphate-rich smelter dust, which is consequently enriched in 210RN, into the leach solution to maximise Cu recovery.

CONCLUSIONS

Textural relationships between Sr-Ca-dominant APS minerals and Cu-(Fe)-sulphides indicate formation at a
relatively late stage in the evolution of the deposit. NanoSIMS mapping indicates these minerals carry RN within the
processing cycle, especially from ?2Ra onwards. Further characterisation of the APS minerals and doping experiments
on synthetic analogues are currently in progress to further understand cation (including RN) exchange mechanisms
in APS of variable composition.
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Figure 1: (a,b) BSE images showing APS mineral-bearing assemblages. (c) EPMA data showing the relationship between total

Pb (wt%) and (Ca+Sr+S) (apfu). (d-g) NanoSIMS isotope maps of representative area within CLD sample showing distributions

of 238U, 226Ra, 210RN and 42Ca within APS. Aluminium-phosphate-sulphate-APS, bornite-Bn, chalcopyrite-Cp, florencite-Fc,
Fe-oxide-FeOx, fluorite-Ft.
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Iron-oxide copper gold (I0CG) deposits such as Olympic Dam represent the primary resource
for copper production in South Australia. Uranium and the daughter products of 28U decay, *?°Ra
210pg and 2'°Pb, are present in copper concentrates produced from I0CG ores. Ongoing efforts to
identify novel solutions to remove or reduce concentrations of these radionuclides (RN) are
benefitting from empirical mineralogical research on ores and concentrates and experimental
studies targeting the geochemical behaviour of RN at conditions similar to those in the processing
plant.

Aluminum-phosphate-sulfate (APS) minerals within the alunite supergroup have the general
formula MAI3(PO:)2-x(SO4)x(OH,H20)s, and are known to form a broad solid solution series,
housing a range of mono-, di- or trivalent cations within their M-sites. Within the Olympic Dam
metallurgical circuit, APS minerals of the alunite supergroup were shown to sorb products of 238U
decay, notably ??°Ra and 2°Pb (Rollog et al. 2019; Owen et al. in review) both over geological
time within the deposit and during ore processing. Many APS phases remain stable over a wide
range of pH and Eh and temperatures up to 450 °C (Kolitsch and Pring 2001; Schwab et al. 2005).
As such synthetic APS phases present as viable candidates not only for the removal of
radionuclides from metallurgical streams, but also for their safe storage and isolation from
surrounding environments.

The genesis of natural APS mineral phases within the Olympic Dam deposit are shown to be
paragenetically late, forming via replacement of earlier REE-bearing phosphates (fluorapatite,
monazite and xenotime), and local dissolution and replacement of sulphides, with the development
of two distinct compositional groups: Ca-Sr-dominant, sulfate-enriched APS minerals that that lie
within the woodhouseite and svanbergite compositional fields; and a REE- and phosphate-
dominant group trending towards florencite in composition, similar to that reported by Schmandt
et al. (2019). Of the two groups, Pb, both commonly sourced and radiogenic in origin, is shown to
favor the Ca-Sr-dominated APS phases. Enrichment of these phases by Pb (including 2'°Pb) is
suggested to increase throughout the acid leach stages of processing, as evidenced by electron
probe microanalysis and NanoSIMS isotope mapping. The data suggests that Pb-incorporation
occurs with the replacement of Ca by Pb within the APS crystal structure, an interpretation in
agreement with thermodynamic modelling given by Schwab et al. (2005). The same authors show
that the thermodynamic stability of Ca-, Sr-, and Pb-bearing APS phases increases in the order
Pb>Sr>Ca.

Ca- and Sr-bearing APS phases were synthesised by modifying existing recipes (Schwab et
al. 2004) to generate mixed crystals. Ca/Sr ratios were varied according to the below reaction in
order to test the role of compositional variability of mixed APS phases on the sorption of Pb via
dilute PbNOs solution.

M(OH)2 + 3AI(OH)3 + H3PO4 + H.SO4 >
MAI3(PO4)(SO4)(OH,H20)6 + NnH20
Phases which are Sr-, and (Ca,Sr)-bearing were produced. Accessory augelite, Al2(PO4)(OH)s,
was also formed within all samples, albeit in minor to moderate concentrations. APS crystals
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showed compositional zoning with Al-, and S-rich cores with <1 apfu at the M-site, to
stoichiometric APS at the rims with roughly equal concentrations of P and S.

Pb-sorption experiments were run by placing the synthesized APS phases in reaction vessels
containing solutions of Pb(NOz3), and diluted HNO3 for a period of 5 days. The concentration of
Pb ([Pbag]o) in the reaction fluid was set at 10, 100 and 1000 ppm and a pH range of 1.5, 3.5 and
5.5 was tested.

Solution-ICP-MS, EPMA, LA-ICP-MS and EXAFS analysis confirm the sorption of Pb by
the synthetic APS phases, with Pb sorbtion favoured at pH 3.5 and above. EPMA spot analyses
indicate the preferential sorption of Pb by phases which trend towards higher S/P ratios, as well as
those that deviate from ideal stoichiometry (i.e. A>3 apfu and YM?*<1). Targeted LA-ICP-MS
analyses comparing the ratios of M-site cations indicate minimal change of Sr concentration with
increasing Pb incorporation within both Sr-, and (Ca,Sr)-bearing APS phases, while Ca
concentration within (Ca,Sr)-bearing phases subsides with increasing Pb incorporation, indicating
direct replacement of Ca by Pb within the crystal structure of APS phases. Sr-bearing phases more
commonly displayed non-stoichiometric values of YM?*, indicating that Pb incorporation into
such phases may arise via occupancy of sites that were previously vacant, or otherwise held by H*
or excess Al within the structure.

An EXAFS study on the resulting Pb-sorbed solids was conducted, revealing the nature of Pb
sorption by the synthesized APS material. The data showed that the dynamic incorporation of Pb
by APS phases occurred overwhelmingly at pH 3.5. Some experiments run at pH 5.5 also favored
the formation of Pb-bearing APS whereas other conditions favored dissolution and replacement of
augelite to form a pyromorphite-like structure. Fairly featureless patterns in R-space were
frequently observed in experiments run at high [Pbag]o (100-1000 ppm) with slightly shifted peaks
indicating the prevalence of surface-sorbed Pb. Here, however, solution-ICP-MS data regularly
showed undulating sorption trends, particularly in (Ca,Sr)-bearing material, indicating that
equilibration between solution and solid may have not yet been achieved. Thus, synthetic APS
phases may provide a novel approach to reducing radionuclides, particularly 2°Pb, from
metallurgical streams.
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Olympic Dam is one of the largest deposits on Earth and a significant producer of copper, uranium, gold and
silver (Ehrig, et al., 2013). Uranium-Pb geochronology using undisturbed magmatic and hydrothermal minerals
allows interpretation of the initial and major hydrothermal ore- forming event at ~1593 Ma, associated with
emplacement of the Gawler Silicic Large Igneous Province. The >10 billion-tonne resource is heterogeneous and
contained within a breccia complex, itself confined to the ~1593 Ma Roxby Downs Granite. Ore textures suggest
multiple episodes of replacement, remobilization and recrystallization and are supported by (radio) isotope data
yielding a range of younger ages. Conceptual models for ore formation, necessary for exploration in the region,
and optimised processing of complex fine-grained ores characterised by enrichment in an extraordinarily wide
variety of elements are dependent on an exceptionally thorough understanding of mineralogy and geochemistry
underpinned by high-quality, high-resolution assay data, extensive MLA datasets, and deportment models for
multiple elements.

Micron - to nanoscale studies of feldspars and accessory phases within the alteration envelope, and of Fe-
oxides, Cu-(Fe)-sulphides, sulphates, U- and REE-bearing minerals within the deposit all point to common mechanisms
involved in formation of the mineral assemblages as observed today, the prevailing Mm-scale mineral textures, and
measured variations in mineral compositions. Detailed mineralogical investigation has proven pivotal in establishing
aframework for ore evolution.

Each of the 100 minerals in the Olympic Dam deposit has a story to tell. The complex fine- grained, intergrown,
heterogeneous assemblages necessitate ultra-careful investigation on multiple representative samples and with
compositional data requiring verification by examination at the nanoscale. We therefore use a combination of whole
rock assay, optical and scanning electron microscopy, electron probe microanalysis (EPMA), laser-ablation inductively-
coupled plasma mass spectrometry, complemented by imaging and nanoscale compositional analysis by transmission
electron microscopy (TEM) on foils extracted in-situ by focussed ion beam SEM methods.

Investigation of feldspars from within and outside the deposit allows an understanding of the magmatic to
hydrothermal transition and early Fe-metasomatism (Kontonikas-Charos, et al., 2017). Nanoscale characterization
of feldspars undergoing transformation from early post-magmatic (deuteric) to hydrothermal stages in granites
hosting the deposit reveals complex perthitic textures, anomalously Ba, Fe, or REE-rich compositions, and REE-
fluorocarbonate+molybdenite assemblages that pseudomorph feldspars (Kontonikas-Charos, et al., 2018). Epitaxial
orientations between (igneous) cryptoperthite, (deuteric) patch and albite replacive within vein perthite support
interface-mediated reactions between pre-existing alkali-feldspars and pervading fluid, irrespective of micron-scale
crystal morphology. Such observations are consistent with coupled dissolution-replacement reactions (CDRR),
indicating that albitization enhances rock permeability via the generation of transient pores which facilitate grain-
scale element remobilization and trap elements as nanoscale inclusions. These inclusions represent the earliest
stage of REE remobilization at the grain-scale, and reflect the significant role feldspar replacement reactions play in
concentrating REE during hydrothermal alteration.

Hematite is by far the most abundant hydrothermal mineral and preserves oscillatory and sectorial zoning
and incorporation of U, W, Mo, Sn and other trace elements, including REE (Verdugo-lhl, et al., 2017). The presence
of U and Pb allows application of hematite U-Pb geochronology [e.g., Courtney-Davies, et al., 2018]. These primary
textures give way to repeated processes of brecciation, fluid-assisted reworking, element redistribution,
recrystallization and overprinting. CDRR permits release of trace elements from the lattice to be trapped as nm- to
Mme-scale inclusions (e.g., uraninite), or to form discrete minerals (e.g., scheelite molybdenite) in the near vicinity.

EPMA-scale compositional data combined with TEM investigation of chalcocite-group minerals, bornite and
chalcopyrite has shown that Cu-Fe-sulphides from different ore zones feature nanoscale intergrowths, lattice defects,
superstructure domains and antiphase boundary domains (Ciobanu, et al., 2017). Such features can be interpreted
as having originated via a combination of exsolution, coarsening, and phase transformation during cooling from
high-T solid solutions (e"400°C) in the system Cu-Fe-S and sub-systems. A scenario of ‘exsolution from primary solid-
solution, corroborated by the consistency in phase relations within each zone across different scales of observation
from deposit- to nanoscale, supports a model of primary hypogene ore precipitation rather than replacement, and
.} JL——— |
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accounts for the observed zoning patterns at OD. Nonetheless, evidence for CDRR, replacement, phase transformation
and local (Mm- to tens m-wide) remobilization is evident.

Uraninite, coffinite, brannerite and hematite are the dominant U hosts [Courtney-Davies, et al., 2018,
Macmillan, et al., 2016, Macmillan, et al., 2017). Although some uraninite and hematite retain U and daughter
isotopes, breakdown and replacement can lead to release, remobilization and redistribution of radionuclides (RN) at
scales from nm upwards. New minerals may be formed (late uraninite, coffinite) and U and Pb can also be incorporated
into existing minerals (barite, svanbergite-woodhouseite). RN are, however, also concentrated as sub-microscopic
particles within pores, microfractures and at grain boundaries in the near vicinity of altered or replaced U-bearing
mineral grains (Rollog, et al., 2018) attesting to fluid-mediated processes. Such redistribution carries implications
for ore processing and, potentially also for the interpretation of geochronological data.

Three groups of REE-minerals are observed: REE-fluorocarbonates (bastnosite and subordinate synchysite
(Schmandt, et al., 2017), which appear paragenetically early; REE-phosphates (dominantly florencite of variable
age and association but also minor xenotime, the main carrier of HREE); and Ca-, Sr-, REE-bearing phosphate-
sulphates (svanbergite- woodhouseite], which are generally late and replace earlier-formed minerals (Owen, et al.,
2018). Minor REE are also contained in apatite, which displays evolving chondrite-normalized REE fractionation
trends that can be explained in terms of changes in fluid parameters and speciation of REY in ore-forming fluids
(Krneta, et al., 2017). Under hydrothermal conditions typical of iron- oxide copper gold mineralization, a decrease
in salinity, pH and temperature is associated with hematite-sericite alteration sufficient to produce a characteristic
MREE-enriched apatite. However, anomalous high-pH (~7) fluids at 300 °C may account for high-grade Cu ores as
modelled from apatite with strong positive Eu anomalies (Krneta, et al., 2017).

Although primary assemblages are identified, a persistent narrative is offered by multiple episodes of fluid-
assisted replacement, phase transition, remobilization, migration, and re- precipitation of all ore components.
These processes played a major role in the modification of textural and geochemical patterns in many minerals.
However, more refractory minerals, notably hematite, apatite, pyrite, some REE-minerals, and some sub-types of
U-minerals, can preserve primary geochemical signatures and can also record and retain evidence of evolving and
overprinting fluid signatures. Fluid regimes were likel heterogeneous given observations of texturally and
geochemically distinct generations of the same mineral within single samples.
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