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Abstract

’Invisible gold’ refers to gold (Au) occurring either within the lattice of a host sulfide or as discrete
nanoparticles (NPs, <100 nm-diameter) within a host that are only observable when imaged at higher
magnifications. Previous research has regarded the physical form of invisible gold to be partially
controlled by the concentration of arsenic (As) in the host sulfide, with stability fields for lattice-
bound versus Au-NPs defined by an empirical Au-As solubility curve. We undertook micron- and
nanoscale analysis of a representative sample of As-Co-Ni-(Au)-bearing pyrite from Cu-mineralized
breccias in the deeper part of the Olympic Dam Cu-U-Au-Ag deposit (South Australia) to define the
location and physical form of Au and accompanying elements. Trace element geochemistry and
statistical analysis show that >50% of pyrites contain measurable Au and As, and plot below the Au-
As solubility curve. Gold and As are geochemically associated with Te, Bi, Pb, Ag and Sn. Primary

oscillatory zoning patterns in pyrite defined by As-Co-Ni are reshaped by processes of dissolution-
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reprecipitation, including new nanoscale growth and rhythmical misorientation structures. Low-angle
slip dislocations, twist-wall boundaries and deformation-dipole nanostructures are associated with
Te-Bi-Pb-enrichment and host Au-Ag-telluride nanoparticles (NPs). Electrum NPs occur associated
with pores coated by Bi-Ag-tellurides or within chalcopyrite particles. Bi-Pb-sulfotellurides, petzite
and sylvanite were identified by atomic-scale scanning transmission electron microscopy. The data
support trace element (re)mobilization during pyrite deformation at the brittle to ductile transition
(0.5-1 kbar, 300-400 °C) during brecciation. Au-NP formation is decoupled from initial As
incorporation in pyrite and instead fingerprints formation of strain-induced, chalcogen-enriched
nanoscale structures. Pore-attached NPs suggest scavenging of Au by Bi-bearing melts with higher
rates of fluid percolation. Similar scenarios are predictable for pyrite-hosted ‘invisible Au’ in pyrite
from other deposits that experienced multiple overprints. Unveiling the cloak of invisibility using
contemporary micro- to nano-analytical techniques reveals new layers of complexity with respect to
the trace/minor element incorporation in mineral matrices and their subsequent release during

overprinting.

Keywords: Pyrite; Invisible gold; Au-Ag-tellurides; Bi-Pb-(sulfo)tellurides; Olympic Dam; HAADF

STEM

Introduction

“Invisible gold” (Cook and Chryssoulis, 1990) refers to gold that is either present within solid solution
(hosted directly in the crystal lattice), or as discrete inclusions of gold, electrum or other Au-bearing
minerals, <1 pm in size, within a host mineral, commonly pyrite or arsenopyrite. Such gold is
undetectable by conventional optical or scanning electron microscopy (SEM). Since the first
visualization of a gold nanoparticle in pyrite (Palenik et al., 2004), rapid advances in in-situ
microanalytical techniques and case studies of invisible gold in different ore types have enabled the
physical and chemical state of Au in pyrite to be characterized in ever greater detail and at ever better

spatial resolutions. This empirical data has been accompanied by various experimental studies as well
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as thermodynamic modelling that has advanced understanding of the mechanisms involved and the
geochemical controls on incorporation of invisible gold within common sulfides (e.g., Reich et al.,
2005; Deditius et al., 2008; Cook et al., 2013; Fougerouse et al., 2016a, 2016b; 2021; Pokrovski et
al., 2019, 2021; Xing et al., 2019).

Incorporation of Au into pyrite is considered to be mediated by arsenic (Reich et al., 2005; Deditius
et al., 2014), with many examples of Au-bearing arsenian pyrite documented from a wide range of
deposit types (e.g., Morey et al., 2008; Large et al., 2009; Gregory et al., 2015; Li et al., 2019;
Morishita et al., 2019). Reich et al. (2005) proposed an empirical model for gold in pyrite and defined
a maximum solubility limit of Au in pyrite that can be related to As content. The relationship was
defined as C;,, = 0.02 X C4s +4 X 107>, where C represents concentration (mol%).

Recently, geochemical modelling coupled with high-resolution X-ray absorption spectroscopy
data allowing identification of Au-As-S-complexes, led Pokrovski et al. (2021) to postulate an
overarching “arsenic-driven pump for invisible gold in hydrothermal systems”. This model was
considered to not only explain Au-enrichment in pyrite but also in arsenopyrite and 16llingite.

Although arsenic is widely considered essential for Au incorporation in pyrite, examples of low-
As pyrite containing significant concentrations of invisible gold are also known (e.g., Cook et al.,
2009). Arsenic-Au decoupling has been interpreted to occur during rapid pyrite crystallisation (Wu
et al., 2021) and a correlation between Au and Sb, instead of Au-As, was identified in distinct pyrite
and arsenopyrite generations from a sulfosalt-rich, slate-hosted deposit (Li et al., 2019). Moreover,
pore-attached Au-Ag-telluride nanoparticles, often also containing other elements (notably Pb but no
Bi) have been observed along microfractures within As-free pyrite (Ciobanu et al., 2012), implying
alternative mechanisms for trapping of invisible gold.

Trace element incorporation into, and release from a host mineral, are dependent upon the ability
of the crystal structure to respond to strain induced by stress during geological events. Numerous
studies, using either transmission electron microscopy (TEM) (e.g., van Goethem et al., 1978;

Couderc et al., 1980; Graf et al., 1981; Cox et al., 1981, Levade et al., 1982; Cox, 1987), or electron
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backscatter diffraction (EBSD; e.g., Boyle et al., 1998; Freitag et al., 2004; Barrie et al., 2008, 2009,
2010a, 2010b), have addressed the microstructures assisting deformation in pyrite at brittle-to-plastic
transition conditions.

The deformation mechanism map for pyrite constructed by Barrie et al. (2011) indicates ductile
behavior at temperatures as low as ~260 °C, far lower than previously believed (Cox et al., 1981;
McClay and Ellis, 1983), meaning that pyrite microstructures can be modified without deep burial
metamorphism. The brittle to ductile transition is associated with a variety of deformation
microstructures in pyrite, including low-angle (~2°) sub-grain boundaries or ‘dislocation walls’,
indicating that both dislocation glide and creep operate during pyrite deformation (Barrie et al., 2009).
The behavior of pyrite across the brittle-plastic transition is critical for understanding trace element
behavior in pyrite because of how the crystal structure will accommodate defects and potentially
promote incorporation of trace elements (Reddy and Hough, 2013), whether this takes place via
crystal-plastic dislocation nucleation at crack-tips (Rogowitz et al., 2018), or glide planes associated
with deformation dipoles and loops (Graf et al., 1981). Deformation-dipole models (DDM) are
applicable to dislocations in crystals otherwise considered too brittle to undergo plastic deformation,
as demonstrated for MgO ceramics (Amodeo et al., 2018). The splitting of long dipoles into loops
associated within sulfur vacancies in pyrite were attributed to plastic deformation at 200-400 °C (Graf
et al., 1981). Understanding of the microstructural evolution of pyrite crystals and the mechanisms
that control accommodation of defects critical for doping, including clustered S vacancies remains
incomplete. This is despite of surging interest from the materials science community as pyrite is
recognized as a plentiful, albeit imperfect, low-cost photovoltaic material for production of thin-film
solar cells (Gong et al., 2013; Voigt et al., 2019; Ray et al., 2020).

Despite the advances in understanding pyrite deformation and the incorporation and release of
‘invisible gold’ in pyrite over the past 40 years, the topic has remained largely unexplored in some
deposit types characterized by complex mineralogy and geochemistry, notably iron-oxide copper gold

deposits. Recent trace element data for pyrite from the >10 billion tonne Olympic Dam Cu-U-Au-Ag
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deposit, South Australia (Dmitrijeva et al., 2020) has shown that a minority, yet significant number
of pyrite grains analyzed contain measurable concentrations of invisible gold, thus warranting a study
to determine the potential role and nature of invisible gold down to the nanoscale. We thus use
complementary microanalytical techniques that bridge micron- to nanoscales of observation, to
confirm that pyrite from the giant Olympic Dam Cu-U-Au-Ag deposit, South Australia, can, in some
circumstances, host invisible gold. Our aims are to define the location and physical form of Au and
accompanying elements. Although at concentrations below the solubility limit of gold in pyrite, our
nanoscale approach reveals a complex evolution, in which trace elements are redistributed at the

nanometer scale during superimposed brecciation of pyrite.

Background

Olympic Dam is an archetypal iron-oxide copper gold (IOCG) deposit of Mesoproterozoic age
exploited for Cu, U, Au, and Ag. The ore contains >100 minerals and features complex, finely
intergrown sulfide assemblages (Ehrig et al., 2012; Ciobanu et al., 2017). Gold occurs in the Olympic
Dam orebody at an average grade of 0.32 g/t but with significant variation between different parts of
the deposit and rare ‘bonanza’ veins known from hematite-rich, gold-dominant zones (Ehrig et al.,
2012). Gold occurs associated with sulfides but also within gold-dominant zones on the margins of
barren hematite-quartz-baryte breccias without sulfides, and also within intensely altered granite
breccias (Ehrig et al., 2017). Most gold in parts of the deposit explored in detail occurs as ~1 to 20
um-sized native gold, and as subordinate petzite, calaverite and tetra-auricupride (Ehrig et al., 2012,
2017, Ciobanu, 2015). At Olympic Dam, Au is recovered via processing of copper anode slimes
derived from smelting sulfide concentrates, and not via cyanide leaching of ore. Approximately 80%
of the Au in the processing plant feed is recovered to the sulfide concentrate. This concentrate is then
smelted to produce Cu-anodes, the anodes are electrorefined to produce Cu cathode. The anode slimes
produced during Cu-refining are then subjected to a variety of leaches to ultimately produce Au and

Ag bullion. Gold recovery from sulfide concentrates to gold bullion is ~96%.
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Pyrite is a ubiquitous sulfide in some parts of the Olympic Dam deposit, particularly at deeper
levels and on the deposit margins, where it occurs together with chalcopyrite (Ehrig et al., 2012). The
potential contribution of invisible gold in pyrite to gold grades in pyrite-chalcopyrite ores from deeper
levels in the deposit has remained an open question until recently. Pyrite can be up to several
millimeters in size, with multiple textural types observed depending on assemblage; euhedral crystals
are, however, rare. Pyrite is often replaced by chalcopyrite but elsewhere appears co-genetic. Pyrite
may display compositional zoning and is an important host for As and Co. Zonal patterns are,
however, often deformed, patchy or absent, indicating complex histories of growth, resorption,
brecciation, recrystallization and aggregation.

New laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) trace element
data for Olympic Dam pyrite from across the deposit has been given by Dmitrijeva et al. (2020). A
multivariate statistical approach on a large (4,926 analyses) dataset assisted definition of the
geochemical signature of the mineral in terms of a Ag-Bi-Pb-(Au) signature that infers the presence
of inclusions of discrete telluride phases and highly variable Co, Ni and As likely representing
oscillatory zoning. Pyrite, like other refractory minerals in the Olympic Dam ores (e.g., Fe-oxides:
Verdugo-Ihl etal., 2017, 2020; Ciobanu et al., 2019), thus carries a geochemical and textural signature
reflecting not only the primary characteristics of the ore-forming fluid and metal source at the time
of ore deposit formation, but also the impact of multi-stage overprinting, including cycles of partial
replacement and recrystallisation.

The study of Dmitrijeva et al. (2020) also revealed that some pyrites do contain gold at
concentrations measurable by LA-ICP-MS. This finding prompted the present study, on a
representative sample, to determine the nature of the invisible gold, and to assess whether micron- to
nanoscale observations may allow additional constraints to be placed on processes of gold

redistribution during events after initial deposit formation.

Sample and methodology
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The studied sample (RX7684A) is representative of the pyrite-chalcopyrite orezone at Olympic Dam.
Sulfides occur within a hematite breccia (Drillhole RD1988, 1806.6 m). The 1-metre interval assay
(1806-1807 m) yielded 2.3 ppm Au. Pyrite is replaced, and typically enveloped by chalcopyrite. The
sample contains abundant pyrite distributed throughout a matrix of Fe-oxides and other gangue
minerals including sericite, quartz, fluorite and barite (Fig. 1). Initial inspection was undertaken in
reflected light followed by imaging in backscatter mode on a FEI Quanta 450 scanning electron
microscope, to identify suitable grains for LA-ICP-MS trace element analysis.

Two sets of LA-ICP-MS trace element data were collected (Online Material' Table 1). 163 spot
analyses were made on 67 individual pyrite grains at the University of Tasmania, Hobart, Australia.
These data were collected using a RESOlution-LR 193 nm ArF excimer laser with a large format
S155 ablation cell, coupled to an Agilent 7500cs Quadrupole ICP-MS. Laser spot size varied from
19 to 33 pum. Isotopes measured were 2’Al, 34S, 47Ti, Mn, >'Fe, *Co, °Ni, Cu, %Zn, As, 7"Se,
89y, 907 SMo, 19Ag, 111Cd, 188n, 121Sb, 125Te, 9Ce, 157Gd, 172Yb, '8HF, 181 Ta, '*W, $5Re, 197Au,
204p}y_ 205T]_ 206p}y 207ppy 208p}, 209Bj 232y 235(J and 238U,

Selected grains were re-analyzed using a RESOlution-LR 193 nm excimer laser microprobe
(Australian Scientific Instruments) coupled to an Agilent 7900x Quadrupole ICP-MS (Adelaide
Microscopy, The University of Adelaide). A laser spot size diameter of 29 pum was employed, using
a pulse repetition rate of 5 Hz and a fluence of ~3 J/cm?. Reference materials were run before and
after sets of pyrite unknowns (typically less than 30 analyses), using STDGL3 and GSD-1G as the
primary and secondary standards, respectively. Twenty-four isotopes, including four Pb isotopes, was
measured: 34S, 3*Mn, >'Fe, *Co, °Ni, $Cu, %Zn, 7As, ""Se, Mo, 1Y7Ag, ''Cd, !'¥Sn, !2!Sb, '?°Te,
185Re, 97Au, 21 Hg, 295T1, 204Pb, 20°Pb, 207Pb, 2%8Pb and 2*Bi. Other isotopes, including ’Ti, ¥Sr, #Y,
N7Zr, 37Ba, °Ce, 1°7Gd, '"?Yb, '78Hf, '¥2W, 232Th and >3%U, were monitored to check for gangue
inclusions. Reported Pb contents correspond to total Pb concentrations calculated from the individual

abundances of 24Pb, 2%°Pb, 297Pb and 2**Pb, correcting for radioactive decay of Th and U.
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For both datasets, data reduction was performed in Iolite using Fe as the internal standard element,
assuming the concentration in stoichiometric pyrite (46.551 wt.%). Detection limits were individually
calculated for each element in each spot analysis based on the specific analytical conditions.

Statistical analysis was carried out on the combined LA-ICP-MS dataset by investigating the co-
dependence between all possible pairs of elements using a variation matrix, calculating log-ratios t;;

(tij = variance) by the formula:

Tij = var (lnﬁ ),
Xj

where i, and j are indices for each element pair. Two multivariate statistical analysis methods, k-
means clustering and Principal Component Analysis (PCA), were applied to the multi-element LA-
ICP-MS dataset using ‘R’ statistical computing package and following procedures outlined in
Dmitrijeva et al. (2020).

Four grains were selected for nanoscale investigation. Preparation of thinned (<100 nm) foils from
the polished blocks for TEM investigation was performed using a FEI-Helios nanoLab Dual Focused
Ion Beam Scanning Electron Microscope (FIB-SEM) at Adelaide Microscopy, The University of
Adelaide, following procedures outlined by Ciobanu et al. (2011). Each TEM foil was attached to a
copper grid.

Bright Field (BF) and high-angle annular dark field (HAADF) scanning transmission electron
microscopy (STEM) imaging and STEM energy-dispersive spectrometry (EDS) spot
analysis/mapping were performed using an ultra-high resolution, probe-corrected, FEI Titan Themis
S/TEM operated at 200 kV. This instrument is equipped with the X-FEG Schottky source and Super-
X EDS geometry. The Super-X STEM 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. Diffraction measurements were performed using
DigitalMicrographTM 3.11.1 software. Identification of zone axes was done using fast Fourier

transform (FFT) obtained from images. Indexing of FFTs will be done using Winwulff' 1.5.2 software

8
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and publicly available data from the American Mineralogist Crystal Structure Database. Crystal
structure simulations were carried out using CrystalMaker 10.1.1and STEM for xHREM™ 4.1

software.

Results

Micron-scale characterization: Pyrite textures and geochemistry

The analyzed sample is representative of Cu-Au-mineralized hematite breccias within the deeper
chalcopyrite + pyrite zone within the south-eastern part of the Olympic Dam Breccia Complex
(ODBC). Pyrite occurs as sub-mm sized grains that are apparently subhedral in morphology and
display marginal replacement by chalcopyrite and a weak zoning observable in reflected light (Figs.
1b-e and 2a). We note scalloped boundaries against pyrite that are typical of replacement rather than
overgrowth relationships between the two sulfides. These sulfide disseminations cluster along
hematite clasts, which display brittle fracturing, marginal milling and grain rounding (Fig. 1f-h).
Contemporaneous with these features, replacement of pyrite by chalcopyrite is supported by sulfide
fabrics observed at the junctions between milled hematite clasts indicating ductile behavior of
chalcopyrite during brecciation of pyrite and hematite; the latter contains magnetite as pm-sized
inclusions (Fig. 1h). Most grains contain inclusions of gangue minerals and feature sub-micron-scale
fractures and domains of abundant micropores. Internal zoning patterns with respect to the
distributions of As, Co, and Ni (see below) reveal that each subhedral pyrite actually represents a
reworked aggregate, in which individual sub-grains display oscillatory or patchy zonation patterns,
disturbed to various degrees of reworking and partial resorption (Figs. 1i-k and 2b, c). Mutual
boundaries between sub-grains are marked by the presence of pores, and sometimes, sub-micron
inclusions of Au-, Ag-, Bi, and Te-bearing phases, as well as cassiterite and rare cobaltite (Fig. 2c,
d). Such characteristics are typical of dissolution-reprecipitation boundaries within the studied

pyrites. LA-ICP-MS trace element distribution maps (Fig. 2e, Online Material! Fig. A1) highlight the

! Deposit item
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grain-scale heterogeneity but nevertheless also confirm that the zones enriched in As are also enriched
with Au (often also Co, and sometimes Ni). In contrast, other elements, notably Bi and Te, are
relatively enriched at sub-grain margins, or appear elevated in the enclosing chalcopyrite relative to
pyrite (Online Material® Fig. A1).

LA-ICP-MS spot analysis yields concentrations of Au, As, Co and Ni that vary over several orders
of magnitude and have maxima of 393, 34,000, 11,800, and 3,040 ppm, respectively. Silver, Bi, Cu,
Pb, Se, Sn, and Te are also consistently measurable at concentrations well above minimum limits of
detection. Full analyses are given in Online Material' Table Al.

Plotting the LA-ICP-MS dataset for Au-bearing pyrite on a scatterplot of Au versus As (Fig. 2f)
shows that all data fall below the empirical solubility limit of Au in pyrite (Reich et al., 2005),
inferring that Au should be in solid solution rather than present as nanoparticles. Moreover,
representative time-resolved downhole LA-ICP-MS profiles for Au-rich domains (tens to hundreds
of ppm) in pyrite are characterized by smooth signals for the measured isotopes (Fig. 2g), reinforcing

such an interpretation.

Statistical analysis

The variation matrix (Online Material'! Table A2) shows proportionality (small T;) and
dissimilarity (large Tj;) among trace elements, as summarized on a cluster dendrogram (Fig. 3a). This
shows two major groups of element associations: Group 1 comprising Mn, Ni, Zn, Co, Se and Te;
and Group 2 consisting of Au, Sn, Cu, Bi, Pb, Sb, As and Ag. In general, the element associations
identified on the dendrogram are verified by their geochemical affinities in the variation matrix
(Online Material' Table A2). A high degree of association exists between the element pairs Au-As,
Au-Ag, and Se-Te based on relatively low T;; values. The element pairs Co-Au, Ni-Au, Se-Au, and

Te-Au display large T;; and have the lowest correlation.

2 Deposit item
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In contrast to the two groups shown on the dendrogram, three optimal clusters were identified by
k-means cluster analysis: (1) Au-As poor (81 analyses); (2) Au-As-rich (43 analyses); and (3) Au-
As-Sn rich (39 analyses). A boxplot comparing the three k-clusters (Fig. 3b) shows the clusters are
discriminated by greater variation in Sn and Au, but barely distinguishable in terms of Ni. The three
clusters are also depicted by PCA analysis (Fig. 3¢) and the correlation between elements visualized
as PC loadings (Fig. 3d). A 180-degree angle between two vectors implies a negative correlation (e.g
Au vs Co) whereas a strong correlation is suggested by a small angle. For example, on the PC1-PC2
projection (Fig. 3d), Au and As show a strong correlation, as well as a relatively good association
with elements from Group 2 (Bi, Pb, Sb, and Ag). In contrast, the roughly orthogonal angle between
the two vectors shows a lesser association between Au and Sn and the 180-degree angle between Au
and Co suggests a lack of Au wherever Co is present. On the other hand, a good association is

recognizable on Fig. 3d between Group 1 elements (Te, Se, Co, and Ni).

Textures and trace element distributions at the nanoscale

The nanoscale study addressed boundary domains between sub-grains within four foils (Fig. 4),
which were prepared from two pyrites with high concentrations of Au and As (yellow circles on Fig.
21). In addition, two other foils were extracted from: (i) pyrite that show micron-sized Bi-telluride
inclusions at the boundary to chalcopyrite (pyrite grain 57; foil #5), and (ii) unzoned, Au-As-poor
pyrite (pyrite 37; foil #6) (Online Material' Fig. A2a-e).

Low-resolution imaging of the four foils obtained from grain boundaries shows faint zonation
patterns, and cross-cutting microstructures that are recognizable by their relative brightness or higher
HAADF signal intensity (hereafter called splays). STEM EDS element mapping of domains within
the foils reveals the fine-scale nature of crystal growth zoning with respect to As, Co and Ni, as well
as further details along mutual intra-grain boundaries (Fig. 5). The pyrite displaying high porosity
and reshaping of zonation on the surface (Py37; foil #1; Fig. 2c) preserves an area with oscillatory
compositional zoning (Fig. 5a) that mimics the rhythmic banding observed at surface (BSE image in

Fig. 2¢). In this case, the zoning features relatively broad bands, hundreds of nm across, that are
11
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enriched in As, Ni (and lesser Co) separated by narrower, As-only bands without Ni or Co (Fig. 5a).
Crosscutting sets of splays are observed, some of which host fine particles (inclusions up to ~1 pm in
size), which do not correlate with As or Ni enrichment (Fig. 5). The three grain boundaries from the
other studied pyrite aggregate (Py67a; foils #2-4) display different patterns picked out on the element
maps by the distributions of As and Co (Fig. 5b-d). An unzoned, As-rich grain outlined by Co-rich
fringes (Fig. 5b) is present immediately underneath the surface along boundary 1 (Fig. 2b). Fine-scale
rhythmic zonation (Fig. 5S¢, d) and superimposed (new) grains are depicted by the distributions of As
and Co across the other two boundaries in the same aggregate (Fig. 4b). Variation in the
concentrations of As and Co reveals a reworking of earlier heterogeneity into a still finer, patchy
banding accompanied by nucleation of discrete Co- and As-rich inclusions as fine particles of
cobaltite, CoAsS, and/or safflorite, (Co,Fe)As: (Fig. 5¢). New growth of As-rich pyrite at the contact
between pre-existing pyrite sub-grains, each with distinct zonation patterns, is outlined by Co-rich
fringes that host arrays of cobaltite nanoparticles up to 100 nm in size (Fig. 5d).

HAADF and BF STEM imaging reveals a diverse range of micro- and nanostructures in pyrite
which are associated with presence of mineral inclusions (Figs. 6 and 7) and these areas were targeted
for STEM EDS element mapping at higher resolution (see below). Grain boundaries are crosscut by
duplex-dipole structures (a dipole is defined by paired traces of darker color on BF images; Fig. 6a).
Such structures have also a slightly modified/distinct composition to the host assemblage as they
appear as faint-brighter traces (splays) on the HAADF image (Fig. 6b). Zonation patterns are crosscut
by duplex and/or sets of quasi-parallel splays that represent the largest, planar microstructures
(hundreds of nm? in size) observed throughout all foils (Fig. 6a, b). Such wider microstructures are
of particular relevance for the nanoscale remobilization of trace elements that accompanies the
nucleation of inclusions, often at junctions of several splays (Figs. 4a and 6b). When imaged at higher
resolution, the quasi-parallel splays are seen as microstructures formed by bands (5-20 nm in width)

of thythmic misorientation to one another (Fig. 6¢).
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HAADF STEM imaging shows an eclectic range of nanomineral inclusions of variable sizes and
morphology which are associated with pores and/or splays displaying patterns that are neither as wide
or as regular as the fields of rhythmic misorientation structures (Fig. 6d-i). The speciation of
inclusions and their association with Au-bearing NPs differs between the two studied pyrites (see also
below). Electrum is found as the smallest NPs, no more than a few nm in diameter, hosted by larger
particles of chalcopyrite and the Bi-Ag-telluride volynskite (AgBiTe:) only in foil #1 from Py37 (Fig.
6d, e). These particles have globular morphology and are associated with nanopores. Electrum occurs
close to a nanopore enclosed in chalcopyrite (Fig. 6d) whereas the Bi-Ag-telluride and electrum are
either attached to, or coat, a larger cavity linked to an array of small Bi-bearing NPs (Fig. 6¢e). The
most common type of nanomineral inclusions throughout all examined foils are Bi-Pb-Te-bearing
particles, some of which can reach tens of nm, and rarely even hundreds of nm in size (Fig. 6f-h). In
such cases they have angular morphology and are associated with irregular splays along scalloped
boundaries between domains of pyrite zoned with respect to As and Co and unzoned pyrite (Fig. 6f),
at junctions between such splays with either chaotic or quasi-parallel distribution (Fig.6g, h). This
class of inclusions are either Bi-Pb-sulfotellurides belonging to the aleksite series (Cook et al., 2007,
2019) or, more rarely, Bi-Ag-Te-bearing galena (see also below). In contrast, speciation of tellurides
changes for inclusions at the margin of pyrite, at the contact with chalcopyrite (Py57), whereby pm-
sized tellurobismuthite (Bi»Tes) and altaite (PbTe) are present (Online Material'! Fig. A2f, g).
Euhedral, nanoinclusions of cassiterite of varying size are also widespread throughout all foils (Fig.
6i; Online Material' Fig. A2¢), albeit never as abundant as the Bi-Pb-sulfotellurides.

The grain boundaries in Py67a (foils #2-4) are typified by abundant nanostructures controlling
(re)-mobilization of precious metals and accompanying trace elements (Bi, Pb, Te), collectively
resulting in a strong association between Bi-Pb-sulfotelluride and Au-Ag-telluride NPs (Fig. 6j, k).
Such nanostructures consist of finest splays, only a few nm in width, forming swarms or parallel
arrays that can extend over lengths of several hundred nm, along which trails of tiny telluride NPs

occur (Fig. 6j). In contrast to the Au-Ag-Te-enrichment that occurs as discrete NPs, the Bi-Pb-Te-
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association can be traced from areas of faint enrichment to clustered Bi-Pb-sulfotelluride NPs within
the nanostructures (Fig. 6k).

Structural characterization of splays described above as nanoscale structures was constrained from
BF STEM imaging of foils #2-4 by tilting the pyrite on several main zone axes (Fig. 7). Dislocation
planes were identified along the dissolution-reprecipitation boundaries on [100] and [1-10] zone axes
(Fig. 7a-c). These consist of dipoles with apex loops at crystal edges growing along <011> directions
(Fig. 7b). Cobaltite inclusions occur at dissolution boundaries with kinked <111>/<100> trajectory
(Fig. 7¢). Such kinks are also marked by loops comprising en-echelon microcracks (Fig. 7¢) along
which inclusion nucleation takes place. The majority of Au-Ag and Bi-Te-nanoparticles are found
within finest nanostructures further away from the dissolution-reprecipitation boundaries.
Nanoparticles are hosted within loops at the apex of single, duplex or radial dipoles imaged on [-112]
zone axis in pyrite (Fig. 7d-f). Nucleation occurs also at locations showing twists and changes in
dipole orientation from <0-21> to <111> directions, whereas clustered NPs form at the edges of radial
dipoles (Fig. 7d-1).

A complex array of dislocations associated with particle nucleation (named dislocation nucleation)
can occur in the same domain (several hundred nm?) in pyrite imaged on [1-10] zone axis (Fig. 7g-
1). Enrichment in Bi, Pb and Te occurs as well-defined lamella of Bi-Pb-sulfotellurides at dislocation
junctions (Fig. 7g) or as a smearing of these elements at twist-wall boundaries (Fig. 7h). Coarser, fine
particles of Fe-oxides (most likely hematite) are surrounded by radial dislocations (Fig. 71).

Nanoparticles associated with dislocation nucleation on slip planes in pyrite were imaged on [-
110], [-112] and [100] zone axes in pyrite (Fig. 7j-m). Typical structures along <100> directions,
with secondary <111> branches, show en-echelon <311> oriented arrays with dislocation tilt (Fig.
7j). Conjugate <201>/<02-1> slip systems host NPs at plane junctions (Fig. 7k), Gold-Ag-tellurides
NPs are abundant along en-echelon dislocations and particularly on low-angle slip systems (Fig. 71,

m).
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Trace element remobilization at the nanoscale is documented from high resolution STEM EDS
maps (Fig. 8, Online Material' Fig. A3). Recognizable concentrations of Bi, Pb, Ag and Te can be
mapped as thin lines that trail away from galena NPs (Fig. 8a). Notable, however, are the relative
differences in element mobility, as for example high for Bi and lower for Pb, Te and Ag. The
narrowest planes within the nanostructures, 1-2 nm in width, are traceable by Bi, Pb and Te, as well
as slightly wider haloes of Co (Fig. 8b), the latter is accompanied by As. Likewise, splays enriched
in Co and As are mapped in areas with Au-Ag-telluride or B-Pb-sulfotellurides NPs (Fig. 8c; Online
Material' Fig. A3a).

High-resolution STEM EDS mapping and integrated spectra/spot analysis were carried out to
identify the composition of NPs and their associations (Fig. 9; Online Material! Fig. A3). The smallest
electrum NPs are found attached to pores in chalcopyrite whereas the largest occurrence of electrum
consists of several NPs harbored within an agglomeration of Bi-Ag-telluride NPs (Fig. 9a-c). Petzite
(AgsAuTe), forming single or multicomponent NPs with sylvanite [(Au,Ag)Te:] and Bi-Pb-
sulfotellurides are the most common NPs identified (Fig. 9d; Online Material' Fig. A2a). Note that
these NPs often show Co (As)-enriched tails. The layered structure of the Bi-Pb-sulfotellurides is
reproduced on the maps by correlation between Bi-Te and Pb-S rich bands (Fig. 9¢). Cassiterite NPs

from the unzoned pyrite (foil #6) display instead marginal haloes of Te- and Cl-Na-enrichment (Fig.

of).

High-resolution imaging: phase identification

High-resolution imaging was undertaken to: (i) characterize pyrite on zone axes that are typical of
either Pa3 cubic or P-1 triclinic symmetry (Bayliss, 1977); (i1) assess the presence of defects and/or
phase transformations that allow trace element remobilization and formation of NPs; and (iii) identify
speciation of tellurides.

Pyrite was imaged on four main zone axes (Online Material' Fig. A4). Fast Fourier transform
(FFT) patterns obtained from the images were indexed and compared with simulated Selected Area

Electron Diffractions (SAED), STEM simulations and crystal models, with a good match between
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data and simulations. Indexing was done using the P-1 instead of Pa3 space group obtained for
weakly anisotropic pyrite (Bayliss, 1977).

Atomic-scale imaging of defects associated with trace element (re)mobilization provides further
insights into inclusion nucleation in pyrite (#67a; Fig. 10). Slip planes along <02-1> directions in
pyrite show atom dislocation perpendicular to plane traces that display relative enrichment in Bi, Pb,
and Te (Fig. 10a, b). However, nucleation of nm-wide lamellae of Bi-Pb-sulfotellurides (Fig. 10c, d)
takes place along kinked dipoles, as those shown in Figure 7d, with smearing of heavy elements (Bi,
Pb, and Te) at the junction between planes. In contrast with such structures, single planes with screw
dislocation along <100> directions in pyrite are not associated with inclusion nucleation (Fig. 10e-
g). Edge and screw dislocations along slip planes (Fig. 10g) nonetheless provide sites for fluid
percolation, thus assisting inclusion nucleation. For example, the contacts between domains with
different step-overs marked by bright strips (Fig. 10e, f). Although such screw dislocation defects
may account for ‘marcasitization’ (e.g., Posfai and Buseck, 1997), or loss of S (formation of
pyrrhotite), such phenomena cannot be constrained based on the present data.

Several inclusions of Au-Ag- and Bi-Pb-sulfotellurides were suitable for imaging at atomic-scale
resolution (Fig. 11). Petzite and sylvanite form coherent intergrowths with one another and also with
host pyrite (Fig. 11a, b). Petzite is confirmed from the imaging and FFT pattern on [-111] zone axis
(Fig. 11b). Whereas the two Au-Ag-tellurides described here clearly have different Au-Ag ratios, the
Au-rich species is difficult to distinguish from the petzite based on STEM EDS spectra considering
their partial spatial overlap. This is not surprising considering the close similarity between the crystal
structures of several species in the system Au-Ag-Te (Bindi, 2008, and references therein). Ideal
sylvanite has the commensurate modulated superstructure of calaverite but non-stoichiometry induces
periodic displacements and periodic antiphase boundaries (van Tendeloo et al., 1983, 1984). The
small size of the inclusion discussed here hampers further insight into the crystal structural

modularity.
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Bismuth-Pb-sulfotellurides form the aleksite series with phases derived from the tetradymite
archetype, known as the ‘5-atom’ (Te-Bi-S-Bi-Te) layer (Cook et al., 2007). These are mixed-layer
compounds in which discrete compositional changes are accommodated by stacking sequences with
odd-number of atom layers, 7-, 9-, 11-, etc. The arrangement of these layers is depicted on electron
diffraction patterns (Ciobanu et al., 2009) and the layer stacking can be used to calculate their
composition (Cook et al., 2019). For example, the composition of the Bi-Pb-sulfotelluride inclusion
in Figure 11c can be calculated from the layer stacking as PbBisTe4S3, which was recently shown
(Cook etal., 2019) to exist as several polytypic sequences among which the simplest is the ‘57’ repeat.
The present inclusion is, however, highly disordered with no regular layer repeat. The width of the
layers (L) can be easily visualized on HAADF STEM images (Fig. 11d) and calculated as: L=n + m,

where n =number of bright atoms (Bi, Pb) and m=number of chalcogen (S, Te), m=n+1.

Discussion

Trace elements (re)mobilization during pyrite deformation at the brittle to ductile transition

The correlation between micron- and nanoscale zonation patterns within Au-bearing pyrite, e.g.,
the overlap between As, Co and Ni on the LA-ICP-MS element maps, is reproduced at the nanoscale
within distinct bands (compare maps in Fig. 5a and Online Material'! Fig. A1). This indicates
preservation of an initial cycle of growth typified by oscillatory zoning. The present study illustrates
the ultrafine-scale of that compositional banding (Fig. 5c, d), well below the spatial resolution
achievable when mapping by LA-ICP-MS. Compounding this, the low Au concentrations measured
by LA-ICP-MS spot analysis, never more than tens or a few hundred ppm, are well below the
threshold of the STEM EDS detectors and could not be measured or mapped with the present
instrument configuration.

Patterns and textures at the um-scale such as porosity, sub-pm-sized inclusions, or fracturing, all
of which are associated with a reshaping of the primary zoning (Figs. 2a-c and 4a, b), infer
overprinting via interaction with fluids. The abundance of micro- and nanostructures, e.g., dipoles,
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dislocations, or dissolution-reprecipitation boundaries (Figs. 6 and 7) indicate that trace element
redistribution in pyrite took place under strain induced by an oriented stress event postdating initial
crystallization. Although not always associated with chemical patterning, our assumption of oriented
stress impacting on pyrite is also supported by the presence of rhythmic misorientation textures (Fig.
6¢) that resemble pm-scale misorientation fabrics unrelated to compositional heterogeneity which
have been documented from EBSD studies of pyrite that underwent syn-metamorphic plastic
deformation (Boyle et al., 1998; Barrie et al., 2008, 2010a, 2010b). Low-angle slip dislocations, twist
walls and deformation-dipole nanostructures (Fig. 7) indicate brittle-to-ductile deformation of pyrite
at P-T conditions attainable during brecciation in the deeper parts of the deposit. These conditions
can be estimated at 0.5-1 kbar and 300-400 °C based on current models for the mineralizing event at
Olympic Dam (Courtney-Davies et al., 2020; Verdugo-Ihl et al., 2020).

Considering the brittle-to-ductile regime during pyrite reworking, recrystallization of brecciated
grains (e.g., Py67a; Figs. 2a, b and 4b, d-f) can be considered as intragrain annealing. At this stage,
decoupling between As, Co and Ni takes place, as documented from our mapping at the nanoscale
(Fig. 5b-d). This suggests that Ni is most likely preferentially incorporated into fluid and
(re)precipitated into other pyrites (e.g., grain that are Ni-Co-rich but As, Au-poor Online Material 1
Figure A1d). Whereas Co and As are retained within overprinting (nano)structures during further
textural reworking, Ni is either dissipated, diminished, or lost altogether (Fig. Sc, d). In the same case,
the reworking of pyrite via processes that preserve and recycle elements that are already present
within the pyrite is evidenced by new growth of distinct grains along annealed boundaries that are
As-rich yet lack oscillatory zoning (Fig. 5b). Advanced porosity, mosaic-dissolution boundaries and
infill by chalcopyrite show that some grains have experienced more intense fluid percolation at some
point following the annealing episode (Py37; Figs. 2c, d and 4a, c). Such fluids are clearly

fingerprinted by a coating of NaCl on some of the cassiterite NPs (Fig. 9f).

Lifting the cloak of invisibility — where is the gold in pyrite?
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Neither the “arsenic-driven pump for invisible gold in hydrothermal systems” (Pokrovski et al.,
2021) nor a mechanism of Au-nanoparticles forming upon supersaturation from an As-rich pyrite
(Reich et al., 2005; Deditius et al., 2014) can fully explain the present data which lie within the solid
solution domain for pyrite when plotted in terms of Au vs. As concentration (Fig. 2f).

Our study shows that Au-bearing nanoparticles are tied to reworking of pyrite both during and
following brecciation events. This is, to some extent, consistent with prior studies showing scenarios
for the occurrence of ‘invisible Au’ in pyrite, particularly in orogenic Au deposits, that lie outside or
contradict the paradigm of “coupled geochemical behavior of Au and As” (Deditius et al., 2014).
Among these is the exceptional case of As-free pyrite containing up to several thousand ppm Au, in
which nanoparticles of Au-Ag-tellurides are tied to brecciated domains formed during a
devolatilization event (Cook et al., 2009; Ciobanu et al., 2011, 2012). Likewise, atom-cluster
enrichment in Au, Ni, Cu, and Bi has been imaged by atom probe tomography (APT) along
dislocations hosted in a deformation low-angle boundary in pyrite (Fougerouse et al., 2021). Also,
directly relevant here, is the model for “retrograde As contents of hydrothermal pyrite”, which
considers that As- and Au-enrichment in pyrite occurs during prolonged fluid-interaction, often the
case of orogenic Au deposits (e.g., Sung et al., 2009), and without the requirement of any anomalously
Au-rich fluid (Xing et al., 2019).

We show that gold is linked to nanostructures of which the smallest are nm-wide pathways in
pyrite that can be recognized from their characteristic enrichment in a diverse trace element
association (Fig. 8, Online Material' Fig. A3). Dislocation planes associated with splays of various
orientation relative to primary or secondary zonation promote the migration and/or infiltration of trace
elements and, subsequently, as permeability becomes restricted, to nucleation of inclusions (Fig. 9).
Analogous aspects were reported for arsenopyrite based on EBSD data and SIMS mapping
(Fougerouse et al., 2016a). Although Co and As also occur along such defects in pyrite, there is a far
stronger correlation between Au-bearing NPs and elements contained within the Bi-(Pb)-

chalcogenides than with the products of As-, Co-(re)mobilization. The extent of such processes is
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highlighted by the abundance of NPs tied to planes enriched in chalcogens (notably Te) and
chalcophile elements (Bi, Pb, Ag) forming Bi-chalcogenide inclusions in the annealed pyrite (Fig.
10). Chalcogenides of bismuth and other metals are widely reported as accessory phases in gold ores
of different genetic types and have been postulated to make a significant contribution to Au
enrichment in ores, particularly if conditions facilitate the so-called “Bi-melt scavenger for Au”
mechanism (e.g., Meinert, 2000; Tomkins and Mavrogenes, 2002; Ciobanu et al., 2005, 2006, 2010;
Torméanen and Koski, 2005).

It has been shown, both by modelling of equilibrium thermodynamics and from experiments
involving dissolution-reprecipitation reactions (Tooth et al., 2008, 2011), that Bi-rich melts can
efficiently scavenge Au from hydrothermal fluids that are undersaturated with respect to Au.
Moreover, the products of such melts can precipitate as Bi-bearing mineral associations within pores
created by the advance of the interface coupled dissolution reaction (Tooth et al., 2011). Such a
scenario plausibly explains formation of Bi-Ag- and Au-bearing NPs coating pores in the sample with
higher fluid rates of percolation (Fig. 6e).

The present data shows that the pattern of gold distribution and geochemical clustering in pyrite
from a single sample (Fig. 3) strongly mirrors that identified by statistical analysis of much larger
datasets for Olympic Dam pyrite (Dmitrijeva et al., 2020). The discovery of nanoscale Bi-, Au-(Ag)-
tellurides, Bi-Pb-sulfotellurides and cassiterite backs up the prediction of such phases within Olympic
Dam pyrite (Dmitrijeva et al., 2020). We speculate that Au, Te, and Bi were sourced from the pyrite
itself, whereas Pb and Sn were supplied from the breakdown of hematite that forms the breccia matrix
(Fig. 1). These elements are part of a characteristic hematite signature (U-Pb-W-Sn-Mo) identified
throughout the Olympic Dam deposit (Verdugo-lhl et al., 2017). Release of radiogenic Pb from
hematite, and implicitly, decoupling from parent U (Courtney-Davies et al., 2019) leads to isotopic
signatures that may preclude meaningful Pb-Pb dating of pyrite. Migration of radiogenic Pb into
boundaries between sulfide sub-grains at Olympic Dam is documented from nanoSIMS isotope

mapping coupled with EBSD analysis (Rollog et al., 2020). A preservation of discrete nanometer-
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scale Pb reservoirs of various isotopic compositions within grain boundaries acting as open systems
over 1 billion years after pyrite formation is likely, analogous to that shown by APT studies of

Witwatersrand pyrite (Fougerouse et al., 2019).

Implications

The ever-increasing resolution and sensitivity achievable with contemporary microanalytical
techniques reveals new layers of complexity with respect to the incorporation of trace/minor elements
in a mineral matrix and their subsequent release in response to superimposed events. The present
contribution highlights how the presence of Au and associated trace elements in pyrite can be related
to strain-induced nanoscale structures formed during superimposed brecciation. Whereas the pyrite
characterized here is As-bearing, Au-NP formation is decoupled from initial incorporation of As,
instead fingerprinting pathways of enrichment and remobilization in Te, Bi, and Pb, elements which
can otherwise be present at concentrations as low as Au in host pyrite or adjacent host minerals. Such
pyrite is likely not only a feature of ancient IOCG deposits but could occur in any deposit formed
over a protracted geological timescale. Linking micron- to nanoscale observations, we show that
pyrites, no more than several mm apart, record textures indicating variation in the rates of percolation
and strain achievable during fluid-mineral interaction, in which short-term permeability can explain
the sequestration of new phases within the reaction areas themselves rather than outside of the pyrite.

The presence of invisible gold at Olympic Dam carries only limited implications for gold recovery
as the pyrite reports to copper concentrates and is subsequently smelted, with gold recovery taking
place during the processing of anode slimes, post electrorefining of copper anodes. Our results are,
however, significant for constraining the hosts for chalcogens in mill feed, particularly those

considered as ‘critical minerals’, notably Te, which is also concentrated in anode slimes.
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Figure captions

Figure 1. Reflected light photomicrographs showing the analyzed sample (a) and details of pyrite textures (b-
k). Numbered circles in (a) represent pyrites analyzed by LA-ICP-MS (Online Material' Table 1). (b-¢)
Variable textures resulting from marginal replacement of brecciated pyrite (Py) by chalcopyrite (Cp), from
incipient (b) to advanced (e). (f, g) Sulfide disseminations surrounding hematite (Hm) clasts, displaying brittle
fracturing, marginal milling and grain rounding. Note the presence of pm-sized magnetite (Mt) within such
clasts. Replacement of pyrite by chalcopyrite during milling is supported by textures showing ductile behavior
of chalcopyrite at junctions of Hm clasts in (h). (i-k) Details of micron-scale textures in pyrite showing domains
preserving oscillatory zoning (below the dashed line in i), sub-micron sized chalcopyrite inclusions (arrowed

in j) and patchy zoning within porous areas (dashed lines in k.

Figure 2. (a) Reflected light photomicrograph showing pyrite Py67a with incipient chalcopyrite (Cp)
replacement. FIB cuts marked as numbered black lines. Note sub-grains (dotted line) within this pyrite (Py)
which otherwise displays a sub-euhedral outline. (b) BSE image showing the contact between zoned, sub-
grains. Note coarse inclusions (black) and darkening of pyrite along the boundary. Short arrows indicate the
boundary interval along the FIB cut. (c, d) BSE images of Py37 with patchy oscillatory zoning (detail in c).
White and yellow arrows in (c) show sub-pm inclusions and pores, respectively. (¢) LA-ICP-MS element
maps for As and Au for Py37 mirroring the textures in (d) and showing overlap between the two elements.
Scales in counts per second (cps, 10"); see methodology in Online Material' Figure Al. (f) Plot of Au vs. As.
Yellow spots indicate high-Au domains within pyrite grains analysed at nanoscale. (g) Representative time-

resolved downhole LA-ICP-MS profile. Note smooth Au signal.

Figure 3. (a) Hierarchical cluster dendrogram showing the association of the 14 targeted trace elements for
the LA-ICP-MS dataset (Online Material' Table A1). The similarity among the elements is reflected by the
height of the dendrogram that corresponds to the variation matrix (Online Material' Table A2). (b) Box plots
of concentrations of groups of trace elements in pyrite based on 1 the three optimal clusters. Clusters 1 and 3
are geochemically similar but Cluster 3 is distinct in terms of the highest median concentration of Sn (median,
8.6 ppm) and Bi (not shown on boxplot, median, 18 ppm). (c, d) PC1 versus PC2 diagrams showing principal
component scores in (¢) and loadings in (d) of the clr-transformed LA-ICP-MS data. Scores are colored

according to clusters derived via k-means algorithms.

Figure 4. (a, b) BSE images showing further textural details of the two Au-As-bearing pyrites sampled for the
nanoscale study. Note mosaic-dissolution boundaries (yellow dashed lines) typical of Py37 and inner parts of
sub-grains (outlined in blue) in Py67a. Orientation of the three sub-grains at 120° to one another also marked
by the triple arrows. (c-f) HAADF STEM images of the four foils obtained from locations as marked in (a, b).
Grain boundaries (white dashed lines) and other textures are also marked and labelled. Abbreviations:

Cob=cobaltite; Cp=chalcopyrite; Py=pyrite; sulfotell.=sulfotelluride; tell.=telluride.

Figure 5. Images and STEM EDS element maps of pyrite domains showing different types of compositional

zonation patterns. Locations of maps marked in Figure 4. (a) Primary oscillatory zoning with respect to As and
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Co (Ni not shown) in foil #1 (Py37; map 0003). Inclusions outlined in red and arrowed. (b) New growth of an
unzoned, As-bearing grain along the dissolution boundary in Py67a (map 1406; foil #2). (c) Element maps for
As and Co showing fine oscillatory zoning with Co-bearing inclusion (Py67a; map 1716; foil #3). (d) New
growth highlighted by As and Co zoning in Py67a (map 1756; foil #4). Note Co-NPs along the boundaries and

splays with Co-enrichment.

Figure 6. HAADF STEM images, except the first panel in (a) which is a BF image, showing nanotextures and
inclusions in the two As-Au bearing pyrites. Brighter contrast on HAADF images correlates with the presence
of elements with higher Z than those present in stoichiometric pyrite (Fe, S). (a) Sets of duplex splays (arrowed)
crosscutting grain boundaries. (b) Sets of splays crosscutting primary zoning in pyrite (shown in Figure 5a).
Inclusions are marked. (c) High-resolution image showing sets of rhythmically misorientation planes
(arrowed). (d-i) Inclusions and particles of variable composition and sizes as labelled associated with splays
(dashed lines) or pores (in d and e). Note the trail of Bi-NPs leading to NPs coating the large pore in (e). (j, k)
Nanostructures (dashed line) enriched in precious metals and associated Te, Bi and Pb. Abbreviations:

Cst=cassiterite; Cp=chalcopyrite; El=electrum; sulfotell.=sulfotelluride

Figure 7. BF STEM images, except lower part of (a) and insets in (f-h and 1) which are HAADF images,
showing the range of nanotextures and their orientations associated with trace element (re)mobilization and
particle nucleation. Orientation of pyrite is given as zone axis in square brackets. (a-b) Dissolution boundary
with dipoles at the junction between grains at a dissolution-reprecipitation boundary. The area in (a)
corresponds to the map in Figure 5d. (¢) En-echelon microcracks along dissolution boundary shown on map
in Figure S5c. (d-e) Dipoles of variable orientation, splitting into duplexes and/or loops. Hosted inclusions
outlined in yellow. Coarse Bi-Pb-sulfotelluride (inset in f) at edge of radial dipole. (g-i) More complex arrays
of dislocations leading to inclusion nucleation as labelled. Note twist-wall boundary in (h) leading to
enrichment in Bi-Pb-Te (inset). (j-m) Au-Ag-NPs (yellow outline, inset in (I) associated with dislocation
nucleation on slip planes. Note variation in arrangement of dislocations within a zone from parallel sets (j and
1), through conjugate (k) to low-angle slip planes (m). The latter hosts the most abundant Au-bearing NPs.

Abbreviations: Cob=cobaltite; Fe-oxide=iron oxide.

Figure 8. STEM EDS maps showing aspects of trace element (re)mobilization accompanying formation of
Au-bearing NPs along nanostructures. (a) Bi, Te, Ag-bearing galena NP along splays crosscutting primary
zoning in pyrite (area shown in Figure 5a). Note trails of the same elements, in particular Bi and Pb (dashed
line) dissipating away and/or towards the NP. (b) HAADF STEM image and element maps showing a 2-3 nm-
wide dislocation plane in pyrite that is relatively enriched in Bi, Te, Pb (inner part) and also Co (broader, outer
area). (¢) HAADF STEM image and element maps showing Au-Ag-telluride NP (petzite) along splays with
As and Co (re)mobilization. Note Co is prominent in highlighting the splays, whereas As is concentrated at

the edges of the NP.

Figure 9. HAADF-STEM images and STEM EDS element maps showing various inclusions in As-Au-rich
pyrites. (a) Smallest NPs as electrum (El) within nanopores from a chalcopyrite (Cp) inclusion. (b) Large pore

coated with Bi-Ag-telluride NPs (volynskite; Vol?). Electrum NPs around the margins of the hole are circled.
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(¢) Image and maps of the largest (~5 nm-wide) electrum NP from (b). (d) NPs association comprising two
Au-Ag-tellurides, petzite (Ptz) and sylvanite (Syl), and a Bi-Pb-sulfotelluride (Bi-Pb-tell). (¢) Bi-Pb-
sulfotelluride showing the layered structure in terms of main elements. Note Bi correlates with Te, and Pb
correlates with S. (f) Cassiterite NP with a marginal Te rim (arrowed) and coating of NaCl. Note that such

coating corresponds to the darker part of the NP on the HAADF STEM image to the right.

Figure 10. Atomic-scale imaging of defects associated with trace element (re)mobilization in As-Au-rich
pyrite (Py67a in a-d, Py37 in e-g). Insets in a and e show Fast Fourier transform (FFT) patterns of pyrite in the
corresponding image. (a, b) Slip plane (~1 nm-wide) in pyrite enriched in trace elements as labelled
(corresponding to map in Figure 5b). Note high diffraction contrast indicative of atom dislocation
perpendicular to the plane trace on the BF image (a) and the brightness of this plane on the HAADF image (b).
(c, d) HAADF STEM images showing nucleation of wider (several nm-wide) lamellae of Bi-Pb-sulfotellurides
along kinked dipoles (shown in Figure 7d). Note smearing of heavy elements (Bi, Pb, and Te) at the junction
between planes (in ¢). In (d) ordering of atoms within the sulfotelluride across with a split of Fe atoms in the
pyrite is marked by dashed lines across the dipole. (e-g) HAADF STEM images showing screw dislocation
planes along <100> directions in pyrite from the area shown in Figures 5a and 6b. (f) is a close-up of the
arrowed screw dislocation in (e) showing enrichment in heavy elements (brighter contrast). (g) Brighter

contrast at the edge of an area with screw dislocations. Step-overs marked by yellow lines.

Figure 11. Atomic-scale HAADF STEM images of Au-Ag-tellurides (a, b) and a Bi-Pb-sulfotelluride (c, d).
FFT patterns as insets in (a-c). Note coherent intergrowths between pyrite and Au-Ag-tellurides in (a).
Numbers in (¢) correspond to atom layers within the sulfotelluride (see main text). Schematic in (d) shows the
atom sequence along 7- and 9-atom layers from the area outlined in black. Ptz=petzite; Py=pyrite;

Syl=sylvanite.
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