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Abstract: This paper comprises a review of the rapidly expanding application of nanoscale mineral
characterization methodology to the study of ore deposits. Utilising bismuth sulphosalt minerals
from a reaction front in a skarn assemblage as an example, we illustrate how a complex problem
in ore petrology, can be approached at scales down to that of single atoms. We demonstrate
the interpretive opportunities that can be realised by doing this for other minerals within their
petrogenetic contexts. From an area defined as Au-rich within a sulphosalt-sulphide assemblage,
and using samples prepared on a Focused Ion Beam–Scanning Electron Microscopy (SEM) platform,
we identify mineral species and trace the evolution of their intergrowths down to the atomic scale.
Our approach progresses from a petrographic and trace element study of a larger polished block,
to high-resolution Transmission Electron Microscopy (TEM) and High Angle Annular Dark Field
(HAADF) Scanning-TEM (STEM) studies. Lattice-scale heterogeneity imaged in HAADF STEM
mode is expressed by changes in composition of unit cell slabs followed by nanoparticle formation
and their growth into “veins”. We report a progressive transition from sulphosalt species which
host lattice-bound Au (neyite, lillianite homologues; Pb-Bi-sulphosalts), to those that cannot accept
Au (aikinite). This transition acts as a crystal structural barrier for Au. Fine particles of native gold
track this progression over the scale of several hundred microns, leading to Au enrichment at the
reaction front defined by an increase in the Cu gradient (several wt %), and abrupt changes in
sulphosalt speciation from Pb-Bi-sulphosalts to aikinite. Atom-scale resolution imaging in HAADF
STEM mode allows for the direct visualisation of the three component slabs in the neyite crystal
structure, one of the largest and complex sulphosalts of boxwork-type. We show for the first time
the presence of aikinite nanoparticles a few nanometres in size, occurring on distinct (111)PbS
slabs in the neyite. This directly explains the non-stoichiometry of this phase, particularly with respect
to Cu. Such non-stoichiometry is discussed elsewhere as defining distinct mineral species. The interplay
between modular crystal structures and trace element behaviour, as discussed here for Au and Cu, has
applications for other mineral systems. These include the incorporation and release of critical metals
in sulphides, heavy elements (U, Pb, W) in iron oxides, the distribution of rare earth elements (REE),
Y, and chalcophile elements (Mo, As) in calcic garnets, and the identification of nanometre-sized
particles containing daughter products of radioactive decay in ores, concentrates, and tailings.
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1. Introduction

Textural and compositional variation in minerals over large scales of observation provides
valuable information that can assist interpretation of how fluid-rock interaction takes place, or how
ore deposits are formed. Significant advances in the resolution, imaging, and chemical mapping
techniques of current electron microscopes, as well as in-situ sample preparation methods, allow a
wide range of petrogenetic topics to be addressed. Despite steady application of Transmission Electron
Microscopy (TEM) techniques to mineralogical problems over the past 50 years, it is only within the
last 15 years that TEM investigation of minerals in their petrogenetic context has become relatively
commonplace. This has largely occurred through the advent of Focused Ion Beam (FIB)-Scanning
Electron Microscopy (SEM) techniques, as such dual-beam approaches permit in-situ extraction of
small volumes of sample material and preparation of foils for TEM examination. Procedures and
problems encountered with applications of FIB-SEM and TEM techniques are discussed at length in a
number of key publications [1–7].

Contemporary FIB-SEM platforms are equipped with X-ray detectors for acquisition of
Energy Dispersive Spectra (EDS), and have Scanning Transmission Electron Microscopy (STEM)
capabilities, the combination of both allowing for the study of chemical-structural heterogeneity at
the sub-micron-scale. In some cases, such a level of detail is sufficient for valuable petrogenetic
interpretation [7–9]. More often, FIB-SEM instrumentation serves in the selection of slices for TEM-foil
preparation. Other applications of dual-beam techniques include FIB-Electron Back Scatter Diffraction
(high-resolution micro-structural sample characterisation for small grains, such as the correlation
of chemical heterogeneity and lattice distortion in uraninite [10]), and 3D-tomographic imaging
(e.g., dealing with porosity, inclusion distribution, or phase intergrowths throughout a sample
volume [11,12], or FIB-X-ray microtomography for analysis of tiny fluid inclusions [13]).

In-situ extraction of small volumes of sample material by FIB-SEM has also proven valuable
for the characterization of new minerals (e.g., in the case of gratianite [14]). Using microbeam
X-Ray synchrotron source spectrometry, such an approach can be applied for crystal-structural
characterization where the phase of interest is both fine-grained and intergrown with other minerals of
similar composition and/or structure. Slices prepared in-situ by FIB-SEM have also been utilized in
other experiments using synchrotron radiation. For example, µ-XANES spectra on FIB-prepared
foils have been used to prove the presence of Cu+ in Cu-In-oscillatory zoned sphalerite [15].
The same FIB-prepared slices were also studied in detail and chemically mapped by nanoscale X-ray
Fluorescence Spectroscopy. FIB-prepared slices from extra-terrestrial material have been used for
high-resolution Secondary Ion Mass Spectroscopy applications (e.g., by nanoSIMS), particularly for
the measurement of light element isotopes and their ratios (e.g., [5,16]).

Below, we highlight recent progress in the application of integrated FIB-SEM and TEM microbeam
techniques to minerals, introducing the topics that can be addressed by studies that bridge the
micron to nanometre scales of observation. We go on to show how recent developments with
TEM instrumentation, particularly STEM imaging techniques, allow compositional and structural
information to be correlated at an atomic-scale resolution, and why this is important for understanding
minerals. To illustrate how advanced electron microscopy can ‘map’ mineral reactions down to the site
where this happens, we use an example of bismuth sulphosalts and explore the potential they have for
fingerprinting Au enrichment in sulphide ores.

2. Background

2.1. Research Topics Addressed by Integrated FIB-SEM and TEM Microbeam Techniques

Whether from natural or synthetic mineral assemblages, the many opportunities facilitated by
FIB-SEM extraction of TEM samples from sites of specific petrogenetic interest is exemplified by the
diversity of petrological topics addressed in the literature. These range from biomineralisation [17,18],
to rock-forming silicates such as feldspars [11,19,20], natural and synthetic garnets (e.g., [21,22],
or minerals of secondary origin such as phosphates and phyllosilicates [23–26]. Rare materials such as
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carbonado diamonds and meteorites have also been addressed (e.g., [27–32]). Among extra-terrestrial
samples, many integrated FIB-SEM and TEM applications have also been combined with nanoSIMS
studies (e.g., [5]).

Minerals such as Th-bearing monazite used in geochronology, have attracted interest with respect
to phase stabilities relative to the formation of Th-bearing silicates (huttonite or thorite; ThSiO4),
as well as how phase relationships down to the nanoscale can impact on isotope systematics
(e.g., [33,34]). Uranium-bearing oxides featuring oscillatory chemical zonation (including Pb
continually produced from radiogenic decay; e.g., [35]), have been subjected to FIB-TEM studies
to assess their reliability for U-Pb dating. Although long-range superstructuring assists incorporation
of heavy elements (U, Pb, W, and Mo) in high-U hematite [36], and no lattice scale changes are observed
in high-(Pb, REE + Y) uraninite [37], in both cases the oscillatory zoning appears to be a self-induced
patterning phenomenon that locks in the daughter isotopes formed during alpha decay events.

In comparison to the examples above, integrated FIB-SEM and TEM studies of sulphide
assemblages are relatively scarce. Despite problems encountered for some sulphides during TEM
sample preparation on the FIB-SEM platform [7], meaningful results have been shown for a range of
sulphides. These include correlation between various polytypes and minor/trace (Cu-In-Fe-Sn-Ag-Cd)
element behaviour in ZnS, nanoscale characterisation of symplectitic intergrowths among bismuth
sulphosalts [7], and cooling histories interpreted from a range of nanoscale characteristics
(superstructures, phase transformation, and lattice-scale intergrowths) among Cu-(Fe)-sulphides [38].
Synchrotron mapping of FIB-SEM samples combined with TEM studies have shown (111)* twinning
promoting the incorporation of Ge in Fe-rich sphalerite [39]. Despite the presence of lattice scale
defects [40], molybdenite zoned with respect to Re and W shows coherent lattice-scale intergrowths
with inclusions of chalcogenide minerals, lending the molybdenite a Pb-Bi-Au-Te-Se trace element
signature but without modifying the layer stacking arrangement, i.e., only the 2H molybdenite
polytype is present.

Nanoscale inclusions of Platinum Group Minerals (PGM) were found in pyrrhotite and
pentlandite, the two main sulphides in the PGE-reefs in the Bushveld Complex, South Africa.
Wirth et al. [41] present arguments favouring an orthomagmatic origin for the sulphide assemblages,
whereas Junge et al. (2015) [42] document superlattice ordering in pentlandite hosting PGM.
Pyrrhotite-group minerals (Fe1−xS; x = 0–0.124) and their transformations are discussed for
different meteorites, as well as with respect to hydrothermal dissolution experiments [43,44].
The FIB-TEM approach has also been applied to study nanometric-sized Bi-melt products obtained
from hydrothermal experiments aimed at proving the validity of the ‘Bi-Au collector’ at variable
redox conditions [45]. Lastly, gold precipitation prompted by devolatilisation processes, was inferred
based on the discovery of pore-attached, Au-Te-nanoparticles along the microfracture trails within
arsenic-free pyrite [46].

2.2. Advances in Electron Microscopy—STEM Imaging at Atomic Resolution

As seen from the examples above, one mainstream topic in petrogenesis is the fingerprinting
of phase transformations and/or mineral reactions down to the smallest scale. A particular issue
is whether trace and minor element signatures in minerals, documented via rapidly-expanding
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) studies [47],
can be correlated with crystal-structural transformations or lattice defects leading to pores and/or
nanoparticle formation. Alternatively, if such signatures are the expression of crystal structures
accommodating “exotic” elements within the lattice to form solid solutions, can such lattice-bound
“invisible” elements actually be imaged using advanced electron microscopy?

A recent review of the advances in electron microscopy techniques and their applications
in materials science [48] highlights the opportunities introduced by STEM imaging relative to
High-Resolution (HR)-TEM imaging. In HR-TEM imaging, the electron beam is parallel, while
in (most of) STEM applications it is convergent. Importantly, in TEM mode the beam is stationary
and illuminates the whole sample at the same time, while in STEM mode the beam is continuously
rastering the sample area [49]. Different signals can be recorded from the convergent-beam diffraction
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pattern formed on the back-focal plane. The High Angle Annular Dark Field (HAADF) detector
is placed just above the fluorescent screen to capture (integrate) the diffraction pattern for every
probe position. Of these, one of the key imaging modes is HAADF STEM, in which the image
contrast is correlated with the atomic mass (the atomic number Z-dependence of the contrast is ~Z2).
The application of HAADF STEM imaging for minerals containing elements heavier than in most
silicates makes the method perfectly suited for detection of heavy element nanoparticles (NPs),
such as gold in pyrite [46,50–53], uranium nanocrystals in atmospheric aerosols [50,54], or different
forms of nanoscale lead in radiogenic zircon [55].

Although the development of STEM techniques started in the 1960s, it is only in the past decade
that (S)TEM instruments offer aberration-correction of the probe forming optics. This development
unlocked deep sub-Angstrom atomic resolution imaging [48], allowing for a wide range of scientific
applications including ore petrology. Alongside the HAADF STEM mode, which can be combined with
spectroscopy at high spatial resolution, high-resolution Annular Bright Field (ABF) [48] and integrated
Differential Phase Contrast (iDPC) modes [56] have emerged as promising STEM imaging methods,
permitting the observation of both light and heavy elements. Examples of ABF STEM applications in
ore petrology include the characterisation of Si-magnetite nano-precipitates in Si-bearing magnetite
from banded iron formations [57].

Whereas pinpointing the ‘small’ and ‘smallest’ element clusters is acknowledged as one of the
most provocative challenges in the material and environmental sciences [48], in ore petrology, “larger”
(tens of Å), chemically complex crystal structures are excellent research topics for understanding the
fundamental nature of solid solutions and the physical state (lattice bound or nanoparticles) of trace
elements incorporated in minerals at the atomic scale.

2.3. Modularity of Complex Sulphides—Bismuth Sulphosalts

The modern nomenclature of sulphides and related minerals is based on concepts of crystal
structural modularity such as polytypism, polysomatism, and/or homology. These form the basis of
their classification into distinct groups or series ([58] and references therein). Polytypes are defined by
differences in the stacking arrangements of layers with the same configuration, with no or only very
little chemical variation [59]. Polysomatism, as a concept, was introduced to describe silicates (e.g., [60]),
based on the idea of ‘fragment-recombination’ for building modular structures [61]. Homology is a
comparable formalism applied to sulphosalts (e.g., [58,62]), or to tetradymite and related bismuth
chalcogenides [63–65]. In contrast to polytypes, homologues are composed of ‘moduli’ (blocks, rods,
layers), in turn derived from archetypal, simpler structures (e.g., PbS, SnS, etc.), which are combined in
various directions by building operators and/or accretional principles leading to incremental crystal
and chemical changes from one homologue to another, throughout any given series [58]. Sulphosalts
are a large group of chalcogeno-salts or complex sulphides where one or more of the cations Bi3+, Sb3+,
As3+, or Te4+ is associated with one or more metallic cation(s), Me, as essential (intrinsic) constituents
with the general formula: (Me+, Me2+, etc.)x[(Bi, Sb, As)3+, Te4+]y[(S, Se, Te)2−]z [62].

Of interest here are those species where Bi is the dominant cation (hereafter called bismuth
sulphosalts) that form modular series; their compositions can be plotted in (Cu, Ag)2S-Bi2S3-PbS or
simplified (Cu, Ag)-Bi-Pb ternary space (Figure 1a). Defined in the 1970s [66,67], the bismuthinite
(Bi2S3)-aikinite (CuPbBiS3) series is represented as a central line drawn vertically downwards from the
Bi apex in the (Cu,Ag)-Bi-Pb ternary space (Figure 1a). This series has been revisited by numerous
studies dealing with the definition and redefinition of intermediate members, the compositional ranges
of series members, and non-stoichiometry ([62], and references therein). The series comprises a range
of ordered derivatives CuxPbxBi2−xS3 (x = 0–1) built by modifications of the bismuthinite unit cell by
substitution of Bi according to the formula: Bi3+ + vacancy = Pb2+ + Cu+, imposing rigid compositional
constraints: atoms per formula unit (a.p.f.u.) values for Pb and Cu are always equal. The stepwise
filling of the bismuthinite structure leads to three equally sized cell ribbons (one for each end member
and for krupkaite [66]).

This is shown for the fully-substituted structure in aikinite (Figure 1b). Larger members reported
so far are 11 Å × n (where n = 3, 4, or 5) superstructures of the parent bismuthinite. Alternative
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models employed superspace formalism to show that superstructures from the krupkaite-gladite
interval (Figure 1a) are interface commensurately modulated structures [68]. Structural disorder has
been proven as coherent lattice-scale intergrowths between different members in the bismuthinite
series [69,70], matching extensive compositional ranges often reported in natural samples [71],
and often from different assemblages in a single locality (e.g., [72,73]).
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Figure 1. (a) Ternary (Cu, Ag)-Bi-Pb plot showing bismuth sulphosalts of interest in this study. Known
species in the bismuthinite derivative series (left) and lillianite homologous series (right) are located
on the plot; (b–e) Projection (as marked) of crystal structures for selected sulphosalts illustrating the
main building blocks. Atoms are shown as balls: dark grey (smaller)—Bi; light grey (larger)—Pb;
red—Cu; green—Ag; yellow—S. Coordination polyhedra are shown using the same colour code for
each atom type; (b) Aikinite crystal structure [66] is built by Pb2S6 ribbons (dark grey) with 4 Cu
atoms filling adjacent tetrahedral voids and BiS2+3 in monocapped prismatic polyhedra (light grey);
(c) Ag-Bi-substituted heyrovskyite [74]. The bicapped trigonal prismatic PbS6+2 position is along
the mirror planes (dark grey), the other cations (Ag, Pb, and Bi) are present in the octahedral MeS6

sites (light grey). The homologue number (N = 7 for heyrovskyite) represents the average of the
BiS6 octahedra along (311)PbS directions counted on each side of the mirror planes (N = N1 + N2);
(d) Neyite [75], showing the main building blocks as marked; (e) Cuproneyite [76], differing from
neyite in that three types of Cu sites are present (linear, triangular, and asymmetrically tetrahedral),
and the Ag position is occupied by Cu atoms.
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Of direct relevance to the present work is the lillianite homologous series (Figure 1a,c),
which consists of minerals with small modifications to the Bi/Pb ratio generated by polysynthetic
twinning on the (311) planes of galena [77]. The lillianite homologous series is a typical accretionary
series, in which modularity is expressed by the crystal structural formula: PbN−1−2xBi2+xAgxSN+2;
and where N represents the average number (N = N1 + N2) of BiS6 octahedra along the (311)PbS
directions (indices refer to the cubic galena unit cell) from the two sides of the mirror planes
(Figure 1a,c) [78–80]. Silver-rich phases in the series are defined by the coupled substitution:
Bi3+ + Ag1+ = 2Pb2+ with compositions plotting along the tie lines as shown in Figure 1a.
The series includes lillianite (N = 4; 4L), and heyrovskyite (N = 7; 7L). Gustavite is the Ag-bearing
end-member of the same N = 4 homologue. Also reported are Ag-Bi-substituted heyrovskyites
(Ag1.31Pb3.37Bi3.32S9; [74], four discrete Ag-rich homologues (Figure 1a,c) [78,79], and a synthetic phase
Ag2.25Pb2.5Bi4.25S10 equivalent to N = 8 homologue (8L); [81]). Natural Ag-free specimens are very rare,
and are mostly found in young volcanic environments (e.g., [82]). As TEM studies have shown, discrete
lillianite homologues and their intergrowths have structures derived from PbS with superstructure
reflections along the [311]*PbS direction and equivalent parallel rows [83]. Based on this study, the N
homologue number can be calculated from even index satellite reflections (n) along (311)PbS using the
relation: n = N1 + N2 + 4.

Many natural specimens show extensive compositional fields that can be explained by the
presence of lattice-scale intergrowths among different homologues (e.g., [7,84,85]), and structural
disorder. Such observations are comparable with those obtained for synthetic phases, whether
Ag-free [83], or Ag-rich [86]. One contentious issue is that Cu is considered incompatible within
lillianite homologues [78–80], despite being often reported from natural specimens (and is also present
in those described here).

Overlapping with the compositional field of substituted lillianite homologues are rare sulphosalts
that can accommodate both Ag and Cu, such as neyite and related varieties (Figure 1a). Although the
mineral was first described in 1969 [87], the crystal structure of neyite (Ag2Cu6Pb25Bi26S68) was not
defined until much later by Makovicky et al. (2001) [75]. The structure is described as one of the largest
boxwork types with three types of motifs: (111)PbS interleaved with (100)PbS blocks and separated by
corrugated (922)PbS layers (Figure 1d). Although a number of hypothetical structures derived from
neyite have been proposed, so far only Cu-rich species were found such as cuproneyite Cu7Pb27Bi25S68,
where the independent Ag position in neyite is completely replaced by Cu (Figure 1e; [76]). In addition,
other variants are discussed, among which is a “Cu-enriched cuproneyite” (Figure 1a).

3. Approach and Methodology

3.1. Case Study

The case study was selected to demonstrate how an integrated approach between various
microbeam techniques can solve a problem in ore mineralogy, and particularly what advantages
there are in using advanced electron microscopy such as high-resolution HAADF STEM mode
for imaging. The study was carried out on samples from a massive assemblage comprised of
different bismuth sulphosalts and galena collected from the deeper part of the Antoniu North Cu
orepipe, one of several that make up the Baita Bihor Cu-Mo-Zn-Pb skarn deposit, in Romania [88].
Metal zonation in the Baita Bihor orefield [89] is superimposed by Au-(Ag)-richer ores closely
associated with bismuth sulphosalts, lending the otherwise dominant Cu (Mo) orebodies a more
polymetallic character [7,14,76]. Previous LA-ICP-MS study of this assemblage (Figure 2a) has shown
wide variation in the concentration of Au measured in sulphosalts on either side of a boundary defining
changes in sulphosalt speciation (from a few to several thousand ppm [90]). The presence of tiny,
clustered inclusions of native gold within microfractures along this boundary (Figure 2b) partially
explains such variations. Unusual, however, is the transition from Cu-Ag-bearing Pb-Bi-sulphosalts
on one side of the boundary, to aikinite on the other side, with the change taking place along the same
lamellae (Figure 2a). Considering that Cu increases across this boundary from 1.5–5.5 wt % to 11 wt %,
respectively, the main question addressed here is whether such a ‘front of reaction’ expressed as a steep
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Cu gradient is also a direct proxy for Au enrichment in the ore, and if so, whether this enrichment
process can also be tracked down to the nanoscale.
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reaction front, in which there is a sharp change from aikinite to Cu-Ag-bearing Pb-Bi-sulphosalts.
Galena (Gn) is present in the matrix. (a) Gold concentrations (yellow) along the front from laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) data [90]; (b) Detail showing
inclusions of native gold along the reaction front correlating with Cu-enrichment (darker shades) in
the Pb-Bi-sulphosalts.

The present study includes petrographic characterisation of bismuth sulphosalts in terms of
textures and composition, combined with LA-ICP-MS trace element mapping of an area close to the
reaction front discussed above. This is complemented by FIB-SEM cross-section imaging and nanoscale
studies (HR-TEM imaging and electron diffractions) of several FIB-prepared foils obtained from the
mapped area (after sample repolishing). In these foils, Au and Cu concentration gradients correlate
with compositional changes in the sulphosalts. The TEM foil cut through one of the less common
bismuth sulphosalts was also studied using HAADF STEM high-resolution imaging, as well as EDS
mapping/profile and spot analyses.

3.2. Methodology

All instrumentation used in this study is housed at Adelaide Microscopy, The University of
Adelaide. All work was performed on polished blocks, one-inch in diameter.

3.2.1. Scanning Electron Microscopy

Polished blocks were examined in backscatter electron mode using a FEI Quanta 450 Field
Emission Gun scanning electron microscope equipped with a silicon-drift energy-dispersive
X-ray spectrometer.

3.2.2. Electron Probe Microanalysis

Quantitative compositional data was obtained on a Cameca SX-Five Electron Probe Microanalyser
(EPMA) running Probe Software [91]. Operating conditions were 20 keV accelerating voltage,
20 nA beam current, 40◦ takeoff angle, and a beam size of 1 µm. We measured the following elements:
Cu (Kα), Ag (Lα), Pb (Mα), Cd (Lα), Bi (Mα), Sb (Lα), S (Kα), Te (Lα), and Se (Lα). Iron (Kα) and
As (Lα) were also measured but were below minimum detection limits in all analyses (0.03 and
0.04 wt %, respectively). Count times were 20 s for both standards and unknowns. Standards used
were chalcopyrite (Cu, Fe), Ag2Te (Ag, Te), galena (Pb), Bi2Se3 (Bi, Se), stibnite (Sb), Ag2Te (Te), Bi2Se3
(Se), CdS (Cd, S), and GaAs (As). Minimum limits of detection (in wt %) were 0.03 (Cu), 0.06 (Ag), 0.10
(Pb), 0.05 (Cd), 0.11 (Bi), 0.03 (Sb), 0.05 (S), 0.03 (Te), and 0.04 (Se). Detection limits were calculated
at 99% confidence (3 sigma) taking into account both on peak and background count times, beam
current, and the concentration and X-ray intensity of the element in the standard.
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3.2.3. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)

The spatial distribution of trace and minor elements in a selected area of the polished block
was carried out via LA-ICP-MS analysis using a Resonetics 193 ArF M-50 Excimer laser ablation
system (Resonetics, Nashua, NH, USA) coupled to an Agilent 7700x ICP-MS (Agilent Technologies,
Santa Clara, CA, USA). Analysis followed established practices in our laboratory for Pb-bearing ore
minerals (e.g., [92]). Utilising a spot size of 14 microns and a laser frequency of 10 Hz, the output
energy of the laser was controlled to reach a desired fluence at sample of ~3–4 J/cm2. The following
isotopes were mapped: 34S, 55Mn, 56Fe, 59Co, 60Ni, 65Cu, 66Zn, 82Se, 107Ag, 111Cd, 118Sn, 121Sb, 125Te,
197Au, 205Tl, 208Pb, and 209Bi. Bismuth was used for internal calibration for processing the maps. The
microanalytical reference material MASS-1 (US Geological Survey) was used as the reference material.
Images were compiled and processed using the open-source software package Iolite, an add-in for the
data analysis program Igor (WaveMetrics, Portland, OR, USA). Standards were analysed immediately
before and after each mapping run to correct for instrument drift, with corrections applied using a
linear fit between the two standard sets. The average background intensity for each element was
subsequently subtracted from the corresponding raster and the resulting time-resolved intensities
were compiled into a 2-D image.

3.2.4. Focused Ion Beam-SEM (FIB-SEM)

Cross-section imaging and TEM sample preparation were performed on a FEI-Helios nanoLab
(FEI, Hillsboro, OR, USA) Dual Focused Ion Beam and Scanning Electron Microscope (FIB-SEM) at the
University of Adelaide. Procedures outlined by Ciobanu et al. (2011) [7] were followed in extraction and
thinning (to <100 nm) of TEM foils by ion beam (Ga+) milling. The TEM foils were attached to Cu grids.

3.2.5. Transmission Electron Microscopy

High-Resolution (HR)-TEM imaging in Bright Field mode (BF) and electron diffraction were
performed using a Philips CM200 TEM (Philips, Eindhoven, The Netherlands). The instrument was
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 (Oxford Instruments, Abingdon, UK)
running the Aztec software. Diffraction measurements were performed using DigitalMicrograph™
3.11.1 (Gatan Inc., Pleasanton, CA, USA) and Winwulff© 1.4.0 software (JCrystalSoft, Livermore, CA,
USA). Publicly available data from the American Mineralogist Crystal Structure Database [93] were
used for indexing of the electron diffractions.

HAADF STEM imaging and EDS measurements were performed on an ultra-high resolution,
probe corrected, FEI Titan Themis S/TEM (FEI, Hillsboro, OR, USA). This was equipped with the X-FEG
Schottky source and Super-X EDS geometry. The Super-X 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 were used for HAADF experiments
using the Fischione HAADF detector. Further details of detector performance are provided in [94].

4. Results

4.1. Bismuth Sulphosalt Associations: Petrography, Composition, and Trace Elements

Hosted within humite skarn, the ore assemblage features intricate intergrowths among sulphosalts,
either symplectites between different species and galena, or lamellar intergrowths (Figure 3a–c).
Minor ore minerals in this assemblage include chalcopyrite, alabandite, wittichenite and widespread
Bi-(Pb)-sulphotellurides and hessite. Mainly due to the Cu increase towards grain contacts with aikinite,
subtle compositional variation in the Pb-Bi-sulphosalts is seen in many of the lamellar aggregates
throughout the polished block. In contrast, the phases within the symplectites are compositionally
relatively homogenous.
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Figure 3. BSE images (a–c) showing typical symplectitic and lamellar intergrowths between Bi-ss
and galena; (d) (Cu, Ag)-(Bi, Sb)-Pb ternary diagram, showing the composition of sulphosalts and
sulphides throughout the entire sample (polished block). Star symbols represent ideal phases.
Square: aikinite; circles: heyrovskyite; triangles: Pb-Bi-sulphosalts as marked. Abbreviations:
Ai—aikinite; B—Pb-Bi sulphosalt (bright); D—Pb-Bi sulphosalt (dark); both B and D are Cu-Ag-bearing;
E—eskimoite; Gn—galena; Hey—heyrovskyite; Nuf—nuffieldite; O—ourayite; V—vikingite;
T—treasurite; (1)—Ag-Bi-substituted heyrovskyite [74]; (2)—Ag-Bi-substituted N = 8 synthetic lillianite
homologues [81].

Compositional data for the bismuth sulphosalts (Figure 3d; Supplementary Materials Table S1)
shows the presence of close to end-member heyrovskyite with the empirical composition (Cu0.08,
Ag0.46)0.54Pb5.13Bi2.25(S9.03Te0.03Se0.02)9.08, and aikinite [Cu0.96Ag0.02Pb0.92Bi1.04(S3.05Te0.01Se0.01)3.06].
Respectively, these phases appear as light grey and dark grey on the BSE images (Figure 3a–c). Data
obtained from the Pb-Bi-ss with subtle compositional variation (e.g., Figure 3d) form two clusters close to
one another, straddling the N = 7 substitution line and the bismuthinite derivatives. These are hereafter
termed ‘B’ and ‘D’ for the bright and dark phases, respectively. For comparative purposes, empirical
formulae calculated on the basis of 17 apfu (as in heyrovskyite) are [(Cu0.90Ag0.27)1.17
(Pb3.27Cd0.01)3.28(Bi3.35Sb0.01)3.36(S9.15Te0.03Se0.02)9.2] for B, and [(Cu1.34Ag0.30)1.64Pb2.97(Bi3.29Sb0.01)3.30
(S9.04Te0.03 Se0.02)9.09] for D. If the amount of Cu is considered together with Ag, these compositions
are very similar to the Ag-Bi-substituted heyrovskyite [74]. However, the two clusters are also
positioned close to the compositional field for neyite (Cu6Ag2Pb25Bi26S68; [75]), cuproneyite
(Cu7Pb27Bi25S68), and so-called ‘Cu-enriched’ cuproneyite (Cu11Pb25Bi25S68). The latter two
species have been reported in other samples from Baita Bihor [76]. For the sake of comparison
with these neyite species, the empirical formulae were calculated on the basis of 127 apfu.
These calculations give [Cu6.74Ag2.00(Pb24.41Cd0.06)24.47(Bi25.06Sb0.05)25.11(S68.33Te0.21Se0.14)68.67]
and [Cu9.98Ag2.26Pb22.20(Bi24.61Sb0.04)24.65(S67.52Te0.24Se0.13)67.90] for B and D, respectively.
Phase D was also calculated on the basis of 129 atoms per formula unit (apfu) to give
[Cu10.14Ag2.29Pb22.55(Bi25.00Sb0.04)25.04 (S68.59Te0.25Se0.14)68.97]. In contrast to published data for
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neyite and its Cu-rich variants, the data in the present study indicates phases that are both
Ag- and Cu-bearing. The principal difference lies in the Cu content, which is as much as 1–2 wt %
(Supplementary Materials Table S1).

Moreover, the Cu-richer cluster (D) also overlaps with the compositional field of nuffieldite on
the same plot. Nuffieldite was initially given as [Pb2Cu(Pb,Bi)Bi2S7] [95], and subsequently revised to
[(Pb2Cu1.4(Pb0.4Bi0.4Sb0.2)Bi2S7] [96]. Although nuffieldite is ideally Ag-free, minor amounts of Ag
have also been reported, albeit without supporting crystal-structural studies [72]. Minor elements at
concentrations measurable by EPMA are Sb (mean 0.06 wt %) in both the D and B phases, and Te and
Se throughout all the Bi-ss species (Te ~0.2 wt %; Se ~0.08 wt %), with no preference between the D
and B phases. Thus, whereas aikinite, heyrovskyite, and wittichenite are readily identified, EPMA
data alone do not allow a discrimination of speciation among the bright and dark Bi-ss within the
lamellar intergrowths.

LA-ICP-MS mapping (Figure 4) of an area adjacent to the Au-rich boundary in Figure 2a provides
further insight into the phase assemblage, particularly with respect to the distribution of major
and trace elements across the “reaction front”, i.e., from the Cu-rich domain (aikinite, chalcopyrite,
and wittichenite) to the domain dominated by Pb-Bi-sulphosalts (B and D). Galena is present as a
matrix within both domains. While maps for Bi and Pb show little variation and primarily the main
sulphosalt-galena association, the diversity of Cu minerals is revealed on the map for that element.
Cadmium (below minimum detection limits by EPMA) is preferentially concentrated in B over D,
valuable evidence in support of the hypothesis that the two clusters represent distinct Pb-Bi-sulphosalt
species. Thallium is preferentially concentrated in galena relative to the Pb-Bi-sulphosalts. Antimony
and Zn correlate with one another, occurring as spots of high concentrations within the Cu-domain.
Manganese is mostly concentrated within the Pb-Bi-ss domain, both within the sulphosalts and as
high-concentration spots. Most importantly, high concentrations of Au trace the “reaction zone”. Silver
concentrations correlate with both Au and Te, the latter occurring as high-concentration spots scattered
throughout the mapped area.
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Figure 4. Secondary Electron (SE) image showing the mapped areas (top left). Circle: area of FIB cuts
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The combined petrographic and trace element study helped in identifying an area of the polished
section in which the diversity of sulphosalt species and trace element distributions are strongly
indicative of Au(+Ag) enrichment onto a precursor assemblage. The question addressed is if studied
down to the nanoscale, can the changes in sulphosalt speciation and the mutual relationships of
sulphosalt species provide unequivocal evidence of how this process takes place?

4.2. Native Gold and Bismuth Sulphosalts within the ‘Reaction Front’: FIB-SEM Study

A FIB-SEM study was carried out within a restricted area of the map where changes in
the Cu gradient correlate with speciation of Pb-Bi-sulphosalts and enrichment in Au (Figure 5a).
FIB cross-sectioning targeted the contacts between different minerals, as well as the Pb-Bi-sulphosalts
with variable Cu content (B and D; Figure 5b,c). The compositional plot for EPMA analyses obtained
from this area shows a linear trend from the B cluster, through D, and into the field of aikinite
(Figure 5c).
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FIB-SEM imaging (Figure 6) reveals the presence of particles of native gold, tens to hundreds of 
nm in size, at contacts with aikinite or galena (Figure 6c,d). Some of the coarser native gold is 
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Figure 5. (a) Reduced areas of LA-ICP-MS maps (from Figure 4) for elements of interest,
showing the reaction zone used for the FIB-SEM study; (b) Secondary electron image showing
the areas where FIB-cross sectioning and imaging were carried out, and from where the TEM
samples were extracted. White lines show the locations of FIB-cuts and their number (foils 1–5);
(c) Compositional plot showing sulphosalts from the area with the FIB-cuts in (b). Stars-ideal
compositions; squares - aikinite; triangles–Pb-Bi-sulphosalts. Stars labelled (1) and (2) represent phases
as given in Figures 1a and 3d. Abbreviations: Ai—aikinite; Cp—chalcopyrite; CNe—cuproneyite;
Cu-CNE—Cu-enriched cuproneyite; Cos—cosalite; Gb—galenobismuthite; Hey—heyrovskyite;
Gus—gustavite; Kr—krupkaite; Lil—lillianite.

FIB-SEM imaging (Figure 6) reveals the presence of particles of native gold, tens to hundreds of nm
in size, at contacts with aikinite or galena (Figure 6c,d). Some of the coarser native gold is associated
with alabandite (MnS; Figure 6c). Abundant, fine particles of native gold occur within aikinite,
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particularly at contacts with the Cu-richer Pb-Bi-sulphosalt (phase D; Figure 6d). An abundance of
fractures and pores is typical of the association between native gold and sub-µm-scale alabandite
(Figure 6a,b), particularly at grain contacts with galena (Figure 6e,f). The boundary between the two
Pb-Bi-sulphosalts is along a microfracture (Figure 6g), but without traceable Au at the resolution
of the FIB-SEM. The TEM foil prepared from the Cu-richer Pb-Bi-sulphosalt (phase D) is entirely
homogenous at this scale of observation (Figure 6h). Although the contacts between different minerals
can be very sharp (Figure 6a), they are often characterised by unusual, sub-µm size grains of galena,
either when approaching the fractures, or as inclusions within the aikinite (Figure 6c,d). From the
above observations, we draw attention to the fact that the studied assemblages show the effects of
fluid-induced dissolution. This is expressed by the presence of pores and fractures, and (re)precipitation
within the host sulphide-sulphosalt assemblage leading to nucleation of new phases such as alabandite
(see the correlation with Mn map in the section above) and fine particles of native gold. Both Mn
and Au could have been mobilised out of the host sulphide-sulphosalt minerals, thus explaining the
(re)distribution of trace elements as well as trapping of these elements within the same area, e.g.,
as alabandite. The map for Au shows this element occurs along aikinite grain contacts, and in the
abundance of fine particles of native gold, within the aikinite itself. The bismuthinite derivative
crystal structure is less accommodating of lattice-bound Au compared to the Pb-Bi-sulphosalts
(see also Discussion).
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Figure 6. Secondary Electron images showing details of the FIB-cuts lifted and placed on Cu grids
(a–f); and TEM images of foils 1 and 2 (g–h); Note the association between alabandite (Abn) and native
gold (Au) along fractures (a–b) and trails (c); Abundant, finest grains of native gold in aikinite (d);
Note their distribution at the contact between aikinite and dark Bi-ss; (e,f) Details of fine particles
of native gold at the contact between galena and alabandite. See the text for additional explanation.
Letters A, B in (g) and (i), (ii) in (h) define areas of interest discussed in the text.

Difficulties experienced in the preparation of “clean and thin” TEM foils from sulphide/ sulphosalt
assemblages using FIB-SEM techniques are also illustrated here. All the FIB cuts that include fractures
and inclusions could not be thinned as were as the more homogenous material (FIB cut 2). The presence
of coarser inclusions also contributed to the difficulty in preparing an evenly thin foil. Galena interacts
with Ga ions under FIB milling (white dotted precipitates on Figure 6c–f), allowing for the rapid
discrimination of the galena against other minerals in the assemblage which display no such reaction.
Of the five TEM foils prepared, those from FIB cuts 1 and 2 were far better and thinner for TEM study.
However, even in the latter case, torsion of the foil leading to holes during the last stage of thinning,
adds to the challenge of achieving suitable samples for TEM study (Figure 6h).
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4.3. Bismuth Sulphosalts Down to the Nanoscale: TEM Study

The combined TEM, HAADF STEM, and EDS study of foils 1 and 2 allows identification of three
distinct bismuth sulphosalts: (cupro)neyite, Ag-Bi-substituted lillianite of higher order homology
(dominantly N = 8; 8L) and nanometer-scale grains of aikinite. These minerals are intricately intergrown
down to the nanoscale, while chemical heterogeneity is also observed in the neyite. All three sulphosalts
were present in foil 1, forming distinct assemblages (domain B and filling a fracture in A), whereas
lillianite homologues were absent in foil 2. In addition, fine particles of Au and hessite were also
present in foil 1.

Aikinite is identified from HR-TEM imaging and Selected Area of Electron Diffractions (SAED)
obtained from some of the coarser, square-shaped grains (a few hundred nm in size), where the
spacings at ~8 Å on the [100] zone axis and the absence of satellite reflections along b* indicate one
of the two primitive cells in the bismuthinite derivative series with Pmcn symmetry (Figure 7a–c).
This space group was recently redefined for members of the series ([68], and references therein) initially
considered in the Pnma space group (e.g., [66]). Although this phase could also be the end-member
bismuthinite, the EDS spectra (see below) shows this is a Pb-(Cu)-bearing bismuthinite derivative.
Aikinite occurs within a sub-µm-sized aggregate of lillianite homologues showing domains of twinning
and typical irregular twin-related blocks (Figure 7d–e) with strong background contrast [83].
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index between the main reflections on c*; SAED in Figure 7f). EDS spectra (see below) shows this is a 
Ag-substituted phase and most likely has a composition which falls within the cluster defining B 
(Figure 5c). The streaking along the c* axis and parallel directions is indicative of stacking disorder. 

The third sulphosalt has the largest unit cell (widest lattice fringes at ~43 Å) and can be indexed 
as neyite/cuproneyite on SAEDs down to [010] zone axis (Figure 8a,b). This is readily attributable to 
the cluster D in Figure 5c since it is present throughout foil 2 which was cut through lamellae of this 
composition. For the sake of simplicity, this sulphosalt is hereafter referred to as neyite, even though 
the crystal structure/chemistry has some notable differences relative to neyite sensu stricto as 

Figure 7. Bright Field (BF) HR-TEM images and SAEDs (on zone axes as marked) showing associations
between aikinite (Ai; a–c) and the bright Pb-Bi-sulphosalt (phase B) identified as N = 8 lillianite
homologue (8L; d–f). Note the fine-grained aggregate of B at the boundary to aikinite (a,b), and the
high contrast between different slabs typical of twinning in lillianite homologues. Note the presence of
streaks along c* and equivalent directions indicating disorder in 8L. See text for additional explanation.

The lillianite homologue is identified as a higher-order homologue with N = 8 [81], based upon
satellite reflections along the c* axis (N1 + N2 + 4 = n, where n is the number of satellites with an even
index between the main reflections on c*; SAED in Figure 7f). EDS spectra (see below) shows this is
a Ag-substituted phase and most likely has a composition which falls within the cluster defining B
(Figure 5c). The streaking along the c* axis and parallel directions is indicative of stacking disorder.

The third sulphosalt has the largest unit cell (widest lattice fringes at ~43 Å) and can be indexed
as neyite/cuproneyite on SAEDs down to [010] zone axis (Figure 8a,b). This is readily attributable to
the cluster D in Figure 5c since it is present throughout foil 2 which was cut through lamellae of this
composition. For the sake of simplicity, this sulphosalt is hereafter referred to as neyite, even though
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the crystal structure/chemistry has some notable differences relative to neyite sensu stricto as defined
by Makovicky et al. (2001) [75]; see below. In foil 1, the 8L lillianite homologue and neyite occur as
intergrowths with one another (Figure 8), where the slight misfit between the 33 and 37.5 Å repeats on
the c and a axes in 8L and neyite, respectively, is adjusted by a stepwise defect (Figure 8c).
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replacement extending down to the nanoscale. Identification of a simple cell for the bismuthinite 
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Figure 8. BF HR-TEM images and SAEDs (on zone axes as marked) showing details of Pb-Bi sulphosalt
(D) (a,b) indexed as neyite (Ney); and relationships with Pb-Bi-sulphosalt (B) identified as 8L (c,d);
Note the step-wise offsets at the contact between the two sulphosalts (c).

In the same sample, replacement relationships and inclusion nucleation at grain boundaries
are also widespread (Figure 9). Aikinite appears to be a later phase, since this replaces both the
8L lillianite homologue and neyite. For example, neyite blocks of variable width, from single to
several unit cells, are replaced along the c axis by aikinite (Figure 9a). The latter also fills the fracture
between neyite and the 8L lillianite homologue with inclusions and defects along the embayment
contact (Figure 9b,c). Coarser (tens of nm) grains of aikinite crosscut the lamellar aggregates of lillianite
homologues (Figure 9d). Fine particles (tens of nm) of native gold and hessite are occasionally observed
at the boundaries between the neyite and lillianite homologues (Figure 9e, f).

As noted above, at the contacts with aikinite, the Pb-Bi sulphosalt (phase B) occurs as sub-µm
grains with different orientations at the contacts with neyite where inclusions are present (Figure 9e).
Such fine-grained aggregates are not observed in neyite. Although no pores are observed, these aspects
may be indicative of nanoscale dissolution and re-crystallisation of the lillianite homologues at the
sites of inclusion nucleation.

The HR-TEM and electron diffraction data presented above draws attention to lattice-scale
relationships between the main phases in the association, and the superimposed effects of replacement
extending down to the nanoscale. Identification of a simple cell for the bismuthinite derivative species
supports the formation of coarse aikinite that is hundreds of µm in size, tracing the Au front in Figure 5a
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as a process initiated at the nanoscale, from the grains that are tens to hundreds of nm in size nucleating
along dissolution-reprecipitation boundaries (Figure 7a,b). Identification of the disordered, higher
lillianite homologues (N = 8) in and around the aikinite, or as intergrowths with neyite (Figure 8c),
is evidence for their formation via progressive replacement of primary heyrovskyite co-existing with
galena, and ultimately leading to various symplectite associations (Figure 3a,b). Although TEM is
best suited to discriminate order/disorder and crystal structural modularity in mineral series, and
even if nuffieldite can be ruled out (much smaller unit cell; a = 14.49 Å; b = 21.41 Å; c = 4.04 Å; [93]),
uncertainty still exists for defining neyite derivatives [75] relative to other large unit cell phases
(such as some highly-substituted lillianite homologues such as ourayite). Moreover, the chemical
variability reported so far for the neyite species [76], and the offset of the “D” compositional cluster
from the ideal composition (Figure 5c) are issues that could be resolved using atomic probe resolution
HAADF STEM imaging and EDS. Lastly, the various PbS-slabs building-up a large unit cell such as in
neyite should be identifiable using high-resolution STEM imaging.
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Figure 9. BF HR-TEM images showing replacement relationships between aikinite (Ai) and the two
Pb-Bi-sulphosalts (D and B) (a,b,d); defects along phase boundaries (c) and inclusions of native gold
(e) and hessite Hs; (f) at grain boundaries. See the text for additional explanation.

4.4. Bismuth Sulphosalts Down to the Atom-Scale—High-Resolution HAADF STEM Imaging and EDS

HAADF STEM imaging of neyite in foil 2 was done after tilting the specimen to the [010] zone
axis. The recorded images show a phase with a complex boxwork pattern (Figure 10a) throughout
the greater part of this foil (field (i) on Figure 6h). At a scale of tens of nm, this pattern shows
(i) parallel, darker strips with a “rhomb-like” motif within a brighter matrix, and (ii) irregular
interruption of the strips (Figure 10a). Further details revealed at higher magnification (Figure 10b)
include the presence of other darker submotifs (<1 nm) bracketing the main ‘rhomb-like’ motif at
regular intervals, i.e., ~2 nm along the strips, and ~4 nm on the sides. The only irregularity observed
throughout the boxwork pattern was due to the ‘rhomb-like’ motifs displaying transitional contrast to
the matrix in varying shades of grey to black.

The image in Figure 10b already shows similarities to the various PbS slabs within the neyite
structure (Figure 1d), in which the rhomb-like motifs can be attributed to the (111)PbS, slabs, the widest
in the crystal structure. If this assumption is valid, than the arrangement of heavy atoms (Pb, Bi as
bright dots) also depict the (100)PbS slabs sandwiched between the (111)PbS and the adjacent (922)PbS
slabs, forming thinner (~2 nm-wide), parallel strips with a kink-like, sheared arrangement relative
to the (111)PbS strips. Amazingly, the pattern shows no other irregularity except the darkening of the
(111)PbS, rhomb-like motifs; the heavy atoms (bright dots) are still observable within those with bright
grey shades but no further detail is seen in the darkest motifs.
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In order to understand the chemical variation relating to the contrast changes, an EDS profile was
measured across one of the darkest rhomb-like motifs (Figure 11a). This showed depletion in heavy
cation elements such as Bi (and Pb not shown on the figure), an increase in lighter cation elements
such as Cu, and a decrease in the lightest elements such as S (anions in the structure). Despite this, the
EDS spectra (Figure 11b) taken at points outside and inside the dark motif show that both locations are
nonetheless Pb-Bi-S-bearing but with differences in the relative amounts of heavy versus light cations;
Ag, although barely noticeable, is found only outside the dark motif. The same results are also shown
by the EDS map over the ~4 nm-wide dark motif where there is an inverse correlation between Cu
(high) and heavy atoms, Pb and Bi (low) (Figure 11c).
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occupied by Ag in the neyite structure. The two Bi-atoms neighbouring the Ag site are not 
immediately apparent on the HAADF STEM image where the darker contrast suggests the presence 
of lighter cations (Cu?). The second apparent discrepancy to the published model is the absence of 
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slabs. This difference between model and experiment could however be due to the specific 
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Figure 10. HAADF STEM images showing patterns realised by building blocks in the crystal structure
of neyite down to the [010] zone axis (dark Pb-Bi-sulphosalt (phase D) in area (i) of foil 2; Figure 6h).
Note the “zig-zag” pattern expressed as contrast variation in the ‘rhombic’ motifs forming parallel
strips in (a); In (b) the structural motifs are shown by different orientations of the heavy atoms (bright
dots; Bi, Pb), and dark contrast for units formed by lighter elements (Ag and Cu). Note the transitional,
variable contrast for the rhombic motifs but the preservation of the geometrical outline. See the text for
additional explanation.

Ignoring the increase in Cu depicted in the rhomb-like motifs, the direct comparison between the
atomic arrangement within the sulphosalt and the main slabs in the neyite structure indeed shows
a striking match in terms of the width and geometry of the main building blocks, i.e., (111)PbS and
(100)PbS slabs (Figure 12). The number of heavy atoms (Pb and Bi) in these slabs, i.e., 3- and 2-atoms
wide, respectively, on the a axis, and their relative arrangements within the two modules is in perfect
agreement with the modules derived from single crystal data for the neyite structure [75]. For example,
both types of layers, i.e., pseudohexagonal-(111)PbS and tetragonal-(100)PbS, are described as sheared
giving rise to tetrahedral Cu sites [75]. In the image in Figure 12b, the (100)PbS slabs are indeed kinked
by a small, dark rhomb attributable to the two Cu atoms in the crystal structure (Cu1 in tetrahedral
coordination [75]). We draw attention to the fact that this module is more similar in size/geometry to
the neyite than the cuproneyite structure (see Figure 1d,e).

The part of the crystal structure considered as wavy, corrugated (922)PbS slabs (Figure 12c) is
recognised in the 3-atom width (for heavy elements) forming two blocks with one atom offset between
them and interleaved with a dark block (Figure 12a,b). The latter shows 3-atoms with weaker intensity
relative to the other blocks and it is located at the same position considered occupied by Ag in
the neyite structure. The two Bi-atoms neighbouring the Ag site are not immediately apparent on
the HAADF STEM image where the darker contrast suggests the presence of lighter cations (Cu?).
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The second apparent discrepancy to the published model is the absence of obvious darkening on
the Cu sites introduced by shearing of the (Pb, Bi)-blocks along the (922)PbS slabs. This difference
between model and experiment could however be due to the specific environment, e.g., single Cu
atoms, coordination, etc.Minerals 2016, 6, 112  17 of 29 

 

 
Figure 11. (a) EDS profile across one of the dark ‘rhombic’ motifs showing that it is richer in Cu; (b) 
EDS spectra for points along the profile in (a), showing the relative variation in concentrations of the 
main elements for spots outside and inside the motif. The high Cu peak is due to interference with 
the Cu grid. Note that the Ag peak is barely visible for neyite (concentration threshold for the 
detector?); (c) EDS elemental maps for one of rhombic motifs (rectangle on HAADF STEM image 
corner left), showing that it is Cu-rich, and Bi-Pb-poor relative to the enclosing matrix. 

Figure 11. (a) EDS profile across one of the dark ‘rhombic’ motifs showing that it is richer in Cu;
(b) EDS spectra for points along the profile in (a), showing the relative variation in concentrations of the
main elements for spots outside and inside the motif. The high Cu peak is due to interference with the
Cu grid. Note that the Ag peak is barely visible for neyite (concentration threshold for the detector?);
(c) EDS elemental maps for one of rhombic motifs (rectangle on HAADF STEM image corner left),
showing that it is Cu-rich, and Bi-Pb-poor relative to the enclosing matrix.
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Figure 12. Crystal structural slabs in the dark Pb-Bi-sulphosalt (D), identified from the HAADF 
STEM image in (a) and, in (b); an enlargement of the white rectangle area in (a); matching the neyite 
structure [75]; (c) down to the [010] zone axis. The slabs are outlined by: (111)PbS—dark blue and grey 
shading; (100)PbS—light blue and grey shading. Note the excellent correlation between the number of 
heavy atoms (Pb, Bi as white dots on the HAADF STEM images and small and larger grey balls on 
the sketch in (c)). The small rhombs in red correspond to Cu whereas the green rectangles show Ag 
positions. The purple shading in (b), and outlines in (c), show two small sheared blocks alternating 
with the Ag-bearing slabs (green outline on (c)). Note that these are dark on the HAADF STEM 
images (a,b), suggesting that they host atoms lighter than Bi and Pb considered in the structural 
model. See the text for additional explanation. 

Figure 12. Crystal structural slabs in the dark Pb-Bi-sulphosalt (D), identified from the HAADF
STEM image in (a) and, in (b); an enlargement of the white rectangle area in (a); matching the neyite
structure [75]; (c) down to the [010] zone axis. The slabs are outlined by: (111)PbS—dark blue and grey
shading; (100)PbS—light blue and grey shading. Note the excellent correlation between the number of
heavy atoms (Pb, Bi as white dots on the HAADF STEM images and small and larger grey balls on
the sketch in (c)). The small rhombs in red correspond to Cu whereas the green rectangles show Ag
positions. The purple shading in (b), and outlines in (c), show two small sheared blocks alternating
with the Ag-bearing slabs (green outline on (c)). Note that these are dark on the HAADF STEM images
(a,b), suggesting that they host atoms lighter than Bi and Pb considered in the structural model. See
the text for additional explanation.
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Our empirical comparative analysis undoubtedly shows that the large unit-cell sulphosalt under
study is neyite since high-resolution HAADF STEM imaging allows for direct visualisation of the heavy
atoms building the main blocks in the crystal structure. Differences in the distributions of the lighter
cations relative to the sites (Ag and Cu) predicted by the model can be solved only by employing
numerical simulations of the experimental images relative to the ideal crystal structure. Alternatively,
using the ABF STEM imaging mode could help in tracking the lighter cations in the structure.

As in foil 1, the neyite in foil 2 also showed replacement (Figure 13; Supplementary Materials
Figure S1) in the area marked by (ii) on Figure 6h, where a dense anastomosed vein network was
observed (Supplementary Materials Figure S1a). At high magnification, HAADF STEM imaging
showed that such veins have nm-scale dimension (up to 10–20 nm wide), and were completely filled
with a mineral showing lattice fringes at ~4 Å with a ~103◦ angle between them when the specimen
was tilted on the [010] neyite zone axis (Figure 13a). The vein displayed kink-geometry and protrusions
within the matrix neyite. The mineral in the veins also showed bright dots (heavy atoms), but the
margins of the vein locally appeared darker. No pores were detected.
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high Cu peak is due to interference from the Cu grid. Note that the Ag peak is not visible for neyite 
(concentration threshold for the detector?). 

Figure 13. HAADF STEM images (a,b) and EDS spectra (c) showing the replacement of neyite
(Pb-Bi-sulphosalt B) by aikinite in area (ii) of foil 2 (Figure 6h). Neyite is tilted down to the [010]
zone axis; aikinite shows lattice fringes down to [11-1] zone axis—see Figure 14b. (a) Nanometre-sized
vein of aikinite with a kink-like trajectory. Note the darker margins, as well as the protrusions within
neyite; (b) Nanoparticles of aikinite (NPs) with typical 1–3 nm size, centred on the (111)PbS slabs in
the neyite structure. Note that they have round shapes; (c) EDS spectra representing the matrix neyite
and vein aikinite, showing the relative differences for the peaks of the main elements (Bi and Pb).
The high Cu peak is due to interference from the Cu grid. Note that the Ag peak is not visible for neyite
(concentration threshold for the detector?).
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In the same area as the veins, nanoparticles (NPs; particles with sizes of only a few nm) of the
same mineral as in the veins are present (Figure 13b). The NPs were preferentially located along
the (111)PbS slabs (Figure 13b, Supplementary Materials Figure S1b). Their geometry is relatively
rounded and they tend to coalesce into one another (Figure 13b). Aggregation of such NPs could
lead to formation of the veins themselves (Supplementary Materials Figure S1c). EDS spectra (a few
nm spot size) showed that the mineral in the veins and NPs was also a sulphosalt, very similar in
composition with the matrix neyite (Figure 13c). There is, however, a difference in the relative contents
of Pb and Bi, where the height of the Mα peaks for both elements are akin to one another for the
mineral in the vein relative to neyite. The mineral in the veins and NPs is attributable to a bismuthinite
derivative such as aikinite (see below).

Attempts to use high resolution HAADF STEM imaging on foil 1 were unsuccessful due to the
poor, uneven quality of the surface. We could, however, measure the composition of some of the
small (tens of nm) grains of the bismuthinite derivatives and the surrounding, fine-grained lillianite
homologue (Figure 14). The EDS spectra showed the presence of Ag peaks and a higher Bi Lα
peak relative to the Pb Lα peak, indicating that this is an Ag-, Bi-substituted species and can be
attributed to the B cluster on Figure 5c. Identification of a Cu-Pb-bearing member of the bismuthinite
derivatives series relies on the relative comparison of EDS spectra with those of the lillianite homologue
(Figure 14c,d), or neyite (Figures 11b and 13c), and also indexing of the Fast Fourier Transform (FFT;
inset Figure 14b) obtained from the image in Figure 14b on the [11-1] aikinite zone axis. The lattice
fringes also allow for a direct comparison with the phase in the vein and NPs, shown above and in
Supplementary Materials Figure S1d.
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Figure 14. HAADF STEM images (a,b) and EDS spectra (c,d) of N = 8 lillianite homologue and aikinite
in foil 1, area A (Figure 6). Fast Fourier Transform (FFT) in the inset of (b) indicates aikinite on the
[11-1] zone axis. Lillianite shows dark contrast lamellae in (a). Note the presence of a distinct Ag peak
for the lillianite homologue in (c) and the absence of such a peak in (d). The high Cu peak is due to
interference from the Cu grid.
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Besides providing the necessary details for the identification of neyite (Figure 12), the atomic-scale
study provides a way to better understand models based on single crystal X-ray data, as discussed
here for sites of Ag and Cu in the context of a modular sulphosalt structure. Most strikingly, the data
show replacement between chemically- and structurally-related minerals of which the first step is the
formation of NPs. The fact that this replacement takes place preferentially on modular blocks within a
mineral with a larger crystal structure ((111)PbS in neyite) implies physical and chemical changes in the
host mineral at the atomic scale. In this case, changes of the coordination polyhedra must be assumed
to explain the transition from octahedral MeS6 in the (111)PbS layers of neyite to the square pyramidal
coordination Me3+2 present in both the pyramidal and monocapped prismatic sites for Bi and Pb in
the intermediate members of bismuthinite derivatives, leading to the creation of adjacent tetrahedral
voids where a Cu atom is attached to each Pb replacing Bi (Figure 1b,d).

Based on the data above, we cannot, however, explain the modification of the same (111)PbS
modules in neyite expressed as an irregular Cu-increase and leading to the patchiness seen at the
lattice scale (Figure 10). Considering the preservation of geometry within this module, as opposed
to the rounding associated with NP formation (Figure 13b), this could be considered an expression
of lattice-scale intergrowths between discrete neyite species. This may include cuproneyite and
“Cu-enriched” cuproneyite. Such a phenomenon can be readily associated with chemical gradients
generated at reaction fronts in skarn-forming systems. Further work is required to validate this since
the present crystal structural models are at odds with Cu incorporation in (111)PbS modules [75,76].
An alternative, potential explanation for the observations could lie in the FIB-milling procedures that
would have remobilised atoms such as Cu. In such a case, however, it is rather difficult to explain the
preservation of geometry not only in the larger modules but also in the smaller Cu-bearing motifs
along the (100)PbS layers (Figures 10b and 12a).

Lastly, an important result here is the discovery of nanometre-scale bismuthinite derivatives
(aikinite) as inclusions (NPs and veins) within host neyite, which can account for the compositional
shift from ideal neyite to aikinite and/or the related species in Figure 5c. It is very likely that the field
of ‘Cu-enriched cuproneyite’ reported from the same deposit [76] could be similarly explained. Phase
B consisted of nanoscale intergrowths between N = 8, Ag-, Bi-substituted lillianite homologue with
aikinite. However, this phase could not be studied at the same level of detail as neyite. We note that
Cd (several hundred ppm) differentiates between B (Cd-rich) and D (Cd-poor) phases (Figure 5a).

5. Discussion

The case study discussed here provides insights into ore-forming processes and particularly the
interplay between lattice-scale mineral modifications that support geochemical changes and eventually
leads to ore transformation. Secondly, the study draws attention to the relevance, and predictive
capacity, of crystal structural modularity in mineral series, and the value this carries for recognition of
primary crystallisation versus replacement processes.

The sections above report a progression from NP formation to veining in bismuth sulphosalts
(Figure 13a,b), showing that the replacement process is substantial even at the sub-micron scale, and
eventually leads to micron-scale mineral changes as observed along and across the reaction front.
As the nm-size veins formed, minor/trace elements such as Ag (present in neyite but incompatible
within the structures of bismuthinite derivatives) were released, and were either trapped as discrete
Ag minerals (e.g., hessite), or transported elsewhere depending upon the availability of fluids and
their interaction with existing minerals. The same scenario was also valid for other elements, such as
Au. Gold was, however, present at concentrations of only tens to hundreds of ppm in the host bismuth
sulphosalts [90], and thus orders of magnitude lower than Ag (e.g., 1–2 wt % in the neyite or lillianite
homologues discussed here). Incorporation of Au in the lattice of bismuth sulphosalts is more effective
in Ag-bearing species such as lillianite homologues and neyite (as in our case study), whereas it is
difficult or impossible in bismuthinite derivatives unless distortion of Cu site is induced by uptake of
Te to replace S [90]. This is concordant with the present observations, in which the coarsest aikinite
acted as a ‘barrier’ promoting formation of Au–rich fronts (Figures 2 and 5a).
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The occurrence of discrete fine particles of native gold at the boundaries with sharp changes in
mineralogy correlated with sub-µm-sized domain areas of dissolution and (re)precipitation reactions in
the pre-existing minerals, and this progressively increased towards locations in the sample displaying
nanoscale porosity. Such features indicated the percolation of fluids at disequilibrium with the parent
minerals, and a coupling between the rates of dissolution with precipitation can be assumed based on
the observation of pseudomorphic replacement [97], e.g., aikinite replaces pre-existing neyite + lillianite
homologues along the same lamellae (Figure 2a). Whereas mineral replacement is widely documented,
discussed, and experimentally tested for modelling petrological/ore forming processes [98],
the present data showed for the first time, that these phenomena can be traced down to the atomic
scale. The change, over several orders of magnitude, in the size of aikinite grains across distances of
a few hundred µm ‘maps’ the physical state of Au enrichment in ore, from lattice-bound Au (ten to
hundred ppm) in host Pb-Bi-sulphosalts, to abundant fine particles forming the Au-rich boundary at
the contact to coarse aikinite (Figure 2, Figure 5a,b, and Figure 6d).

Baita Bihor is an unusually Bi-rich skarn deposit, and the type locality for several rare sulphosalts,
including paderaite [99], cupromakovickyite [100], cuproneyite [76], and recently, also gratianite [14].
Skarn deposits worldwide show a close relationship between Bi-minerals and gold (e.g., [101]).
The same is particularly true for skarn and other deposit types along the Late Cretaceous Banatitic
Magmatic and Metallogenetic Belt in South Eastern Europe [102], in which the Baita Bihor deposit is
hosted. Local gold enrichment in skarns of various types can be related to intrinsic stages of evolution,
most likely during the switch from prograde to retrograde conditions, when waning metasomatic
fluids are reversed back onto the prograde associations and replace them to various extents. Release of
lattice-bound Au from any mineral recognised as a Au carrier is predictable, but those with complex
modular structures, such as sulphosalts (bismuth sulphosalts in particular), also have the ability to
‘trap’ or ‘arrest’ such Au within the reaction area, as shown here. Such a mechanism of Au enrichment
from hydrothermal fluids that would otherwise have concentrations of Au in the ppb range at most,
to the formation of discrete Au-bearing minerals, is especially predictive in skarn environments but
could also occur in other deposit types where similar conditions are met. Future studies will likely test
the validity of the statements made here, leading us to predict a shift away from the current paradigm
in which the ‘metal source’ is considered the most critical factor in deposit formation, to a focus on the
intrinsic processes that can form and transform ore minerals.

Many ore assemblages comprise intergrowths between different minerals formed at the same
time or during different stages in the deposit evolution. Provision of unequivocal evidence for the
timing of their formation relative to one another is a key issue in ore petrology. Co-crystallization
between different species within a series of minerals that share crystal-structural motifs can lead to
coherent lattice-scale intergrowths between different members of the same or related series. Such
features are paramount in explaining extended fields of compositional variation, common in natural
bismuth sulphosalt assemblages [69,83,84,103–105].

Although more work is required to resolve the nature of the lattice-scale heterogeneity in neyite
reported here, this is potentially an important contribution towards achieving an understanding of
whether sulphosalts with boxwork architectures have subtle ways of reacting to chemical gradients,
e.g., by slab zig-zag modulation rather than the lattice-scale intergrowths reported for sulphosalts
with simpler structures. Such boxwork sulphosalts are also interesting because they have hierarchical
levels of modularity, extending towards unusual compositions containing REE, or elements considered
as critical metals such as In, and with anionic components including O and halogens ([58,106], and
references therein).

6. Implications and Outlook

Despite the fact that the nanoscale characterization of ore minerals in a petrogenetic context is
probably still in its infancy, numerous opportunities exist for innovative research. On the basis of
preliminary data, we highlight several areas which we believe represent exciting avenues for future
nanoscale mineralogical research. Furthermore, they all carry relevance for understanding how ore
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deposits form, how elements are distributed within them, and how the deposits can eventually be
optimally exploited.

Observable across several orders of magnitude of scale and based on the correlation between
chemistry and structural changes in host sulphosalts, we argue that structural-chemical modularity
in minerals is a medium supporting the redistribution of minor and trace elements. This may offer
predictive potential for finding specific metal concentrations within a given assemblage. As larger
and larger volumes of accurate, site-specific trace element data for minerals has been generated,
and these data find more and diverse applications in petrology and exploration, the number of
questions regarding how, and indeed if, these elements are incorporated into the crystal lattice of the
host mineral has also increased rapidly. This critical question goes right to the fundamental nature
of solid solutions in minerals. Recent overviews of trace element studies in minerals [47] show the
need and relevance of applying the kind of approach described here to a variety of other mineral
systems. Examples include critical metals in sphalerite, heavy elements (U, Pb, W) in Fe-oxides,
and REE, Y, or chalcophile elements (Mo, As) in skarn garnets, most of which cannot be readily
predicted in ore deposits.

The Fe-oxides, magnetite and hematite, are excellent repositories for several dozen trace elements.
The extensive compositional variation displayed by Fe-oxides opens opportunities for classifying
and fingerprinting different types of ore deposits, tracing the provenance of detrital or alluvial
oxide resources, as vectors for regional and mine-scale exploration, and in the deportment of
potential by-products from Fe-oxide-bearing ores. Moreover, the ability of Fe-oxides to accommodate
measureable concentrations of uranium and radiogenic lead opens up the possibility of U-Pb
geochronology using minerals that are very common in hydrothermal ores [36,107]. However, the
fundamental mechanisms by which many of these elements are incorporated within the oxides remain
poorly constrained. Garnets are a further mineral group that displays extensive ranges of trace
and minor element substitution, often complex substitution mechanisms, and they have a tendency,
particularly in skarn systems, to host elements of petrogenetic and/or economic interest [108,109].

Quantifying the distributions of U, Th, and their daughter decay products in ores, concentrates,
and tailings is of critical concern in some mining/processing operations. Unequivocal evidence for the
key mineral hosts for these elements may, however, be difficult or impossible to obtain via traditional
microanalytical techniques given their ultra-low concentrations and occurrence within particles which
extend in size down to the nanoscale. Coupled with other methods such as α-particle tracking on
the thin-section scale, in-situ sampling of small volumes of mineral material by FIB-SEM, subsequent
HR-TEM, and HAADF STEM analysis provides an opportunity to bridge scales of observation from the
micron- to nanometre scales, thus reducing the size of the “search area” by several orders of magnitude.

The latest generation of electron microscopes provides researchers in the geosciences and related
fields an unparalleled opportunity to measure and characterize the structures and properties of
minerals directly at the nanoscale. Moreover, interdisciplinary approaches involving instrumentation
that can cover scales of observation from the macroscopic scale down to single atom resolution
can deliver innovative solutions to problems of major economic significance. We can observe
and interpret natural and man-made processes in minerals at the atomic scale, and in three
dimensions—critical ingredients for the development of advanced technological solutions to problems
previously considered insurmountable, including the generation of cleaner flotation concentrates,
leading in turn to the improvement of production efficiency in the minerals sector.

There are certainly many other potential applications of nanoscale microscopy in ore petrology,
and this will undoubtedly be a research field that is likely to expand in the near future as the
instrumentation and the necessary research skills become more widely available. The present study
shows ‘how to approach’ and ‘what are the opportunities’ brought in by advanced electron microscopy
when performed on a site of petrogenetic interest.

Supplementary Materials: The following are available online at www.mdpi.com/2075-163X/6/4/112/s1.
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