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ABSTRACT
Mining of “invisible gold” associated with sulfides in gold ores represents a significant
proportion of gold production worldwide. Gold hosted in sulfide minerals has been proposed
to be structurally bound in the crystal lattice as a sulfide-gold alloy and/or to occur as
discrete metallic nanoparticles. Using a combination of microstructural quantification and
nanoscale geochemical analyses on a pyrite crystal from an orogenic gold deposit, we show
that dislocations hosted in a deformation low-angle boundary can be enriched in Ni, Cu, As,
Pb, Sb, Bi, and Au. The cumulative trace-element enrichment in the dislocations is 3.2 at%
higher compared to the bulk crystal. We propose that trace elements were segregated during
the migration of the dislocation following the dislocation-impurity pair model. The gold hosted
in nanoscale dislocations represents a new style of invisible gold.
INTRODUCTION
The discovery rate of new gold deposits
is in decline worldwide, with the ore quality
degrading in parallel to the precious metal
value increasing. Ores with invisible gold are
characterized by trace amounts of gold hosted
in sulfide minerals (from a few parts per million to several thousand parts per million), predominantly pyrite and arsenopyrite (Cook and
Chryssoulis, 1990), and this is now a common
resource for the gold mining industry. In these
ores, gold is either structurally bound in the crystal lattice as an alloy (Cabri et al., 1989), or
it occurs as discrete metallic nanoparticles and
microparticles (Palenik et al., 2004).
Recently, it has been postulated that gold
can be hosted in low-angle boundaries (Dubosq
et al., 2018; Wu et al., 2021). However, along
deformation microstructures, the nature of the
gold (native gold or alloyed), its mineralogical
location (solid solution, crystal defects, or open
fractures), its source (intragrain/intergrain diffusion or secondary fluid-related), and the mechanisms for gold segregation are unresolved.
Determining the form and distribution of gold in

refractory ores has been technically challenging
because the analytical volume of many quantitative approaches is far greater than the size of
the gold particles in sulfides (Fougerouse et al.,
2020). Therefore, relationships between gold
and deformation microstructures have remained
speculative.
Characterization of the processes responsible for its chemical modification underpins
the widespread use of pyrite to both constrain
the formation of ore deposits and to optimize
extraction of the gold it contains (Cook et al.,
2013). The bulk chemical compositions of sulfide mineral assemblages have therefore been
well documented, but the processes by which
the chemistry of pyrite may have been modified
are still debated.
In order to better understand the crystallographic location of gold in deformation microstructures, we used nanoscale characterization
techniques on gold-bearing arsenian pyrite that
underwent a low amount of crystal plasticity.
The results advance our understanding of the
process by which pyrite chemistry can be modified and also suggest an alternative interpretation

to anomalous geochemical spot analyses, commonly attributed to nanoparticles. The implications of the results for the selective extraction
of gold are also conceptualized.
SAMPLES AND METHODS
The studied sample was collected in the
Huangjindong orogenic-type gold deposit,
hosted in the central part of the Jiangnan orogen (Fig. 1; Zhang et al., 2020). The Jiangnan
orogen was formed during the collision between
the Yangtze and Cathaysia blocks during the
assembly of the Rodinia supercontinent (Li
et al., 2008). The sample (D02B3; 114.049°N,
28.675°E; Fig. 1) is a representative gold ore
from east-west–trending orebodies (dipping
45–70°S; Zhang et al., 2020). The sample is a
mineralized slate with a stock work of small
(a few centimeters) quartz veins (Fig. 1). The
main ore minerals include pyrite and arsenopyrite with minor chalcopyrite, tetrahedrite,
galena, and native gold (Zhang et al., 2020).
At Huangjindong, gold mainly occurs within
arsenopyrite or pyrite with gold concentrations
of several hundreds of parts per million in pyrite
(Zhang et al., 2020). The gold-rich pyrites are
synmineralization minerals and formed at temperature of 200–350 °C (see the Supplemental
Material1; Li et al., 2011) above the brittle-ductile transition temperature of 200 °C defined for
pyrite (Barrie et al., 2009).
A pyrite grain from a slate-hosted aggregate
was analyzed by electron backscattered diffraction (EBSD) using a TESCAN Clara scanning
electron microscope (SEM) equipped with an
Oxford Instruments Symmetry EBSD detector. We selected an ∼2° low-angle boundary
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Figure 1. (A) Simplified geological map of southern China. (B) Simplified geological map of
the Changsha-Pingjiang fault zone showing distribution of main rock units and faults/shear
zones, and locations of Huangjindong and other gold deposits (modified from Zhang et al.,
2020). (C) Field photograph showing location of gold ore sample D02B3. (D) Hand sample
photograph and location of polished block.

within the pyrite for nanoscale secondary ion
mass spectrometry (NanoSIMS) analyses using
a CAMECA NanoSIMS 50L. A TESCAN
Lyra3 Ga+ focused ion beam SEM (FIB-SEM)
was used to prepare atom probe needle-shaped
specimens following the Pt button targeting
approach (Rickard et al., 2020). Atom probe
tomography (APT) specimens were analyzed
with the CAMECA LEAP 4000X HR Geoscience Atom Probe in the John de Laeter Centre at
Curtin University (Perth, Australia). Details of
the approach for geological materials are given
elsewhere (Reddy et al., 2020). Additional technical information is provided in the Supplemental Material.
RESULTS
The pyrite is a single large grain (400 ×
800 μm; Fig. 2) with a few micrometer-sized
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inclusions of arsenopyrite. The EBSD data
revealed lattice distortion within the grain with
a maximum distortion of ∼10°. Internally, this
distortion is manifest by subtle lattice orientation variations (<1°) and the presence of a
few discrete low-angle boundaries with ∼2°
disorientation (Fig. 2). The EBSD data indicate that many of the boundaries are consistent
with operation of the {100}<010> slip system,
which is common in pyrite (Fig. 2). However,
one boundary has misorientation axes close
to <110>, indicating the likely dominance of
{1 10} < 010 > slip, associated with a <110>
dislocation line (Fig. 2E). This slip system has
been previously identified from EBSD analyses of deformed pyrite (Barrie et al., 2008).
This boundary showed no evidence of microfractures, indicating the coherent nature of the
microstructure.

NanoSIMS data showed that the As distribution at the microscale is heterogeneous with
two domains marked by oscillatory zoning at a
high angle to one another (Fig. 2D). One of these
domains is enriched in gold, whereas the second
domain is gold-poor. The gold-rich domain represents the majority of the gold budget in this
weakly deformed crystal. Isolated areas enriched
in gold are spatially linked with crosscutting
microfractures and/or As-rich domains, including the boundary targeted by EBSD data. This
boundary is enriched in gold and cuts across all
domains (Fig. 2C). APT targeted the low-angle
boundary in the gold-rich region of the pyrite.
The nanoscale characterization of the lowangle boundary by APT revealed that the boundary plane is oriented oblique to the specimen
axis and composed of parallel, trace-element–
rich linear features spaced 10–15 nm (Fig. 3;
Fig. S2). The linear features are subhorizontal within the plane of the boundary and are
decorated with Ni, Cu, As, Pb, Sb, Bi, and Au
(Table 1). The total trace-element concentration
in the dislocations reaches ∼4.5 at% (atomic
percent), compared to 1.3 at% in the bulk of the
APT specimen. The trace-element enrichment
is compensated by a decrease in Fe (∼2.8 at%
decrease) and S (∼0.4 at% decrease). The gold
concentration in the dislocations is 253 ± 26
ppma (1σ), but it is below the detection limit outside of the low-angle boundary. When viewed
in three dimensions, the gold atoms do not form
large or dense clusters, and gold is unlikely to
form discrete nanoparticles (Fougerouse et al.,
2016). Concentration profiles generated normal
to the boundary and through single dislocations
revealed that the As concentration is enriched
in the dislocation (from ∼1.3 to ∼2 at%) and
depleted in its close vicinity (from ∼1.3 to ∼1
at%; Fig. 3) compared to the bulk composition.
The depleted zones extend 10–15 nm and are
confined to either one side of the boundary or
the other, exclusively (Fig. 3). Outside the dislocation, other trace elements are below detection
limits in the concentration profiles.
TRACE ELEMENT–ENRICHED
CRYSTAL DEFECTS
The Au and As oscillatory texture observed
on the NanoSIMS images is common in sulfides,
and gold is typically hosted in solid solution or
as nanoparticles within these domains (Reich
et al., 2005; Fougerouse et al., 2016; Gopon
et al., 2019; Wu et al., 2019). The dominant
mechanism to produced oscillatory zoning is
generally accepted to be the diffusion-limited
self-organization of ions at the crystal-fluid
interface, which can produce nanoscale domains
during crystal growth (Putnis et al., 1992; Wu
et al., 2019). The origin of spurious gold along
microfractures is unclear and may be real or
an analysis artifact due to topographical effects
(Fig. 2).
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Figure 2. Grain-scale crystallography and chemistry. (A,B) Crystallographic orientation electron
backscattered diffraction (EBSD) map. Misorientation is color-coded from reference point
“+” to a maximum of 10°. Low-angle boundaries (>1°) are plotted in white in A. Location of
atom probe tomography (APT) specimens 1 and 2 are labeled. (C,D) Nanoscale secondary
ion mass spectrometry (NanoSIMS) maps of 197Au and 75As32S revealing heterogeneous
distribution of Au and As. Boundary “a” is highlighted by linear enrichment of gold. Dashed
line represents boundary between gold-rich and gold-poor domains. (E) Lower-hemisphere,
equal-area projection of pyrite lattice orientations at the site of atom probe specimens.
Red dot represents dominant misorientation axis in the region of interest and most likely
orientation of dislocations. Two red great circles represent {100} planes away from the region
of interest at location “b.” MUD—multiple of uniform density. (F) Cumulative disorientation
profile highlighting 2° low-angle boundary.

Comparison between the geometry of the
nanoscale linear features observed in the plane
of the low-angle boundary and the EBSD data
from this particular boundary shows that these
linear features are most consistent with <110>
dislocations (Fig. 2). The linear features are also
consistent with dislocations imaged by APT in
other minerals (Piazolo et al., 2016; Kirkland
et al., 2018; Fougerouse et al., 2019; Schipper
et al., 2020). Trace-element enrichment in the
dislocation is up to 3.2 at% increase, including
Ni, Cu, As, Pb, Sb, Bi, and Au (Table 1). It is
unclear whether the trace elements hosted in
the dislocation are substituted on Fe sites, or if
they have precipitated as a separate phase along
the dislocation similar to Fe-As-Sb-Pb-Ni-Au-S
nanoparticles observed in pyrite (Deditius et al.,
2011).
The absence of microfracturing along the
low-angle boundary and the coherent nature of
the boundary as observed by the dislocation’s
orientation using APT and correlative techniques favor a diffusion-driven trace-element

redistribution model rather than a fluid-mediated
process. Three diffusion models are commonly
proposed, including solid-state (volume) diffusion, short-circuit pathways diffusion, and
defect-impurity pair diffusion (Mehrer, 2007).
The solid-state diffusion of an element is only
considered efficient at high temperatures and is
unlikely to have been significant at the temperature experienced at the Huangjindong deposit
(200–350 °C; Mehrer, 2007; Li et al., 2011).
Our data reveal that the As concentration
is depleted by ∼0.3 at% in a 10–15-nm-wide
zone on one side or the other of the dislocations
(Fig. 3). During crystal-plastic deformation,
low-angle boundaries form by the rearrangement of dislocations into a plane with dislocations migrating from both sides of the boundary
(Hull and Bacon, 2001). Migrating dislocations
have the capability to capture impurities (Cottrell and Bilby, 1949). The As depletion zone
in close proximity to the dislocation may represent the capture zone of the dislocation (Dubosq
et al., 2019), with dislocations originating from
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both sides of the boundary. This capture zone
may only be transient in the eventuality that As
is reincorporated into the crystal structure during dislocation migration, as recently proposed
for Ca during twining in monazite (Fougerouse
et al., 2021). The As distribution is therefore
consistent with the defect-impurity pair model
(Mehrer, 2007). Gold and other trace elements
were not detected above the detection limit in
the concentration profiles, and their behavior
during deformation cannot be directly evaluated.
However, it is well recognized that As and Au
have a coupled behavior in pyrite (Reich et al.,
2005), and it is reasonable to assume that gold
was captured by the dislocations during their
migration following the defect-impurity pair diffusion model responsible for As mobility.
Alternatively, the NanoSIMS data reveal that
the low-angle boundary is crosscut by microfractures, which could have been the source of
gold diffusing along the low-angle boundary
following the high-diffusivity pathway model.
However, the presence of an efficient chemical gradient that would drive diffusion in the
pyrite studied is questionable due to only minor
compositional differences between the gold-rich
and gold-poor domains (Manning and Bruner,
1968). Still, the high-diffusivity pathway model
cannot be discounted to account for gold along
dislocations.
Regardless of the mechanism responsible for
gold enrichment in dislocations, such crystallographic locations represent a new type of gold
habit in pyrite related to defects that was previously “invisible” to other analytical techniques.
IMPLICATIONS OF DISLOCATIONHOSTED GOLD IN SULFIDE ORES
In pyrite geochemical studies, infrequent
anomalously high counts in time-resolved
output graphs from laser ablation–inductively
coupled plasma–mass spectrometry (LA-ICPMS) are commonly attributed to the presence
of discrete mineral inclusions (Gregory et al.,
2015). Our study, however, shows that anomalous element concentrations can also be directly
related to deformation microstructures.
The nature of the gold-bearing phase along
the dislocation, i.e., pyrite with a high trace-element composition or a separate phase, remains
unresolved from our results. Although the former scenario is the classic view of decorated
dislocations in deformed minerals, the latter
would represent a previously unrecognized phenomenon in the earth sciences. Such structures,
labeled linear complexions, have been described
in the materials science literature (Kuzmina
et al., 2015) but have not been recognized in
naturally deformed minerals. The effect of linear complexions on mineral grain boundary
stability is untested in the literature and is not
taken into consideration in quantitative deformation models (Ran et al., 2019). The chemistry
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be more prone to dissolution than bulk crystal,
thus reducing energy consumption necessary for
extraction. This enhanced dissolution of goldenriched domains should be investigated as an
alternative method of selective or in situ leaching (Heath et al., 2008).
In the Huangjindong gold deposit, the majority of the pyrite-hosted gold is contained in the
oscillatory zones in the pyrite. However, the
budget of gold hosted in deformation microstructures may be dominant over structurally
bound gold in highly deformed pyrites. Accurate quantification of the deformation microstructures in invisible gold ores could lead to
processing options tailored to highly deformed
gold deposits in polymetamorphic terranes commonly hosting orogenic-type gold deposits.
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Figure 3. Nanoscale imaging of low-angle boundary (specimen 1). (A,B) Each sphere represents
an atom. Low-angle boundary plane is composed of subhorizontal Au-, Ni-, Cu-, and Bi-enriched
dislocations. (C,D) One-dimensional (1-D) concentration profiles for As showing depletion on
one side of dislocation or the other, exclusively.

of deformation microstructures and the pyrite
composition prior to deformation may therefore
have an influence on its crystal-plastic behavior under stress; however, these parameters are
generally not tested in deformation experiments
(Barrie et al., 2009). The gap in knowledge surrounding linear complexions in minerals thereTABLE 1. MAJOR- (AT%) AND TRACE-ELEMENT
(PPMA) COMPOSITIONS OF DISLOCATIONS
BY ATOM PROBE TOMOGRAPHY
Element
Fe
S
As
Au
Ni
Cu
Sb
Pb
Bi

4

Dislocation

Uncertainty (1σ)

36.67
58.80
3.19
253
7141
1217
803
2213
1466

0.11
0.16
0.03
26
136
56
46
76
62

fore warrants further investigation, including the
confirmation by correlative techniques to test
whether a different phase can be present along
dislocations in minerals.
Most refractory gold ores require oxidation
of the sulfides to liberate gold locked as “solid
solution” or as very fine inclusions. Studies
of strained crystals in other mineral systems
indicate enhanced nonlinear dissolution in the
presence of crystal defects such as dislocations
(Lasaga and Luttge, 2001). Despite the common
occurrence of pyrite crystal-plastic deformation
textures, even at low temperature (Barrie et al.,
2009), no studies have focused on the effects of
crystal-plastic deformation microstructures on
dissolution processes in sulfide minerals. The
predictions from other strained minerals suggest
that pyrite dislocations enriched in gold could
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