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Abstract
Studies of populations of gold particles are becoming increasingly common; however, interpretation of compositional data may
not be straightforward. Natural gold is rarely homogenous. Alloy heterogeneity is present as microfabrics formed either during
primary mineralization or by modification of pre-existing alloys by chemical and physical drivers during subsequent residence in
either hypogene or surficial environments. In electron-probe-microanalysis (EPMA)-based studies, the combination of Cu, Hg,
and Pd values and mineral inclusion suites may be diagnostic for source style of mineralization, but Ag alone is rarely sufficient.
Gold characterization studies by laser-ablation-ICP mass spectrometry linked to both quadrupole and Time-of-Flight (ToF-MS)
systems show that only Ag, Cu, and Hg form homogenous alloys with Au sufficiently often to act as generic discriminants.
Where present, other elements are commonly distributed highly heterogeneously at the micron or submicron scale, either as
mineral inclusions or in highly localized, but low concentrations. Drawing upon our own data derived from individual inspection
and analyses of approximately 40,000 gold particles from 526 placer and in situ localities worldwide, we show that adequate
characterization of gold from a specific locality normally requires study of a minimum of 150 particles via a two-stage approach
comprising spatial characterization of compositional heterogeneity, plus crystallographic orientation mapping, that informs
subsequent targeted acquisition of quantitative compositional data by EPMA and/or laser-ablation ICP-MS methods. Such data
provide the platform to review current understanding of the genesis of gold particle characteristics, elevating future compositional
studies from empirical descriptions to process-focused interpretations.
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Introduction

The compositional variation of natural gold has underpinned
studies that investigate genetic relationships between gold
from different occurrences. Bulk Ag contents of gold from
specific placer mining operations were used by early studies
(e.g., Fisher 1945), to investigate the relationship between
economic placers and potential lode sources. This approach
provided a refinement to the classical approach of
prospecting, which relied on interpreting placer gold abun-
dance, to infer the point of influx from a source. The introduc-
tion of more sophisticated analytical techniques, such as elec-
tron probe microanalysis (EPMA), significantly advanced the
study of gold particles by facilitating analysis of many gold
particles from a single locality (e.g., Desborough 1971;
Antweiler and Campbell 1977), and permitting researchers
to identify multiple compositional signatures within gold from
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a single locality. This approach was used effectively in studies
that established broad compositional types in the context of
regional geology (e.g., McTaggart and Knight 1993), and in
others that considered the relationship between lode gold and
its local placer expression (e.g., Knight et al. 1999a).

Identification of mineral inclusion suites present in gold
particles from the same locality provided a powerful addition-
al discriminant in studies of placer-lode relationships (e.g.,
Chapman et al. 2010a, b; Chapman and Mortensen 2016),
and in some instances, specific minerals can constrain condi-
tions of mineralization. For example, Leake et al. (1991) pro-
posed a redox control for Au–Pd mineralization in various
parts of the UK, through consideration of the stability fields
of selenide mineral inclusions and the nature of hydrothermal
fluids required for co-transport of Au and Pd. The term
“microchemical signature” was introduced by Leake et al.
(1992) during a wider consideration of gold-particle signa-
tures, to describe the approach of combining alloy and inclu-
sion data sets. Subsequent studies interpreted mineralogical
and compositional characteristics of gold particles in terms
of constraints on condition of formation. Chapman and
Mortensen (2006) proposed temperature constraints based
on inclusion mineral stability fields and Chapman et al.
(2010a) interpreted systematic variation in alloy composition
to propose a district-scale auriferous hydrothermal systems
using the chemical controls on the Ag contents of Au–Ag
alloys defined by Gammons and Williams-Jones (1995).

Recently, the number of placer-lode studies has increased
substantially (e.g., in Cameroon: Omang et al. 2015; Dongmo
et al. 2018; Fuanya et al. 2019; and Pakistan: Alam et al.
2018), reflecting our increased understanding of placer gold
compositional features in terms of their source mineralization.
In Russia, similar large-scale studies were used to link eco-
nomically important gold placers to their source (Lalomov
et al. 2016; Zaykov et al. 2017; Svetlitskaya et al. 2018;
Gas’kov 2018 and Nevolko et al. 2019). The consideration
of Au-alloy composition has contributed to paragenetic stud-
ies of hypogene mineralization (e.g., Parnell et al. 2000;
Palacios et al. 2001; Arif and Baker 2004; Spence-Jones
et al. 2018), and to establishing mechanisms by which gold
composition is modified in the surficial environment (Hough
et al. 2009). In parallel with the proliferation of regional
placer-lode studies, various workers have explored different
approaches to gold characterization. Studies of Ag-isotope
signatures have focused on generic variation according to gold
metallogeny (Chugaev and Chernyshev 2012), in addition to
isotopic fractionation during the evolving auriferous hydro-
thermal system (Argapadmi et al. 2018; Brügmann et al.
2019; Voisey et al. 2019). Lead isotopes have been applied
to inform regional metallogeny (Standish et al. 2014) and
placer-lode relationships (Kamenov et al. 2013).
Crystallographic characterization of native gold suggests that
some large Australian nuggets are the erosional products of

hypogene mineralization (Hough et al. 2009), and that pro-
nounced Ag depletion of placer gold particles in New Zealand
is linked to chemical changes associated with mechanical
strain induced by fluvial transport (Stewart et al. 2017).

Currently, an increasing number of studies apply laser ab-
lation inductively coupled plasma-mass spectrometry (LA-
ICP-MS) to gold analysis, which permits quantitative analyses
at levels far below the limit of detection (LOD) afforded by
EPMA (e.g., Banks et al. 2018). The development of LA-ICP-
MS approaches to gold analysis is considered in a dedicated
section of this paper.

Studies of the compositional and physical features of gold
have been joined by a rich inventory of work which focus on
the biogenic behavior of gold in the surficial environment
(e.g., Shuster and Reith 2018 and references therein). Bio-
remediated processes by which gold is fixed from solution
are now relatively well-understood, with consideration to util-
ity in exploration and placer deposits. Although some of this
work involves characterizing gold particles using many of the
same techniques described in the present study, we have not
rigorously pursued the discussion of such work because our
own focus lies in the characterization hypogene gold and its
detrital placer expression. Nevertheless, we have referenced
relevant studies when discussing processes by which gold
particles may be modified in surficial sediments.

Compositional studies that seek to characterize populations
of gold particles are, however, prone to various pitfalls.
Natural gold is compositionally highly variable, sometimes
even within the same mineralizing system (e.g., Townley
et al. 2003; Chapman et al. 2010a). Consequently, composi-
tional characterization of gold from a specific locality is de-
pendent upon analyzing an adequate number of particles.
Gaining sufficient gold particles for study may be challenging,
either because of their scarcity, or because of issues with
accessing sampling sites (e.g., problems surrounding location
or land/mineral rights ownership). Furthermore, heterogeneity
within individual particles can result in unrepresentative com-
positional data, where only a small proportion of the particle
volume is analyzed.

This study addresses these issues through consideration of
the nature and degree of variability of compositional hetero-
geneity in gold particles and has developed recommendations
for methodological approaches for future studies. The contri-
bution is based on the collective experience of the authors
gained over 30 years of research, during which time approx-
imately 40,000 gold particles have been visually inspected
and analyzed. This resource comprises both published and
unpublished data and has been augmented by a review of
published information (~ 2500 gold particles) generated by
other researchers. The resource is unique not only in the
breadth of localities and deposit styles contained, but also
because every particle in the authors’ collections has been
visually inspected to identify both mineral inclusions and
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fabric features (in addition to the more usual studies of alloy
compositions). While the most complete account of its kind,
we recognize that future researchers are likely to identify fur-
ther alloy and mineralogical associations. Consequently, our
first aim is to collate the range of features present in gold
particles, both to aid interpretation of results of future studies
and to provide a foundation for this new knowledge.
Secondly, we have linked these generic compositional alloy
fabric features to the timing of their formation to discriminate
between those formed in the primary stage of mineralization,
late stages of mineralization, subsequent residence in the hy-
pogene setting, and surficial environment. Thirdly, the cumu-
lative experiences of many studies coupled with the appreci-
ation of the variation in gold characteristics have permitted us
to develop recommendations for both workflow and sample
size, such that researchers can generate robust interpretations
of appropriately sized sample sets.

Details of the data sources used in the study are provided in
Online Resources 1–3. In addition, Online Resource 4 pro-
vides example data sets corresponding to the styles of miner-
alization discussed during this paper. These data sets provide
raw microchemical data describing a total 2175 gold particles
from 19 localities. Full details of the sample sets are provided
in a summary sheet within Online Resource 4.

Terminology

In the following, we specify terminology used in this contri-
bution and the reasons for their selection.

i. There is general lack of clarity when using the term “nug-
get,” which has been applied to gold particles of widely
differing particle sizes (e.g., Hough et al. 2007; Reith et al.
2010). In common parlance, the term “nugget” is synony-
mous with a relatively large gold mass and we support the
definition of Hough et al. (2007) which uses either a size
characteristic (> 4 mm longest dimension) or a mass of >
1 g.

ii. A “gold grain” describes a domain defined by a continu-
ous crystal orientation, whereas a “particle” is a single
physical entity commonly comprising several gold grains.

iii. Descriptive terms for gold alloy vary between publica-
tions, with many quoting the placer industry standard of
“fineness”:

fineness ¼ Au*1000
Auþ Ag

ð1Þ

where Au and Ag are expressed as wt.%. Fineness values may
be of use in correlating historical placer production with new
compositional data (e.g., Chapman and Mortensen 2016).
However, they are not favored for studies that interpret gold
alloy analyses, as they take no account of other minor metals

whose concentration may be significant and informative.
Even a cursory web search of the definition of “electrum”
yields a range of results, originating from various academic
disciplines. We prefer the term “gold alloy” because it is un-
ambiguous and encompasses all concentration ranges of all
the alloying metals. The term “gold” is employed in the con-
text of the mineral, whereas “Au” is used when referring spe-
cifically to the element, e.g., “wt. % Au content of a gold
alloy.”

iv. The present study includes data sets describing gold col-
lected from a range of physical environments, including
placer-gold particles, eluvial gold particles; particles lib-
erated from samples of ore; and, occasionally, gold par-
ticles observed in situ in polished ore specimens. The
term “hypogene” denotes gold which has not passed into
the eluvial or alluvial environment, and which has been
liberated from its lithological host by human endeavor.
Gold particles recovered from weathered in situ outcrop
are termed eluvial, and those recovered from fluvial sed-
iments are referred to as “placer” rather than “alluvial.”
We also employ the term “detrital” to describe placer
gold particles whose origins are hypogene and which
have passed into the sedimentary environment through
weathering and erosional processes. Various other
workers ascribe the origins of some gold particles found
in the surficial environment to biogeochemical driven
precipitation (e.g., Reith et al. 2018), and thus our use
of the term “detrital” specifically excludes such material.

v. Inclusions of other minerals revealed within polished sec-
tion are an important source of information. In this study,
the term “inclusion” refers to opaque ore-mineral species
(e.g., sulfides, sulfarsenides, etc.) unless otherwise stated.

vi. We use the term “sample population” to describe gold
particles collected from a specific locality. The term
“subpopulation” refers to components of a sample popu-
lation whose compositional characteristics indicate dif-
ferent origins.

Characterization of gold particles: analytical methods

Physical characteristics: size and morphology

The size of hypogene gold particles is highly variable, span-
ning sub-microscopic blebs in sulfides to large masses of sev-
eral kilograms. Particle morphology is governed by spatial
constraints in the immediate environment of precipitation,
which is in turn a function of the paragenesis. This study is
primarily concerned with gold particles of sufficient size and
mass to be collectable from the placer environment, which
generally excludes gold particles exsolved from sulfides and
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gold formed as micron-scale thick films within minerals (e.g.,
pyrite).

Morphological characterization of liberated particles is nor-
mally achieved through visual inspection of 2D images, either
optically or using a scanning electron microscope (SEM), al-
though 3D imaging of tiny particles chemically liberated from
their host has also been employed (e.g., Minter 1999). More
recently, X-ray tomography has established the size and shape
of gold particles, and their 3D mineral associations within ore
samples (Sayab et al. 2016). The morphology of hypogene
gold particles is modified during fluvial transport where mal-
leable gold is subjected to successive impacts with bedload
clasts. The generic morphological evolution from angular to
progressively flakier particles has been used to define criteria
that infer different transport histories and environments (e.g.,
Townley et al. 2003, Melchiorre and Henderson 2019).
Several studies have sought to quantify shape change either
through measurement of particle axes or through derivation of
a shape parameter to establish distance to source (e.g., Knight
et al. 1999b; Townley et al. 2003). Currently, there is no
standard approach to quantify fluvial transport distance from
gold-particle morphology, which is testament to the array of
factors which influence shape modification (Youngson and
Craw 1999).

Physical properties: crystallographic orientation relationships

An understanding of the evolution of textures in terms of the
spatial and statistical crystallographic relationships between
and within gold particles is pertinent to the origins of several
heterogeneous alloy textures, which are discussed in a later
section of this contribution. Crystallographic orientation rela-
tionships can be quantified using electron-backscatter diffrac-
tion analysis (EBSD, e.g., Prior et al. 1996, 1999). This sur-
face analysis is conducted using a SEM, with data quality
highly dependent on the quality of the particle surface.
Traditional polishing approaches using abrasives are inappro-
priate because they disrupt the surface to produce the Beilby
layer (Beilby 1921), in which the original structure has been
damaged by cold working. Halfpenny et al. (2013) advocated
an approach in which chemical etching was followed by a
broad ion-beam polish (BIBP), in which a wide beam of
high-energy ions removes a thin layer of the sample without
any abrasive damage, thereby avoiding mechanical
reworking. Focused-ion-beam (FIB) milling has also been
employed successfully for the same purpose (Reith et al.
2012, Kerr et al. 2017).

Chemical properties: major chemical components of gold
alloys by EMPA and SEM

Characterization of geological materials using a SEM, or
through electron probe microanalysis (EPMA), either in

isolation or in tandem, is a well-established and appropriate
approach for gold compositional studies. Qualitative charac-
terization of gold alloy microfabrics, revealed in polished sec-
tion, is undertaken using the backscattered-electron mode
(BSE) of the SEM. The grayscale tone indicates Ag content,
such that the degree of heterogeneity either within a single
particle (Fig. 1A), or between particles (Fig. 1B), may be
visually evaluated. Quantitative analysis of alloy composition
can be achieved using energy-dispersive X-ray spectroscopy
(EDS) on a SEM, although relatively high limits of detection
for minor alloying elements normally restrict this technique to
establishing the Au and Ag values.

The largest databases of natural gold compositions are ob-
tained from studies that have used wavelength-dispersive X-
ray spectroscopy (WDS) on an EPMA. This approach facili-
tates characterization of the polished surfaces of gold particles
in terms of Ag content and in some cases other minor alloying
elements, such as Cu, Hg, or Pd. Compositional studies often
consider over 100 particles from each locality, such that any
subpopulations are more likely to be identified and defined
(e.g., Knight et al. 1999a; Chapman et al. 2010a, b). The large
numbers of analyses required usually precludes long EPMA
analytical times, which in turn increases the limits of detec-
tion. This reduces the precision in measuring Cu, Hg, and Pd,
and reduces the ability to measure elements at low concentra-
tions, that may be detectable with longer analysis times.
Consequently, the majority of data available from EPMA are
restricted to the characterization of gold alloys according to
Au ±Ag ± Cu ±Hg ± Pd, with detection limits for Hg, Cu and
Pd in the region of 100–1000 ppm.

Commonly employed operating conditions for EPMAof Au
alloys are 20 kV accelerating voltage, 50 nA beam current, and
a combined on- and off-peak count time of 1 min per element.
This protocol allows quantification using the higher energy Cu
Kα [D1] [D1] and Au Lα [D2] [D2] lines, ensuring good pre-
cision of the major elements. The use of a 5-spectrometer in-
strument allows a throughput of ~ 60 microanalyses per hour
(e.g., Chapman et al. 2000a). Quantification of Ag, Pd, and Hg
is achieved using the Lα, Lα, andMβ x-ray lines, respectively.
The lower abundance Mβ line is chosen due to spectral inter-
ference between the HgMα and AuMβX-rays, a compromise
that necessitates accepting a higher Hg detection limit of around
0.3 wt%. In the overwhelming number of cases, Ag is present
in natural gold at concentrations that are measurable by EPMA,
but characterization of individual particles using single spot
analyses is only representative if the particle is homogeneous.
Sample populations are characterized by data sets in which
each particle is represented by a single analysis, and therefore,
a standard approach to characterizing individual heterogeneous
particles is required. Leake et al. (1992) advocated characteriz-
ing a gold particle according to the earliest alloy, identified
from the spatial relationships observed during BSE imaging.
An example is provided in Fig. 1A where the order of alloy
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formation is deduced from geometric relationships and is indi-
cated on the figure. The pale gray alloy (labeled “1”) is the first
phase, and this is partially replaced by darker, high-Ag alloy
(labeled “2”). This approach has been adopted in many subse-
quent studies and provides a standardized methodology for

characterizing populations that include both homogeneous
and heterogeneous particles (e.g., Knight et al. 1999a;
Chapman et al. 2000a).

Inclusions of other minerals are commonly encountered
when viewing polished sections of gold particles. These are
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Fig. 1 Heterogeneity in alloy composition revealed in polished sections
and viewed in BSE imaging unless otherwise stated. a: Heterogeneous
gold particle with numbered points indicating paragenetic sequence of
alloy (placer gold particle, Moosehorn Creek, Yukon). b: Variation in
Au–Ag ratios between placer gold particles indicated by intensity of X-
ray map (particles from the Sperrin Mountains, N. Ireland). c: Gold par-
ticle showing a well-developed gold-rich rim (Bonanza Creek, Yukon,
Canada). d: Gold-rich rim with inclusion of pyrrhotite within both grain
core and rim (Bonanza Creek, Yukon, Canada). e: Subtle Au–Ag varia-
tion with diffuse boundaries (Boulder Creek, Atlin, BC, Canada). f: Thin
Ag-rich tracks (1) and a thicker Au-rich /Ag-rich paired track (2)
(Wexford, Ireland). g: Complex zoned domains confined to one edge of
a gold particle (Coffee Creek, Yukon, Canada). h: Voids surrounding

grains that are partially filled by pure Au (Clear Creek, Yukon,
Canada). i: Homogeneous Au–Cu intermetallic compounds surrounding
a Au–Ag core (River Ayr, Scotland). j: Heterogeneity in Cu and Au
content, in alloy containing 0.2% Ag (Lake Turkana, Kenya). k:
Exsolution of AuCu lamellae from patches of Ag-rich (Au: 82.8 wt.%,
Ag: 16.2 wt.%, Cu: 1.2 wt.%) alloy adjacent to alloy of Au: 85.8 wt.%,
Ag: 13.7 wt.%, Cu: 1–2 wt.%. (Balwoges, Donegal, Ireland). l:
Compositional modification of Au–Ag–Cu alloy by formation of
auricupride during grain recycling (Elatsite, Bulgaria). m: Patches of
Pd- and Hg-rich alloy (3.2 wt.% Ag, 15.2 wt.% Pd, 22.9 wt.% Hg, dark
gray) in matrix (8.9 wt.%Ag, 4.1 wt.% Pd, 6.9 wt% Hg, light gray)
(Similkameen River, BC, Canada)

1567Miner Deposita (2021) 56:1563–1588



primary features, typically 2–25 μm in size, and are inherited
by detrital gold particles. Mineral species that are unstable in
the surface environment are preserved as inclusions because
they are isolated from the atmosphere by their alloy matrix.
The presence of inclusions may be established using reflected-
light microscopy or, more commonly, by SEM, where dual
imaging by BSE and secondary-electron (SE) functions facil-
itates the recognition of mineral species. In the hands of a
skilled operator, the use of reflected-light microscopy removes
the need to access an SEM and may generate valuable infor-
mation. Nevertheless, we prefer the use of a SEM whereby
minerals are identified by interpreting EDS spectra, because of
the wide range of uncommon minerals which may be encoun-
tered and because the potential to identify additional minor
elements in certain minerals; e.g. Sb-bearing galena
(Chapman et al. 2018). In a few cases, the stoichiometry of
individual inclusions has been determined by EPMA so that
conditions of precipitation may be more tightly defined (e.g.,
Chapman et al. 2009).

Trace-element compositions by mass spectrometry

Quadrupole-ICP-MS systems have been used in several stud-
ies to characterize both natural and fabricated gold alloys
through quantitative or semi-quantitative measurement of a
large range of elements at trace and ultra-trace levels (e.g.,
Watling et al. 1994; Outridge et al. 1998; Omang et al.
2016; Melchiorre et al. 2017; Banks et al. 2018). More recent-
ly, laser-ablation systems have been coupled to time-of-flight
(ToF) ICP-MS systems, allowing for simultaneous analysis of
all elements in the ablated material. Both approaches have
been utilized in the present study.

During LA-ICP-MS analysis, the sample surface is ablated
(typically 25 or 50 μm spot size) by multiple laser pulses to
form either pits (e.g., Watling et al. 1994), or trenches
(Crawford 2007). For quantitative analysis, these ICP-MS
systems determine concentrations of trace elements with ref-
erence to an internal standard element of known concentration
within the particle. Thus, concentrations of major elements
must be previously determined for each particle (either by
SEM or EPMA) prior to ablation. Quadrupole- and ToF-
ICP-MS systems differ in how isotopes are detected in the
resulting plasma stream. Quadrupole systems detect each se-
lected isotope sequentially, whereas ToF systems can detect
all isotopes simultaneously during a single ablation pulse.
Quadrupole systems, which are most appropriate for homoge-
neous materials, such as gold bullion, were commonly used in
early LA-ICP-MS compositional studies (e.g., Watling et al.
1994). However, if the target is heterogeneous (either due to
alloy variation or mineral inclusions), it is possible that some
component elements will not be recorded during the sequen-
tial elemental scan of the mass spectrometer.

Analytical outputs from the quadrupole- ICP-MS systems
relate initially to the composition of the surface of polished
gold particle and thereafter to the subsurface. In some cases,
ablation of subsurface inclusions may be easily inferred, as the
elemental signature of the inclusion is clearly visible (Banks
et al. 2018). In other cases, it is unknown whether analysis
outputs relate to minor components of gold alloy or to full/
partial ablation of small inclusions.

Alternatively, ToF systems may be favored as simulta-
neous measurement can accurately determine any co-
variance of trace elements. Such an approach allows elemental
distribution maps to be generated by rastering 5or 10 μm ab-
lation spots according to a pre-defined grid, to fully character-
ize the trace-element heterogeneity (see Banks et al. 2018 for a
description of the analytical approach using both systems).

Data from LA-ICP-(ToF)-MSwill be presented in this con-
tribution as qualitative elemental intensity maps rather than
concentrations because this approach facilitates identification
of elemental heterogeneity, but avoids the lengthy data pro-
cessing stage required to convert intensity to concentration
values.

Combinations of analytical approaches

The use of at least two independent data sets greatly aids the
identification of subpopulations, which may be particularly
useful in the context of detrital-gold studies. Although com-
bining inclusions with alloy compositional data on a particle-
by-particle basis is the most commonly used approach to gen-
erate a “microchemical signature” (e.g., Leake et al. 1992;
Chapman et al. 2000a, b, c; 2010a, b;), synthesis with other
data sets, such as gold morphology and alloy composition
(Youngson et al. 2002; Crawford 2007; Wrighton 2013;
Melchiorre and Henderson 2019; Melchiorre et al. 2017),
and crystallographic character and alloy composition
(Hough et al. 2009; Stewart et al. 2017), has become more
commonplace.

Graphical depiction of compositional data describing
populations of gold particles

Alloy compositions Compositional variation between hypo-
gene gold particles liberated from the same ore sample is
commonly observed. The core composition of a placer gold
particle represents that of the hypogene precursor, and thus
compositional ranges of sample populations of placer gold
particles represent the range(s) of the contributing popula-
tions. Consequently, in most cases, characterization of the
population using a single statistical measure of an element or
elements is unhelpful. Graphical representations are preferred
as (i) they reveal the compositional complexity of gold-
particle populations and relative abundance of subpopula-
tions, (ii) they provide an efficient means to compare different
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data sets, and (iii) they may integrate other sources of infor-
mation as extra discriminants.

Gold compositional studies normally involve evaluating
the similarity between the concentration profiles of minor el-
ements is different sample populations which contain different
numbers of gold particles. Consequently, the most useful ap-
proach to graphical depiction permits direct comparison be-
tween sample populations irrespective of the number of parti-
cles in each. Compositional ranges are commonly depicted
using cumulative percentile vs. increasing Ag plots (e.g.,
Leake et al. 1998; Chapman et al. 2000a). These are produced
by arranging all the individual particle analyses within a sam-
ple in order of increasing Ag content, against the cumulative
percentile of the total number of particles, allowing for direct
comparison of sample populations containing different num-
bers of particles. Plots normally show individual data points,
which are more closely spaced in populations with larger
numbers of particles. Figure 2A and B shows generic forms
of Ag curves, whose shape may be considered in terms of
influences on compositional range in the hypogene environ-
ment and subsequent mixing of different populations in the
placer environment. Curve 1 shows a sample where all parti-
cles have the same Ag content, a curve form that is commonly
observed in populations of gold derived from small volumes
of hypogene ore (e.g., Chapman et al. 2000a, b, 2010a, b). The
relationship between the alloy signature of a lode sample and
that of the associated placer population is dependent on the
degree of spatial variation of alloy composition throughout the
eroded material (e.g., Fig. 2A, curve 2). Alternatively, sample
populations from placer localities may contain particles from
two (or more) subpopulations, resulting in compound signa-
tures. In some instances, compositional ranges may be distinct
from one another (e.g., Fig. 2B, curve 1). More commonly,
clear breaks in slope indicate two contributing populations,
but here it may be difficult to ascribe compositions near the
cusp to either of the sub-populations (e.g., Fig. 2B, curve 2).

Compound plots may also result from the analysis of sam-
ple populations from a single hypogene source, where they are
interpreted to indicate either fluid evolution in a single hydro-
thermal system (e.g., samples from the Lone Star mine,
Klondike; Chapman et al. 2010a), or multiple phases of min-
eralizing fluid (e.g., hypogene occurrences in the Cariboo
Gold District; Chapman and Mortensen 2016). In the context
of placer gold, compound plots indicate either a single com-
plex hypogene source, or a mixture of populations from spa-
tially unrelated sources. Thus, sample populations that exhibit
either bimodal Ag contents, or a wide range of Ag values, do
not necessarily indicate multiple sources. In some cases, es-
tablishing inclusion suites can resolve the uncertainty, as sub-
populations defined by Ag composition correspond to mutu-
al ly exclusive inclusion assemblages (Fig. 2C).
Online Resource 1 provides an example of analysis of the
mixed populations of detrital particles derived from oxidizing
chloride hydrothermal systems and orogenic mineralization
using several datasets, as do the Russian studies of detrital
gold in areas of complex geology (e.g., Lalomov et al. 2016;
Nevolko et al. 2019).

Inclusion assemblages Inclusion suites can be the best param-
eter to discriminate between gold generated by different styles
of mineralization (e.g., Chapman et al. 2009, 2017, 2018).
Various graphical approaches have been employed to depict
inclusion assemblages, either based on mineral species (e.g.,
Leake et al. 1997), mineral classes (e.g., Chapman et al.
2000a), or selected mineral chemistry (e.g., Chapman et al.
2009). Such studies have employed ternary diagrams, either
singly or in combination, to apply bespoke discriminants of
the inclusion suites and identify mutually exclusive assem-
blages. Developing a generic methodology for depicting in-
clusion assemblages has proved problematic, partly owing to
the wide range of inclusion species observed, but also due to
the amount of data often available. While ternary diagrams

Cumulative PercentileCumulative Percentile Cumulative Percentile

30

20

10

0
0           20          40           60          80          100

Hessite inclusions 

Galena, chalcopyrite,
sphalerite and 
arsenopyrite inclusions 

% Ag
% Ag

% Ag

1

1

2

2

a b c

Fig. 2 Typical shapes encountered in cumulative percentile vs. increasing
Ag plots. a: plot 1: uniform Ag composition such as that observed in gold
particles from the same small volume of ore, plot 2: variation in Ag such
as that observed in a placer population derived from a single source. b:

forms of curve generated by two distinct subpopulations where ranges are
mutually exclusive (plot 1) and overlapping (plot 2). c: identification of
distinct sub-populations using both alloy and inclusion data (adapted
from Chapman et al. 2000a, b, c)
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continue to be useful, spider diagrams ensure all data are pre-
sented, while clearly highlighting important aspects of inclu-
sion mineralogy (Chapman et al. 2017; Moles and Chapman
2019).

Results

Physical characteristics of particle surfaces

Rock or mineral fragments inherited from the source mineral-
ization may be present on the surface of gold particles. Quartz
is the most common (Fig. 3A), but ore minerals that are un-
stable in the surficial environment such as sulfides and tellu-
rides may be present in some cases (Fig. 3B). Full or partial
coating with Au–Hg amalgam (Fig. 3C) is most likely anthro-
pogenic, a feature of some particles recovered from areas of
historical mining. Examination of polished sections by SEM
reveals the relationship of surface features, such as partially or
fully oxidized ore minerals, to the particle core (Fig. 3D).
Embayments filled with either iron oxide or clay sometimes
host dispersions of very small (≈ 1 μm) gold particles

(Youngson and Craw, 1993). This feature has been observed
in gold from hypogene settings (Fig. 3E), and may be
inherited by detrital gold particles (Fig. 3F). Thin films of gold
may extend into a pyrite matrix (Fig. 3G), and these may
survive following pyrite degradation, to yield an array of de-
formed gold films extending from the particle body (Fig. 3H).

Numerous recent studies of the surface of gold particle
have reported small (1–5 μm) “growths” of pure gold (e.g.,
McCready 2003; Falconer et al. 2006; Craw and Lilly 2016;
Shuster et al. 2015; Shuster and Reith 2018). These over-
growths may take the form of crystals or “buds” (Fig. 3I),
and their presence appears independent of local climatic con-
ditions (e.g., Reith et al. 2018; Dunn et al. 2019). The rela-
tionship between surface authigenic gold and the Au-rich rim
is discussed in a later section of this paper.

Crystallographic studies of polished sections by EBSD re-
veal a number of common features. Figure 4A and B depicts
the same particle, firstly viewed in BSE-imaging mode and,
secondly, colored according to the grain orientation derived
from EBSD analyses. Grain boundaries are invisible in BSE
imaging (Fig. 4A, areas 1 and 2), but are identified and fully
characterized by EBSD (Fig. 4B). Single colors within a grain
indicate consistent orientation (see inset in Fig. 4B), and could

1 µm100 µm

5mm 200 µm500 µm

Au

Bi- 
telluride

Bi-
carbonate 

Au-Hg
 amalgam  

20 µm

1cm

20µm10µm

a c d

e f

b

g h i

Fig. 3 Surface characteristics of gold particles (detrital particles unless
otherwise stated). a: Photograph of a gold nugget that is attached to quartz
matrix (Eldorado Creek, Yukon). b: Photograph of bismuth telluride
mineral (gray) on gold nugget surface (Revenue Creek, Yukon). c:
Anthropogenic Au–Hg amalgam coating a placer gold particle (Davis
Creek, Alaska, US). d: Bismuth-telluride altering to bismuth carbonate
on the surface of detrital gold particle (Revenue Creek, Yukon, Canada).
e: Clouds of fine-grained gold (white) in decomposed pyrite (shades of

gray) in hypogene particle from Mackinnon Creek, Yukon). f: Gold par-
ticles that are 1–5 μm across in Fe-oxide matrix, adjacent to a placer
particle (Nguiamatsia, Cameroon). g: Goethite (after pyrite) infilled by
gold (Elatsite, Bulgaria). h: Deformed gold films, persisting after the
decomposition and removal of pyrite (Sperrin Mountains, N. Ireland). i:
SE image of surface deposits of pure Au on a placer gold particle from
Sardis, Greece
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be expected in gold particles in their original hypogene
setting. In such undeformed grains, twin boundaries are
common and straight (Fig. 4B). Their presence has been
ascribed to post-precipitation annealing, which requires
temperatures of > 300 °C (Hough et al. 2009). Not all grain
boundaries are twin boundaries, identifying the particle as
a cluster of grains (Fig. 4B, grain 1), and curved or convo-
luted grain boundaries often appear associated with chem-
ical variation (Fig. 4C).

Distinct grain characteristics revealed by EBSD and partic-
ular types of compositional heterogeneity have been observed,
e.g., the numerous fine-grained domains in Au-rich rims of
gold particles (Stewart et al. 2017), and coincidence of com-
positional variation and grain boundaries (Hough et al. 2009).
Here, we show three fundamentally different relationships be-
tween grain boundaries and compositional heterogeneity in
gold-particle cores. Alloy variation associated with grain
boundaries is not only seen by increased Au content as

Fig. 4 Crystallographic orientation relationships of hypogene and detrital
gold particles. A, C, D, H: BSE images; darker gray signifies higher Ag
amount. (B, C, G) EBSDmaps; for color scheme and boundary definition
see (B) and (G) inset, respectively. Interpretation of features and their
symbols see legend bottom right. a: BSE image of a homogeneous gold
particle (Au–Ag alloy) from Lone Star, Klondike, Yukon, Canada, inti-
mately associated with goethite (after pyrite). b: EBSD map of the same
particle as shown in (A); note that individual grains have one color only
signifying little internal deformation. c: BSE image of placer particle from
Borland Glen, Ochil Hills, Scotland, showing distinct areas of different
composition; note interpretation signatures. d: EBSD analysis of the same

particle showing curved twin boundaries (grain 1) and internal deforma-
tion of individual grains. e: BSE image of another placer particle from
Borland Glen, Ochil Hills, Scotland, showing inclusions and changes in
composition within a single grain; stippled box shows area shown in (F).
f: Au-Ag EDSmap showing high Ag content as increasing pink coloring;
note interpretation signatures. g: EBSD map of placer particle from
Bonanza Creek, Yukon, Canada; note the internal deformation of grain
depicted as color changes as well as the bent twin boundaries. h: BSE
image of detrital grain from Sperrin Mts, N. Ireland; stippled lines high-
light grain boundaries of new grains grown at the edge of the particle. 4A,
B, G adapted from Grimshaw (2018)
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described by Hough et al. (2009) but also by presence of thin
Ag-rich films (Fig. 1F; henceforward “tracks” following the
terminology of Leake et al. 1992), there are two variations of
these: one in which variations are symmetric away from the
grain or twin boundary (Fig. 4C; red and blue arrows), and a
second in which they are asymmetric relative to the grain
boundary, comprising oscillating Au- andAg–rich alloy zones
(Fig. 4C; black arrows). Alternatively, the change of alloy
chemistry is independent of a grain or twin boundary (area r,
Fig. 4E, F).

Transport of gold particles within the fluvial environment
results changes in orientation within individual grains. The
placer-gold particle shown in Fig. 4G exhibits a curved twin
boundary (site 1) and clear orientation changes, i.e., lattice
distortions within individual grains (Fig. 4G, site 2). In addi-
tion, some detrital particles may exhibit small grains with
distinct oscillatory Au–Ag zones at their edge (Fig. 4H).

Chemical and mineralogical characteristics

Internal compositional characteristics of natural gold alloys

Alloy heterogeneity within a sample population may manifest
itself as different compositions of homogeneous particles or as
heterogeneity within individual particles (Fig. 1A, B). Intra-
particle alloy heterogeneity takes various forms, some of
which have been described above in relation to Figs. 1A and
4B–E. A variety of other microfabrics caused by Au–Ag var-
iation has been observed in gold particles frommany different
localities and these are described below.

Heterogeneity with respect to Au and Ag is by far the most
common alloy variation. The distinct character of the Au-
enriched, or equivalently, Ag-depleted rim is evident in BSE
imaging (Fig. 1C), and often during optical examination, due
to its rich orange–yellow color. Rims are typically 2–10 μm in
true thickness and comprise alloy of > 98 wt.% Au (Knight
et al. 1999b), occasionally containing inclusions of other min-
erals either entirely within, or straddling the rim–core interface
(Fig. 1D). Internal alloy heterogeneity may take the form of
areas of clearly differing composition (Fig. 1A), or as more
subtle compositional differences (Fig. 1E). Thin well-defined
tracks that are relatively rich in Ag can be observed in the gold
particles illustrated in Fig. 4C, (area 1, red arrow) and Fig. 1F
(site 1). Adjacent tracks of Ag- and Au-rich alloy are regularly
encountered (Fig. 4C, areas 3 and 4 black arrows, and Fig.
1F,area 2). Systematic polygonal zonation that is sympathetic
to grain boundaries has also been described above (Fig. 4c,
D), and is sometimes adjacent to an unaltered portion of a
particle (Fig. 1G). In some cases, this microfabric is
overprinted by Au-rich tracks that partially infill cracks coin-
cident with grain boundaries (Fig. 1H).

Localized concentrations of other minor alloying elements
also occur as patches or tracks. Elevated Cu contents in Au–

Ag alloy may present as concentric zoning of Au–Cu– inter-
metallics, surrounding a Au–Ag core (Fig. 1I), or as patches of
relatively Cu-rich alloy (Fig. 1J). Exsolution of tetra-
auricupride (AuCu) from Au–Ag alloy has been reported by
Knight and Leitch (2001) in gold from various localities in
British Columbia. Figure 1K shows a relationship between the
Ag content of the host alloy and the development of exsolu-
tion microstructures. The polygonal pattern of heterogeneity
in Au–Ag (shown in Fig. 1G and H) may also be caused by
variation in Cu–Ag–Au (Fig. 1L).

Gold containing relatively high Hg and Ag is a component
of some sample populations, where it may form entire parti-
cles, or late-stage alloy in heterogeneous particles (Chapman
et al. 2006, Chapman and Mortensen 2016). In gold from
alkalic porphyry systems, Hg-rich Au-Ag alloy may also be
associated with Pd (Fig. 1M and Chapman et al. 2017). Intra-
particle heterogeneity with respect to Hg was investigated by
Chapman et al. (2010a) in an EPMA study that used a long
counting time to lower detection levels to around 0.1 wt.%.
Traverses of polished sections of some gold particles from the
Yukon showed variable Hg contents of 0.1 wt.% (~ LOD) to
around 0.3 wt.%, without a corresponding change in Au/Ag
ratio; a subtle variation that is not observable in BSE imaging.

Compositional ranges of alloys and style of mineralization

The extensive database available to this study has permitted a
comprehensive comparison study of the ranges of Ag values
in individual sample populations, but parallel considerations
of Cu, Hg, and Pd are not possible owing to variation between
different studies in the protocols for measuring and reporting
these elements. In addition, the concentration ranges of Cu,
Hg, and Pd in sample populations are often low, straddling the
limit of detection for EPMA. While these data sets do not
constitute a robust quantitative resource applicable to all sam-
ple populations, in many cases, minor metals are clearly de-
tectable and form an important component of a signature.
Table 1 presents key features of alloy signatures for gold from
the various styles of mineralization.

Figure 5A compares the mean Ag contents across broad
styles of gold mineralization, using data in Online Resources
1–3. While there is significant overlap in terms of Ag contents
in gold from orogenic and magmatic-hydrothermal systems,
oxidizing chloride hydrothermal systems are generally identi-
fiable by Ag values of < 5 wt.% often accompanied by mea-
surable Pd (Chapman et al. 2009). Further differentiation be-
tween orogenic and magmatic-hydrothermal systems accord-
ing Ag ranges of individual source styles is depicted in
Fig. 5B. A comparison of our data with that from Morrison
et al. (1991) shows a broad similarity in the range of Ag
contents according to style of gold mineralization. Gold from
Precambrian orogenic systems exhibits lower Ag values than
that from Phanerozoic orogenic systems, but both ranges
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encompass the mean Ag wt.% values of gold from magmatic-
hydrothermal systems.

Copper is rarely an important alloy component in gold
from Phanerozoic orogenic gold systems (Moles et al.
2013), but it is normally detectable in gold from several other
settings. Gold from some African localities in granite-
greenstone terranes consistently shows Cu values measurable
by EPMA (Dongmo, 2018; Omang et al. 2015). Elevated
levels of Cu have also been reported in gold derived from
ultramafic rocks (Knight and Leitch 2001; Zaykov et al.
2016; Oberthür et al. 2017).

Minor alloying elements can provide useful discriminants
to characterize gold populations where at least one of two
criteria is fulfilled. In some cases, most gold particles exhibit
detectable, but low, typically < 1 wt.% concentration values,
e.g., Cu in gold from porphyry systems (Chapman et al. 2017,
2018). In other cases, sporadic higher concentrations are ob-
served, for example Hg values of ≤ 12 wt.% in gold from
some orogenic systems (Knight et al. 1999a; Chapman et al.
2000a, 2010b, Chapman and Mortensen 2016). Palladium
values up to 4 wt.% have been reported in gold from late-
stage veins in alkalic porphyry-epithermal systems (LeFort

et al. 2011; Chapman et al. 2017), and some gold particles
from oxidizing chloride hydrothermal systems comprised
12 wt.% Pd (Leake et al. 1991; Chapman et al. 2009).
Palladium-bearing gold has been reported from several local-
ities in Brazil, where redox-controlled processes are advocated
(Olivo et al. 1995; Cabral et al. 2002a, b, 2008a; Galbiatti et al.
2009).

Trace-element distribution within gold particles

A total of 1100 gold particles that were characterized by
EMPA were subsequently analyzed using a laser-ablation-
quadrupole-ICP-MS system (details in Online Resources 1–
3). Selection of gold particles from different styles of miner-
alization has permitted the evaluation of which elements
might find use as generic discriminators. A suite of 33 ele-
ments were considered, and Fig. 6A shows the proportion of
gold particles in which each element was recorded above the
LOD. Ag, Au, Cu, and Hg are sufficiently common to form
generic discriminants and the quality of the Cu and Hg data is
far superior to that obtained from EPMA. Regarding other
elements, only Hg, Cu, Sb, and Bi were observed in over
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Ag ranges from Morrison (1990)
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Fig. 5 a: Mean wt.% Ag values
for populations of gold particles
from orogenic, magmatic-
hydrothermal and oxidizing
chloride-hydrothermal systems.
b: Mean wt.% Ag for more re-
fined source styles of orogenic
and magmatic-hydrothermal min-
eralization. Dotted lines indicate
the mean values for Ag ranges of
gold from orogenic settings and
ranges of values in gold from
porphyry and epithermal (0–
44 wt.% Ag) systems (data from
Morrison 1991). Figures in pa-
rentheses refer to the number of
populations in each curve (data
from Online Resources 1 and 2)
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50% of the ablated gold particles. A further suite comprising
Pd, Pb, Te, Rh, Sn, and Cd was present in between 35 and
50% of gold particles, while the remaining elements all
returned abundances of below 25%. Where elements are ob-
served at trace levels, their concentrations often vary consid-
erably between analyses. Of the thirteen most common ele-
ments (excluding Au and Ag), seven exhibited standard devi-
ations larger than the mean values. Elemental abundancies at
trace levels have also been examined in terms of the style of
mineralization (Fig. 6B). Gold from magmatic-hydrothermal
and orogenic environments show similar elemental abun-
dances, but Pd, Pb, Zn, and Pt are present in a higher propor-
tion of gold particles formed in low-temperature chloride
systems.

In this reconnaissance study, we have selected gold parti-
cles from an alkalic porphyry setting and two unrelated oro-
genic systems in order to explore the distribution of elements
at the trace level. Figure 7 A–K shows major and trace-
element maps of two different gold particles (particle 1:
Fig. 7A–C and particle 2 Fig. 7D–K) from the Similkameen
River, British Columbia, Canada, a former placer mining re-
gion adjacent to the Copper Mountain alkalic Cu–Au porphy-
ry (Chapman et al. 2017). The elements chosen for depiction
in Fig. 7A–D are those that are routinely analyzed by EPMA.
Contrasting patterns of internal Ag distribution are seen in
particle 1 (homogenous distribution; Fig. 7A) and particle 2

(heterogeneous distribution; Fig. 7D). The distribution of Hg
in particle 1 conforms to two broadly concentric zones, and in
general, the distribution of Cu appears antipathetic, but the
degree of heterogeneity appears greater. Particle 2 shows
widespread Pd at trace level (Fig. 7E), but this does not always
correlate with Ag (Fig. 7D). Heterogeneity due to inclusions
and trace element association within them in particle 2 is il-
lustrated in Fig. 7 F–J. Pyrite inclusions that were identified
during SEM screening are spatially coincident with traces of
Bi (Fig. 7G) and all lanthanides, although only La is shown
here (Fig. 7 H). However, not all pyrite inclusions exhibit the
same trace-element signature, and Fig. 7I shows that only one
contains Pb. Small areas of elevated Cu content (Fig. 7J) are
not correlated with Fe, Pb, or Bi (Fig. 7F, G, I), and indicate
the presence of a different mineral type that was not observed
during visual screening for inclusions. Taken together, these
figures show that inclusions exhibit trace-element signatures
different from the host alloy, but that the nature of that signa-
ture can vary between different inclusions of the same miner-
al. Figure 7K–O shows highly localized, but low-intensity
element responses in gold particles from three localities. In
most cases, the distribution of the elements depicted does
not coincide and no clear correlations were observed with
other elements studied (but not shown here). The observation
of this pattern of heterogeneity in all gold particles studied
suggests that their presence is widespread and is consistent

Au Ag Hg Cu Sb Bi  Pd Te Pb Cd Rh Sn Zn Fe Co Ti V As Ni U La Y Mn Mo Ga In W Th Nb Pt Cr Ge Se
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Fig. 6 Abundance of elements at trace level in a study of 1100 gold particles by quadrupole-LA-ICP-MS. a: Element abundance in entire population, b:
comparison of element distribution according to hydrothermal system
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with high degrees of variation for some elements recorded
using the quadrupole-MS system and reported above. Such
heterogeneities highlight why ToF systems may be favored
over conventional quadrupole spectrometers.

Mineral inclusions

Inclusions are manifestations of the vein mineralogy (Fig. 8C)
and are inherited by detrital particles (Fig. 8D–N). Their pres-
ence in detrital gold particles was noted by Boyle (1979) and
several subsequent studies (e.g., Loen 1994, 1995; Youngson
and Craw 1995; Knight et al. 1999a). The first systematic
recording of inclusions suites in sample populations was un-
dertaken by the British Geological Survey (BGS), where in-
clusion assemblages of placer particles were employed to re-
construct the mineralogy of the eroded source, and hence de-
velop a deposit model (Leake et al. 1991, 1992). In general,
inclusion suites have proved a valuable source of information
for placer-lode studies, and particularly for defining signatures
that are diagnostic for the style of mineralization (Chapman
et al. 2017, 2018). A summary of inclusion chemistry relating
to source style of mineralization is included in Table 1.

At any locality, the inclusion suite reflects the coeval ore
mineralogy. Consequently, pyrite is often the most common

inclusion (Fig. 8D), but there are frequently contributions
from other common primary ore minerals, such as chalcopy-
rite (Fig. 8E). Gold particles may contain multiple inclusions
of the same mineral (Fig. 8D, F), or inclusions of more than
one mineral (Fig. 8G). In addition, a wide variety of more
unusual mineral species have been recorded, such as niccolite
(NiAs; Fig. 8F). In some cases, inclusions are heterogeneous
(Fig. 8H, I), in others they appear fractured (Fig. 8J) and
infilled by alloy with the same composition as the inclusion
host.

Inclusions of “non-ore” minerals such as silicates and car-
bonates are also observed. Quartz is the most common inclu-
sion, although carbonates are present in gold particles from
many localities (Fig. 8J). Phosphate inclusions, such as mon-
azite and apatite (Fig. 8K), occur sporadically. In general, the
information from these non-ore minerals is not as useful as
that from ore minerals. However, mineral chemistry can help
to constrain conditions of formation, e.g., V and Cr content of
magnetite inclusions (Dongmo et al. 2018). In some cases,
non-ore minerals can be used to suggest or exclude particular
mineralizing environments, e.g., the presence of carbonates is
incompatible with a high-sulfidation epithermal source.
Inclusions of some silicates may reflect the lithology of the
country rock. For example, Fig. 8M shows an amphibole
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Fig. 7 Examples of heterogeneity in maps generated by LA-ICP-
(ToF)MS. a–d and e–k: Gold particles from the Similkameen River,
BC, Canada. l, m: particles from Cunningham Creek, BC, Canada. n,o:
gold particles from Eldorado Creek, Yukon, Canada. a–e: examples of
heterogeneity in elements normally detectable using EPMA. f–j: trace

element distribution in mineral inclusions. k–o: localized concentrations
of specific elements above background levels (‘clusters’). Color keys
indicate signal responses corresponding to different intensities in different
images. In each case, the associated numerical key is the measured signal
intensity and a qualitative indication of concentration
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inclusion in a detrital particle from Lake Turkana, Kenya.
Another particle from the same location exhibited an intimate
association between gold and host amphibole (Fig. 8N).
Similarly, clinopyroxene and garnet inclusions have been
found in gold from skarn deposits in Ecuador, providing a
clear indication of the gold source (Potter and Styles 2003).

In addition to characterizing alloy compositions of gold
particles, LA-ICP-MS systems can also be used to determine
trace element concentrations in mineral inclusion species. The
application of trace-element chemistry of mineral inclusions
was explored during the present study, using a quadrupole-
LA-ICP-MS system. Trace-element signatures of 10 pyrite
inclusions and 7 galena inclusions in placer gold particles

from Sutherland, Scotland, showed that siderophile elements
partition strongly to pyrite, whereas Se, Cd, Bi, and Sb reside
in galena (Fig. 9).

Figure 10A combines data sets from Online Resource 1 to
show the range of abundances of inclusions in all populations
studied. Inclusions are revealed in less than 1 in 10 polished
sections in approximately 60% of cases. Figure 10B compares
inclusion abundance with the source style of the mineraliza-
tion, for populations that contain 20 or more gold particles.
Most styles of goldmineralization contain a range of inclusion
abundances, but the incidence of inclusions in Precambrian
orogenic samples generally appears lower than in the other
sample sets.

20 µm 50 µm

Chalcopyrite

Sphalerite 

30 µm200 µm

Arsenopyrite 

Pyrite 

25 µm

Arseno-
pyrite 

25 µm

Pyrite 

Galena 

20 µm

Apatite 

Amphibole 

50 µm

a c

ig

15 µm

Au 

Amphibole 

20 µm

Chalcopyrite 

Galena

Ag-Pb-
Bi sulfide

20 µm

Hessite 

Pyrargyrite 

db

f

l

Calcite 

e

m n

h

20 µm

kj Boulangerite 

Fig. 8 Examples of mineral inclusions. All SE images. a–c: Gold
particles that have been directly liberated from ore a: (Mount Polley,
British Columbia, Canada). b: (Lone Star, Klondike, Yukon, Canada).
c: Relationship between vein mineralogy and inclusions (Bralorne Mine,
British Columbia, Canada). d–l Inclusions within detrital gold particles:
d: Thistle Creek, Yukon, Canada. e: Orange River, Namibia. f: Spruce

Creek, British Columbia, Canada. g: Dolly Creek, Victoria, Australia. h:
Blueberry Creek, Yukon, Canada. i: Sixtymile District, Yukon, Canada.
j: Boulangerite showing fractures, Independence Creek, Yukon Canada,
k: Glen Lednock, Scotland. l: Serra Pelada, Brazil. m, n: Lake Turkana,
Kenya
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Discussion

Nature of heterogeneity at trace-element levels

Banks et al. (2018) reported compositional characteristics of
gold from orogenic and alkalic porphyry settings in British
Columbia (BC), using a quadrupole-LA-ICP-MS system.
The present study has drawn upon this data set and the results
of other analyses of gold from localities in Yukon and
Scotland (details in Online Resources 1–3) to show that, in
general, trace-element concentrations and distributions are
highly variable. The data sets available to this study show that
Au, Ag, and Hg are ubiquitous, and that Cu is absent only in
some particles formed in a low-temperature chloride hydro-
thermal system (Fig. 6). Sporadic abundance of other elements
reduces their potential as generic discriminators, although spe-
cific studies may be able to exploit the locally common occur-
rence of elements such as Pd, Sb and Bi.

Some large spikes in Fe values are accompanied by anom-
alous concentrations of siderophile elements, indicating the
ablation of subsurface inclusions. However, the causes of
more subtle responses of single or small numbers of elements
can only be interpreted with confidence in the light of results
gained using the ToF-MS system. It is now clear that minor
elements can be present in some gold particles as alloy com-
ponents, whereas in others their presence is highly heteroge-
neous (compare Pd distribution in Fig. 7E and M). Inclusions
are clearly visible in quadrupole-LA-ICP-MS responses, and
imaging using the ToF-MS system may show a trace-element
signature in inclusions distinct from the host alloy (Fig. 7F–J).
The elements Cu, Ag, Hg, Sb, and Pd may be present as
inclusions within an alloy that may or may not contain that
element as an alloy component. Localized low concentrations
of specific elements which do not correspond to stoichiomet-
rically defined minerals are common, and henceforward these
features are referred to as “clusters.”
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The presence of trace-elements within mineral inclusions
was reported by Banks et al. (2018) using both approaches to
LA-ICP-MS and has been confirmed by the present study. A
pilot study included in the present paper is the first systematic
characterization of trace-elements in multiple inclusions from
the same sample population. This approach has demonstrated
the detailed information that can be obtained regarding the
partitioning of individual elements to specific mineralogical
hosts during precipitation, and is a hitherto unreported aspect
of trace element chemistry of gold particles.

Finally, the limited number of elements that exhibit ho-
mogenous distribution within gold alloy differs from those
historically reported as minor alloy components. For example,
Boyle (1979) identified Fe as a common minor alloying ele-
ment, and listed over 40 other metallic elements which could
be present in trace amounts. It now seems clear that the pres-
ence of most elements within native gold is a consequence of
extreme heterogeneity in the form of inclusions or clusters.
Bulk analysis of gold, for example by whole-particle diges-
tion, takes no account of mineralogical heterogeneity and has
resulted in widely held misconceptions on the chemical nature
of natural gold alloy.

Causes and timing of chemical heterogeneity within
gold particles

Different microfabrics commonly observed in gold particles
are formed by processes active in specific environments. We
address these in terms of three categories that relate to the
timing of their formation: (i) primary precipitation from hy-
drothermal fluids; (ii) modification of pre-existing alloy while
resident in the original host but isolated from surficial process-
es; and (iii) modification of particles in the surficial
environment.

The effect of the conditions of primary precipitation

Gammons and Williams-Jones (1995) considered the chemi-
cal equilibrium that describes precipitation (Eq. 2), identifying
the parameters that control the Au–Ag composition of precip-
itated gold alloy:

Aualloy þ AgCl−2 þ 2H2S aqð Þ ¼ Au HSð Þ−2 þ Agalloy

þ 2Cl− þ 2Hþ ð2Þ

Increasing Agalloy is associated with decreasing tempera-
ture (via the equilibrium constant), decreasing Au/Agaq, in-
creasing pH, decreasing aCl−(aq) and increasing aH2S. Most
of these parameters are expected to change during the evolu-
tion of a mineralizing hydrothermal system, with some con-
current changes; e.g. decreasing aH2S and falling temperature
having contrasting effects on the value of Au/Agalloy. Stable

mineralizing conditions (in terms of P–T–X) should generate
a population showing inter- and intra-particle homogeneity.
However, homogeneous particles from the same population
often exhibit different Ag contents (Fig. 1B), suggesting very
stable local conditions of precipitation with either spatial or
temporal variation in P–T–X conditions, during a single min-
eralizing event.

Some compositional characteristics, involving other al-
loy components, can also be ascribed to the primary envi-
ronment of precipitation. The temperature dependence of
Cu in Au–Ag alloy was proposed by Antweiler and
Campbell (1977), a hypothesis that is supported by obser-
vations of relatively high Cu concentrations in gold from
magmatic-hydrothermal systems (Morrison et al. 1991;
Chapman et al. 2017, 2018; Gas’kov 2017). Chapman
et al. (2010a) examined the controls on Hg in Au alloy,but
did not identify a robust generic relationship between the
conditions of mineralization and the alloy composition.
Lower temperatures favor higher Ag contents in Au–Ag
alloys (Gammons and Williams-Jones 1995), and the high
volatility of Hg could result in later incorporation into min-
erals and preferential deposition at lower temperatures (as
suggested by Gas’kov 2017). Conversely, the Hg content
of Au–Ag alloys from various vein systems in the Otago
Schists, New Zealand, was independent of depth of em-
placement (and presumably corresponding temperature) at
depths from 2 to 6 km (Mackenzie and Craw 2005). Gold
containing Hg has also been reported from Archean
paleoplacers in southern Africa (Von Gehlen 1983), and
Brazil (Koglin et al. 2012). The presence of Pd-bearing
gold in low-temperature oxidizing chloride hydrothermal
systems results from co-transport of Au and Pd as chloride
complexes (Mountain and Wood 1988). Mechanisms of Pd
fractionation into the fluids responsible for Pd-bearing
gold alloys that are found in late-stage veins in alkalic
porphyry systems remainunclear, as both chloride and sul-
fide complexes may be involved.

The occurrence of minerals such as quartz (Fig. 3A) on
the outside of gold particles provides an indication of the
lode mineral associations. Some gold particles exhibit sur-
face coatings of minerals which are either mechanically or
chemically unstable in surface environments, indicating
proximity to source and likely recent liberation. In addi-
tion, specific minerals may be suggestive of specific ore-
forming processes. For example, the common occurrence
of mm-scale Bi telluride on numerous gold particles from
Mechanic Creek, Yukon (Fig. 3B), provided evidence for
gold formation through a BiTe-collector process
(Chapman et al. 2018).

The intimate relationship between most sulfide-mineral
inclusions and host gold particles strongly suggests that
they are coeval. The well-defined shape and size of mineral
inclusions (relative to the host gold particle; Fig. 8A and B)

1579Miner Deposita (2021) 56:1563–1588



preclude their formation through exsolution from the gold
alloy. The presence of silicate inclusions may be due to
gold enveloping adjacent gangue minerals during initial
precipitation, as shown by amphibole inclusions (Fig.
8M). Silicate inclusions situated near the periphery of gold
particles may have been emplaced by impact during trans-
port, but the presence of voids in the gold alloy surround-
ing such “inclusions” readily distinguishes them from
those that are coeval with gold.

There is no generic relationship between the incidence of
elements in inclusion suites and their occurrence as trace com-
ponents within gold alloys (Fig. 6A). For example, Fe was
detected in only 20% of ablated gold particles, and As in
17% but pyrite and arsenopyrite are the most commonly en-
countered inclusion species. Of the major mineral classes,
selenides are the most uncommon contributors to inclusion
suites, but where present they may be dominant. The
bonanza-style mineralization of Minas Gerais and Serra
Pelada, Brazil, shows a clear Au-Pd-Se association (Cabral
and Lehmann 2007) that demonstrates the potential for strong,
but atypical element relationships on a deposit scale. In gen-
eral, inclusion suites correlate to ore mineralogy which under-
lines their use as indicators of the source style of mineraliza-
tion of detrital gold particles.

It seems likely that the formation mechanism of the small
mineral inclusions and element clusters that are identified by
LA-ICP-(ToF)-MS would be similar to that of their larger
counterparts, although the range of elements represented ap-
pears to be greater than has been detected in larger inclusions
identifiable by SEM. At present, the mechanisms responsible
for producing such clusters remain unclear.

Post-depositional modification: hypogene environment

For studies whose objective is to use gold composition to
deduce conditions of mineralization, it is clearly important
to establish whether or not heterogeneous features are
related to the ore-forming stage. Disequilibrium between
pre-existing gold particles and the surrounding fluid has
been invoked to explain heterogeneous alloy microfabrics
in a study of gold from the Borland Glen locality,
Scotland (Chapman and Mortensen 2016), where many
gold particles have been extensively modified by replace-
ment of the primary alloy with a Ag-rich alloy. Increased
Ag values (Fig. 4E) are associated with wittichenite
(Cu3BiS3) and hessite (Ag2Te) inclusions and do not cor-
respond to grain or twin boundaries identified by EBSD
(Fig. 4F). This microfabric can be explained by an inter-
facial coupled dissolution–replacement reaction (Putnis
2009), driven by a fluid in chemical disequilibrium with
the original gold particle. Parallel bands of Au-Ag alloys
of different compositions (Fig. 4E, area r) can be ascribed
to fluid changes during the replacement reaction (e.g.,

Spruzeniece et al. 2017), and the overall increase in Ag
may be a consequence of temperature reduction
(Gammons and Williams-Jones 1995). This sample popu-
lation shows two features through which timing of alloy
modification may be deduced. Firstly, the effect was
widespread within the primary mineralization, as indicat-
ed by replication of replacement microfabrics in many
placer gold particles. Secondly, Au was not completely
stripped from the pre-existing particles, so the fluid
contained some Au(aq). These conditions appear more
compatible with evolution of the primary mineralizing
environment than a later, unrelated hydrothermal event.

Fluid that enters a polycrystalline particle along grain
boundaries, at post-depositional conditions, may induce re-
placement reactions that occur perpendicular to the grain
boundary, in the grains adjacent to the boundary (e.g., grains
1&2—blue arrows, Fig. 4C). Twin boundaries are crystallo-
graphically controlled and low-energy sites, therefore
“tighter” to fluids, although in some cases, minor replacement
reaction may occur along twin boundaries that are deformed
(e.g., red arrows, Fig. 4C).

Heterogeneous microfabrics observed in gold (Fig. 4H)
may be formed in other minerals such as zircon (Piazolo
et al. 2012), and chromite (Satsukawa et al. 2015) in response
to local high degrees of deformation at grain edges. The phys-
ical impact of hard material against the detrital gold particle
induces locally high dislocation densities (e.g., Piazolo et al.
2012). In the presence of a fluid, new grains may nucleate at
such sites of high stored energy, growing in chemical equilib-
rium with that fluid to produce distinct bands of variable com-
position corresponding to successive boundaries of new grain
growth (black arrows, Fig. 4H). This mechanism was advo-
cated for the over-thickened Au-rich rim formation of detrital
grains (Stewart et al. 2017).

If deformation is less severe, with neighboring grains
exhibiting different dislocation densities, strain-induced
grain boundary migration may occur. Free energy may
be lowered in any system with monophase grain bound-
aries, i.e., polycrystals/grain clusters of gold, where the
total grain boundary area and internal strain energy are
reduced. This process ultimately consumes some of the
original grains and results in a larger average grain size.
In addition, if the fluid that is present during grain growth
is distinct from the formation fluid, then migrating bound-
aries may exhibit a chemical signature in equilibrium with
that fluid (Piazolo et al. 2010). The resulting composition-
al variation indicates the direction of grain boundary mi-
gration and is present on one side of the original boundary
only i.e., chemical variation is asymmetric with respect to
the present-day grain boundary. The presence of several
parallel compositional zones reflects temporal migration
associated with different fluids and/or evolving fluids
(Fig. 4C, D, black arrows). Similar compositional
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variation has been observed in zircon (Piazolo et al.
2012), and in the trace-element content of quartz (Lind
1996; Holness and Watt 2001, Bergman and Piazolo
2012; Morgan et al. 2014). This feature is rare in gold
particles, and has only been observed in a few particles
from a small number of populations. Therefore, the
criteria for formation must only be fulfilled occasionally,
which may be related to the availability of fluid during
residence post-ore- forming stage. Compositional varia-
tion is usually confined to Au–Ag, but Fig. 1l shows
modification to a Au–Ag–Cu primary alloy with
auricupride (AuCu), indicating that the later, reactive fluid
was relatively Cu-rich.

In addition to replacement reactions and grain-boundary
migration, diffusion along dislocation arrays within deformed
grains may induce a local change in trace-element content
(Piazolo et al. 2016). These then result in a combination of
distinct changes in trace elements along subgrain boundaries,
and more “nebulous” chemical changes within highly
distorted areas internal to the grain (Fig. 1E, black arrow
points to subgrain boundary; e.g., Piazolo et al. 2012;
Chapman et al. 2019).

While replacement of a large proportion of original Au
alloy bymore Ag-richmetal is probably indicative of evolving
conditions within the mineralizing system, heterogeneity spa-
tially related to grain boundaries may form later. In both cases,
the Au alloys formed later in the paragenesis are relatively Ag-
rich. According to the controls of Au/Ag ratio in the gold alloy
described by Gammons andWilliams-Jones (1995), increased
Ag content is a consequence of lower temperatures and/or the
lower Au/Ag ratio of the modifying fluids, with respect to the
initial Au mineralizing fluids, i.e., conditions consistent with
the hypothesis of paragenetically late (and hence lower-
temperature) modification.

Some inclusions appear to exhibit fractures, infilled by the
gold matrix (Fig. 8J). These may result from stress regimes in
the post-depositional environment (Cabral et al. 2008a, b),
although future EBSD studies of such particles may prove
informative. Inclusions that comprise two or more mineral
species are most likely a consequence of post-depositional
re-equilibration. These are common in the Au–Ag–Te–S ±
Fe-mineral system (Fig. 8H), but also occur more generally
in other systems where several elements are present.
Exsolution microfabrics within inclusions (Fig. 8I) have only
been observed in minerals of the Pb–Ag–Bi–S system.

Post-depositional modification: surficial environment

There is a consensus that Au-rich rims are formed in the sec-
ondary environment. However, opinions differ on whether
these features are caused by Ag depletion (e.g., Groen et al.
1990), or by Au augmentation, through the accumulation of
the approximately 1 μm pure Au crystals and buds that have

been reported on the surface of gold particles by many
workers (e.g., McCready et al. 2003, Reith et al. 2018). True
thicknesses of rims are generally similar (1–10 μm) irrespec-
tive of particle size (Knight et al. 1999b). This observation
suggests a generic control to their formation and is likely more
consistent with diffusion-controlled Ag removal than Au aug-
mentation (Groen et al. 1990). Inclusions of ore minerals that
are unstable in the surficial environment have been observed
in rims, or straddling the core–rim interface, of several parti-
cles from the Canadian Cordillera, UK Caledonides, and
Namibia (e.g., Fig. 1D). This feature, when coupled with the
common limit to rim thickness, leads us to support a generic
mechanism of rim formation by Ag removal. We acknowl-
edge the general presence of minor overgrowths of secondary
gold (Fig. 3I), but have seen no evidence that gold accumula-
tion is progressive beyond these features. Consequently, we
concur with Stewart et al. (2017) and Craw et al. (2017), who
made a clear distinction between surface authigenic gold and a
pre-existing rim formed by Ag depletion.

Nevertheless, in some placer localities in New Zealand
and Yukon, gold particles exhibit much thicker rims.
Stewart et al. (2017) explained the presence of relatively
thick (> 100 μm apparent thickness) Au-rich rims in some
New Zealand gold particles in terms of recrystallization, in
response to physical deformation associated with gold-
particle transport during successive fluvial downcutting
events in a tectonically active region. Examples of crystal-
lographic response to physical deformation during fluvial
transport are illustrated by Fig. 4G, where the curved twin
boundary and varying orientations, as shown by color var-
iation, are interpreted to result from impacts within mobile
sediment. An association of particle deformation with pro-
gressive surface composition modification may explain the
presence of rims of 40–50 μm thickness in gold from
Hunker Creek, Yukon, where the current river channel
has reworked paleo fluvial sediments (Chapman et al.
2010b).

Au-rich tracks (Fig. 1F, H) are commonly observed in
gold particles from both near-surface hypogene and placer
settings worldwide (Knight et al. 1999a; Hough et al. 2009;
Hancock and Thorne 2011). Modification of the initial
gold alloy to yield Au-enriched areas could occur either
in the late stages of the hypogene systems, or in the surfi-
cial environment. The Au content of Au–Ag alloy in-
creases with temperature of precipitation and the ratio of
Au/Ag in the fluid (Eq. 2). Scenarios in which either tem-
perature increases and/or fluids become more Au-rich at
the end of mineralization appear unlikely. Hough et al.
(2009) considered both compositional and crystallographic
evidence for gold-particle weathering by Ag removal along
the fluid conduits provided by grain boundaries. The crys-
tallographic orientations of the Ag-rich matrix and the Ag-
poor track were the same, i.e., the absence of new crystal
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domains indicated that gold had not been added to the
system. Preferential removal of Ag is dependent upon the
presence of surface fluids of neutral and mildly alkaline
pH, where thiosulfate complexing facilitates both Au and
Ag mobility (Webster and Mann 1984; Webster 1986), as
opposed to acidic chloride fluids in which Ag is immobile
(Krupp and Weiser 1992). In many cases, Au-rich tracks
appear to partly infill voids (Fig. 1H), but in others, there is
no observable porosity (Fig. 1F), meaning that the mecha-
nism of Ag removal is unclear. The close spatial associa-
tion of Au- and Ag-rich tracks (Fig. 1F) may be explained
by exploitation of the same fluid conduit, at different times
by different fluids, as suggested by Hancock and Thorne
(2011).

Description of natural gold as part of mineral
paragenesis

Deposit-scale studies typically lack a systematic composi-
tional study of gold particles, and paragenetic diagrams
typically depict “gold” or “electrum” alongside otherwise
sophisticated mineralogical characterizations. The under-
standing of the controls on Au–Ag ratio in gold alloy
afforded by the study of Gammons and Williams-Jones
(1995) facilitates the correlation of hypogene gold-
particle composition with P–T–X constraints. Variation
of gold-alloy composition in different paragenetic settings
can be related to changes in various parameters, and con-
sideration of the wider geological environment allows fo-
cusing on the most likely cause(s) of this change (e.g.,
Chapman et al. 2010a). Spence-Jones et al. (2018)
showed how prevailing fTe values influence the Ag con-
tent of Au alloy. These authors proposed that Ag initially
formed hessite, until Te values were depleted, after which
Ag values in Au–Ag alloy increased. Gold compositions
have also been examined in terms of the complex stage-
wise evolution of porphyry and porphyry-epithermal sys-
tems, both in terms of different stages of alteration
(Palacios et al. 2001; Arif and Baker 2004), and also in
terms of the porphyry-epithermal transition (Chapman
et al. 2018). Characteristics of gold particles that are use-
ful in interpreting paragenetic evolution persist into the
placer expression, potentially providing an opportunity
to predict the nature of the source mineralization, even
in cases where the location is unknown.

Design of future studies

Analytical procedures

This study has demonstrated the rich information that can be
gained through a combination of compositional and crystallo-
graphic approaches to the characterization of gold particles.

For crystallographic studies, preparation of polished sections
is a prerequisite. The validity of compositional characteriza-
tion is dependent on analysis of the primary Au alloy whose
location in heterogeneous particles is also only revealed in
section. For this reason, it is not possible to characterize the
alloy composition related to primary Au precipitation through
whole-particle digestion, as some alloy compositions may
have been formed in other environments. Additionally, the
rim–core ratio of detrital particles changes with their size
and shape, because maximum rim thickness is fixed in the
absence of strain-induced recrystallization (Stewart et al.
2017). Neither is it possible to avoid sectioning by ablating
through the Au-rich rim using a quadrupole-LA-ICP-MS sys-
tem, given that the presence and nature of internal heteroge-
neity is unknown. Characterization of detrital gold particles
through analysis of the surface is clearly inadmissible because
of the rim.

A standard approach is beneficial, providing successive
contexts for interpretation of the features observed at each
stage. Initial BSE imaging, coupled with EDS analysis, pro-
vides a compositional and spatial overview of compositional
heterogeneity and permits inclusion identification. Reflected-
light microscopy could also find application here either if
inclusions are to be analyzed by EPMA or if crystallographic
information on minerals other than gold is important to the
study. Subsequent investigations using EBSD can illuminate
whether microfabrics are related to the ore-forming stage and
can guide decisions on site selection for further in-depth spa-
tially resolved chemical analysis.

Analysis of the primary alloy by EPMA involves selection
of a site on the polished section chosen using the BSE-
imaging facility of the instrument and, consequently, the anal-
ysis of a site free from alloy heterogeneity or inclusions is
assured. This approach results in high levels of reproducibility
in the alloy analysis for Ag, either when samples are
reanalyzed on a different EPMA system (e.g., Chapman
et al. 2000a), or when duplicate sample populations are col-
lected and analyzed (Chapman et al. 2000b; Moles and
Chapman 2019). Conversely, spatial variation in the concen-
trations of minor, but measurable components such as Cu, Hg,
and Pd, as revealed LA-ICP- (ToF)MS imaging (Fig. 7b, c), is
not evident from BSE images. In such cases, using the BSE
image as a guide to analysis site does not guarantee generation
of a representative value for minor elements. Nevertheless,
analysis of populations of gold particles will generate a net
result that indicates whether a minor alloying element is likely
to be significant or not. Issues of accuracy at low concentra-
tions are particularly acute where data manipulation involve
artificially enhancing low values, such as in the production of
ternary diagrams that show Au vs. (Ag × 10) vs. (Cu × 100)
(e.g., Townley et al. 2003).

Most quadrupole-LA-ICP-MS systems rely on a light mi-
croscope to fix the positioning of the ablation pit, and
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consequently informed selection of analysis site is not possi-
ble without prior characterization by SEM. Even if this infor-
mation is available, it is impossible to predict possible com-
positional changes with depth that will be encountered during
ablation. The use of trenching as opposed to pitting could
partially alleviate this issue.

The application of LA-ICP- (ToF)MS systems to gold
characterization is at an early stage, but the potential is clear.
The capability to establish elemental co-variance both chem-
ically and spatially combines the best outcomes of character-
ization by SEM, EPMA and quadrupole LA-ICP-MS systems.
Elements may be assigned to their mode of occurrence, i.e., as
alloy components, inclusions or clusters, in a way that is not
possible with quadrupole-LA-ICP-MS systems. Furthermore,
identification of all detectable elements is assured. As ToF
instruments become more available to researchers, the ap-
proaches to gold characterization will also evolve, to accom-
modate the increased compositional and spatial information
that is generated. Nevertheless, our ability to interpret data
generated by quadrupole LA-ICP-MS in the context of gold-
particle studies has been greatly enhanced by the understand-
ing of spatial heterogeneity flowing from studies using the
ToF-MS system.

Numbers of particles required for robust characterization
of a population

The number of particles required to characterize a popu-
lation depends on the complexity and number of subpop-
ulations present and the analytical techniques applied.
Repeat sampling exercises have been undertaken
(Chapman et al. 2000b; Chapman et al. 2010a: Moles
and Chapman 2019), which have established that popula-
tions of around 30 particles are normally sufficient to
characterize the Ag profile of a sample population using
EPMA. Substantially more particles are normally required
to characterize the inclusion assemblage, but that number
varies according to mineralogical complexity and inclu-
sion abundance. Ongoing work in this area suggests that
15 inclusions may yield useful data even where multiple
mineral species are observed. The right-hand axis on
Fig. 10A indicates the number of particles required to
obtain 15 inclusions according to overall abundance in
polished sections. For example, if 10% of sections reveal
inclusions (i.e., the median abundance), 150 particles
would be required. Figure 10B shows that gold from most
styles of mineralization would generate a suitable sample
in 50–60% of cases. Larger populations are clearly bene-
ficial, but there may be practical reasons why obtaining
this number may be problematic, for example gold scar-
city at a specific locality or dependence upon donated
samples. In addition, sample populations received from
placer miners are rarely representative of the gold particle

size range. This is not usually an issue regarding charac-
terization of alloy compositions, but in our experience
inclusion incidence is generally lower in smaller particles,
particularly if they are flaky (Chapman and Mortensen
2016).

Trace-element heterogeneity has been identified in ev-
ery individual gold particle irrespective of style of miner-
alization, and it is reasonable to assume that such hetero-
geneity is common, if not ubiquitous. This understanding
must influence the interpretation of data generated by
quadrupole-LA-ICP-MS systems. It is clear that the orig-
inal aspiration to reduce the number of gold particles re-
quired to characterize a sample population through in-
creasing the number of elemental discriminants cannot
be fulfilled. Indeed, the range of elements detectable by
LA-ICP-MS coupled with the potential for heterogeneity,
both within and between gold particles, increases the
chances of generating a highly unrepresentative signature
when small sample sets are employed. A prior character-
ization of the inclusion suites is highly beneficial to the
interpretation of elemental responses generated by
quadrupole-MS systems.

While the microchemical characterization of sample popu-
lations either by a combination of EPMA and SEM or by
quadrupole-LA-ICP-MS is best served by using relatively
large sample suites of > 150 particles, we recognize that the
ideal may not be attainable for various reasons. In addition, we
acknowledge that useful information can still be forthcoming
when studies have smaller sample suites at their disposal,
particularly when undertaking characterization via other ap-
proaches such as crystallography or isotopic analyses where
the range of inter-particle variation may be smaller.
Nevertheless, interpretation of data sets during gold composi-
tional studies should be informed by the potential for variation
in their chemical and physical characteristics which have been
presented here.

Conclusions

Studies of around 40,000 gold particle sections have identified
generic microfabrics of alloy heterogeneity, while a combina-
tion of compositional and crystallographic analytical ap-
proaches on specific particles has illuminated their genesis
and constrained the relative timing of their formation. Key
outcomes of the study are itemized below:

i. Populations of gold particles formed in the same miner-
alizing event commonly exhibit alloy heterogeneity both
within and between particles. At the micron scale, het-
erogeneity may be present as mineral inclusion suites,
variations in alloy compositions or both.
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ii. Additions of Ag-rich alloy to pre-existing gold may
take place through equilibration with later fluids.
Large-scale replacement independent of grain bound-
ary control is most likely a result of an evolving hy-
drothermal system, whereas Ag-rich tracks and com-
positionally complex thin zones spatially sympathetic
to grain boundaries may be formed later within the
hypogene environment.

iii. Residence in surficial environments can preferentially
remove Ag by dissolution along grain boundaries or
from the particle margins, while Au remains.

iv. All evidence available to the study favors rim formation
by Ag removal rather than Au addition.

v. The Ag ranges of gold from specific styles are greater
than previously reported and are not mutually exclusive
between gold formed in different deposit styles.
Therefore, ascribing a source style to an individual par-
ticle on the basis of the Ag content of the Au alloy is
intrinsically flawed. Levels of minor alloying elements
detectable by EPMA or LA-ICP-MS (Cu, Hg, Pd) may
prove valuable discriminants. In general, LA-CP-MS
techniques provide a better method to generate quantita-
tive data for these elements than EPMA.

vi. Mineral inclusions are primary features inherited by
detrital gold particles and may be the single most
important source of data because they represent the
mineralogy of an eroded auriferous orebody.
Historically, the low incidence of inclusions in some
sample populations has discouraged workers from
adopting systematic screening in a standard
workflow. We strongly advocate the value of inclu-
sions in a wide range of gold-particle studies. The
quantification of inclusion abundance in polished
sections presented here suggests that 150 particles
are required to generate robust data. In addition, the
data show that failure to identify inclusions in a small
sample set does not indicate their absence.

vii. Images from LA-ICP-(ToF)MS systems have illuminat-
ed the pronounced spatial heterogeneity of trace ele-
ments in natural gold and have greatly aided interpreta-
tion of data from much larger data sets generated using
quadrupole-LA-ICP-MS systems. All data sets indicate
high levels of trace element heterogeneity, both within
and between particles from the same locality, disproving
the notion of a uniform distribution of trace elements
within gold alloy. Instead, trace elements present either
as “clusters”—i.e., localized, but low concentrations
within Au alloy or as components of inclusions of other
minerals.

viii. The strands of information gained from the various an-
alytical techniques may be synthesized to yield com-
plete physical and chemical characterization of a gold
particle. This process is achieved most easily by a

systematic application of different techniques, in which
reconnaissance is undertaken by BSE imaging in con-
junction with an EDS facility. EBSD may be applied to
selected targets to identify microstructures and textures
that are spatially associated with compositional varia-
tions, which may inform on their relationship to the
primary ore-forming stage. Subsequent operation of
site-specific analysis by EMP, or LA-ICP-MS can be
informed by this prior characterization.

ix. The nature and origins of major- and trace-element het-
erogeneity within gold particles highlight issues for stud-
ies which utilize whole-particle analysis or partial sam-
pling of individual particles without prior evaluation of
compositional features.

x. Analysis using quadrupole-LA-ICP-MS systems does
not permit characterization of sample populations using
smaller numbers of particles than currently used for con-
ventional SEM–EPMA studies because of the potential
to generate highly unrepresentative results.

xi. Characterization of the microfabrics observed in gold
particles through a combination of crystallographic and
compositional approaches permits the development of
insights into processes of ore formation and could form
a useful addition to the tools available for paragenetic
study of ore deposits.

xii. New understanding of the nature of trace-element het-
erogeneity both within gold alloy and associated inclu-
sions provides an insight into the trace-element compo-
sition of mineralizing fluids.
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