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a b s t r a c t

Detrital gold particles in paleoplacer deposits develop recrystallised rims, with associated expulsion of
Ag, leading to the formation of Ag-poor rims which have been recognised in most placer gold particles
around the world. Recrystallisation is facilitated by accumulation of strain energy as the gold particles
are deformed, particularly on particle margins, during transportation in a fluvial system. The recrystalli-
sation process ensues after sedimentary deposition and can occur at low temperatures (<40 �C) over long
geological time scales (millions of years). In the Otago placer goldfield of southern New Zealand, paleo-
placers of varying ages contain gold with varying transport distances and these display differing degrees
of rim formation. Narrow (1–10 mm) recrystallised rims with 0–3 wt% Ag formed on gold particles that
had been transported <10 km from their source and preserved in Eocene sediments. Relict, coarse grained
(�100 mm) gold particle cores have 3–10 wt% Ag, which is representative of the source gold in nearby
basement rocks. Gold in the Miocene paleoplacers was recycled from the Eocene deposits and trans-
ported >20 km from their source. The gold particles now have wider recrystallised rims (up to
100 mm), so that some particles have essentially no relict cores preserved. Gold in Cretaceous paleoplac-
ers have wide (�100 mm) recrystallised low-Ag rims, even in locally-derived particles, partly as a result of
diagenetic effects not seen in the younger placers. Gold particles in all the paleoplacers have delicate gold
overgrowths that are readily removed during recycling, but are replaced by groundwater dissolution and
reprecipitation on a time scale of <1 Ma. The recrystallisation that leads to Ag-poor rim formation is pri-
marily related to the amount of deformation imposed on particles during sedimentary transport, and is
therefore broadly linked to transport distance, but is also partly controlled by the age of the paleoplacer
on time scales of tens of millions of years. Gold particles that have been derived directly from basement
sources can retain their original composition for long distances (tens to hundreds of kilometres) in a river
system, with only minor recrystallised rim development. Gold particles that have been recycled through
paleoplacer deposits can lose this link to source composition after relatively short transport distances
because of extensive recrystallisation.

Crown Copyright � 2017 Published by Elsevier B.V. All rights reserved.

1. Introduction

Alluvial gold, and associated concentrations of that gold in pla-
cer deposits, occurs as particles distributed among silicate clasts in
fluvial gravels. The alluvial gold particles have been derived ulti-
mately from erosion and liberation from hydrothermal gold depos-
its in basement rocks, with subsequent transportation in
downstream river systems for distances ranging from metres to
hundreds of kilometres (Knight et al., 1999a; Chapman et al.,
2000, 2011; Townley et al., 2003; Garnett and Bassett, 2005;

Chapman and Mortensen, 2016). The soft ductile nature of gold
ensures that fluvial transportation, with harder silicate clasts,
results in substantial shape modification typically forming highly
rounded particles and flattened flakes (Knight et al., 1999a;
Youngson and Craw, 1999; Chapman et al., 2000, 2011; Townley
et al., 2003; Garnett and Bassett, 2005). These distal alluvial gold
particles commonly have chemically distinct rims that have appar-
ently formed during or after transport (Desborough, 1970; Giusti
and Smith, 1984; Groen et al., 1990; Knight et al., 1999b). The
rim compositions are almost pure gold, with lower Ag contents
(�1 wt%) compared to typically higher Ag contents (5–50 wt%) in
the particle cores, and this phenomenon has been noted in fluvial
systems right around the world (Desborough, 1970; Giusti and
Smith, 1984; Groen et al., 1990; Youngson and Craw, 1993;
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Knight et al., 1999b; Chapman et al., 2000, 2011; Chapman and
Mortensen, 2016).

Despite the near-universal occurrences of the low-Ag gold par-
ticle rims in fluvial placers, the detailed nature and origin of the
rims has received little direct study. Desborough (1970) identified
the rims with early electron microprobe technology and assumed
that the Ag had been leached from the particles. In contrast, some
authors have suggested that low-Ag rims have been added to the
particles via groundwater-driven Au dissolution and reprecipita-
tion processes that may have involved bacterial mediation
(Youngson and Craw, 1993; Falconer and Craw, 2009; Reith et al.,
2007, 2012; Fairbrother et al., 2012). Similarly, Groen et al.
(1990) invoked self-electrorefining processes, also involving disso-
lution and reprecipitation of Au, to cause addition of low-Ag rims.
These various studies of gold particle rims have generally focused
on the chemical differences, although the textures of some delicate
micron-scale low-Ag overgrowths attached to the rims clearly indi-
cate that some Au addition has occurred (Falconer and Craw, 2009;
Reith et al., 2007, 2012).

In this study, the nature and origin of rims on alluvial gold are
investigated by examination of the internal structure of these rims
in comparison to the core structure of the particles. A terminolog-
ical distinction is drawn throughout this study between detrital
particles and the crystallographic grainswhich make up the interior
structure of those particles. The relative crystallographic orienta-
tions of the gold grains are a particular focus of the study, along
with associated contrasts in gold grain intergrowth textures across
the alluvial gold particles. This has been partly achieved using elec-
tron backscatter diffraction (EBSD) technology, which enables
rapid determination of relative crystallographic orientations of
grains in situ, with production of micron-scale maps of these rela-
tive orientations (Prior et al., 1999; 2009). This technology is com-
bined with associated in situ determination of relative
compositions of the gold in core and rim of the particles via energy
dispersive X-ray spectroscopy (EDS). This combined methodology
has been applied to gold particles from the Otago placer goldfield
of southern New Zealand, which range in age from Cretaceous to
Pleistocene (Fig. 1a-c). The nature of rim formation is noted on gold
particles that have undergone differing amounts of fluvial trans-
port and associated physical deformation. Gold from active river
systems has been specifically avoided in this study, as those gold
particles are regularly reworked with every major storm event.
Instead, the focus is on gold particles that have been stored within
the older gravels over different amounts of geological time.

2. Geological setting of sampled paleoplacers

The Otago placer goldfield has been derived from orogenic gold
deposits in the Mesozoic schist basement, including the world-
class Macraes mine (Fig. 1b; Williams, 1974; Craw, 2010). Erosion
of those deposits yielded alluvial gold that has formed paleoplacer
accumulations in nonmarine sediments that range in age from the
Cretaceous to Pleistocene. These placer deposits have been mined
sporadically over the past 150 years (Fig. 1b,c; Williams, 1974;
Youngson et al., 2006; Craw, 2010). There has been extensive recy-
cling of detrital gold from older sediments to younger sediments as
the regional placer goldfield evolved with differential uplift and
erosion over 100 million years (Henley and Adams, 1979;
Youngson et al., 2006; Craw 2010, 2013). Fluvial sedimentation
occurred during extensional tectonism and regional subsidence
between the Cretaceous and the Eocene. The goldfield was progres-
sively inundated by marine transgression which was essentially
complete in the Oligocene (Fig. 1c; Landis et al., 2008). Renewed
uplift under an evolving compressional tectonic regime began in
the Miocene and is still active, associated with the modern Alpine

Fault plate boundary (Fig. 1a; Jackson et al., 1996; Craw, 2013).
Pleistocene-Recent deformation and uplift is occurring as broad
(20 km wavelength) folds of basement schist, from which fluvial
fans extend into adjacent basins (Fig. 1b; Youngson and Craw,
1993; Jackson et al., 1996; Craw, 2013). The sedimentary cover
sequence that hosts the paleoplacer deposits of the Otago goldfield
(Fig. 1c) now consists of thin (typically <50 m) remnants of what
was never more than a �300–500 m sedimentary pile (Turnbull,
2000).

Characteristics of the gold particles and host rocks relevant to
this study, in the context of the above geological evolution, are
summarised in Table 1. Primary hydrothermal gold is typically fine
grained (1–10 mm) and encapsulated in sulphide minerals,
although minor free primary gold (10–100 mm) occurs in some
quartz veins (Craw et al., 2015). However, there has also been
extensive supergene alteration of orogenic deposits near to a dia-
chronous unconformity on the schist basement, and this alteration
has caused liberation of gold from primary sulphides, and localised
enhancement of gold particle size including formation of centime-
tre scale nuggets (Fig. 2a–c; Craw et al., 2015; Craw and Lilly, 2016;
Hesson et al., 2016). Nuggets occur in situ in oxidised and clay-
altered mineralised zones, and in small streams and colluvium
immediately adjacent to the basement sources on actively eroding
antiform flanks (Craw et al., 2015; Craw and Lilly, 2016).

Shapes of detrital gold particles derived from both supergene
and primary basement sources have been modified with progres-
sive transport distance (Youngson and Craw, 1999). Samples for
this study were collected from relatively proximal paleoplacers,
wherein the gold has been modified by transport processes to a
limited extent, so that some remnants of original basement-
sourced gold textures are preserved. The oldest paleoplacer gold
is from a locality at Waitahuna (Fig. 1b) which is dominated by
locally-derived debris along a normal fault zone (Els et al., 2003).
Detrital gold from Eocene quartz pebble conglomerate near
Patearoa has a nearby source that is possibly associated with the
regional structure that hosts the Macraes mine (Fig. 1b; Craw,
2010). Some of the Eocene quartz pebble conglomerate was eroded
and recycled, with its contained gold, into Miocene quartz pebble
conglomerate as noted at Garibaldi (Fig. 1b; Craw, 2013). Both
the Eocene and Miocene quartz pebble conglomerate deposits have
been uplifted by rising antiformal folds during the Pleistocene,
with gold and hosting sediments recycled into proximal fluvial fans
(Craw, 2013).

3. Methods

3.1. Sample selection

Gold samples were obtained from active and historic mine sites,
and from exploration drillholes. Nuggets were found with a com-
mercial metal detector. Samples of finer grained gold were concen-
trated from hosting debris by water-washing with a traditional
gold pan. The collected gold samples were then randomly divided
into two groups for either surface examination or interior exami-
nation. Gold particles intended for surface examination were
mounted onto aluminium stubs using double sided carbon tape
and imaged optically with a stereomicroscope before being anal-
ysed using the scanning electron microscope (SEM). Gold particles
intended for interior examination were sprinkled on to sticky tape
so that they did not all lie flat, and even flat flakes were at least par-
tially up-standing. These mounts were then embedded in 25 mm
epoxy resin discs that were then ground to expose sections
through the particles, and polished with diamond paste. These
discs were ground and polished sufficiently deeply to expose sec-
tions through the interior of the particles, but it was not possible
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to ensure that the true centre of the particles were exposed and the
resultant sections are necessarily only two-dimensional slices
through three-dimensional objects of irregular and unknown
shapes. Small gold nuggets were sliced in two with a sharp knife,
with one half retained for surface examination and the other half
mounted in epoxy resin, ground flat, and polished in the same
manner as the finer material.

3.2. Preparation of polished surfaces

The mechanical polishing process causes soft ductile gold to
become smeared over the surface of the polished specimen,
thereby obscuring the internal structure of the gold. This polishing
layer, referred to as the Beilby layer (Beilby, 1903) is at least 1 mm
thick, and has to be removed to enable further examination of the
original gold grain textures. In this study, we have used two tech-
niques: chemical etching and broad ion-beam polishing (BIBP). We
have worked around the advantages and disadvantages of each of
these techniques to maximise the information gained from the
study.

The simplest, lowest cost, and most rapid technique (minutes)
for removing the polishing layer is to etch the specimen in aqua
regia. This has the advantage of enhancing the grain structure for
optical microscopy, and its effectiveness can be monitored during
the etching process with a hand lens. The disadvantage of etching
is that grain boundaries, and polishing pits and scratches are pref-
erentially etched and enhanced, which can obscure parts of the
structure, especially for SEM imaging. We used dilute (50%) aqua

regia that was aged (>2 years) and therefore of low potency. This
enabled slow etching with maximum control of the extent of the
etch depth especially when etching several samples at once. For
the gold in this study, a light etch (5 min) was insufficient to
expose the grain structure for EBSD examination. A heavy etch
(15 min) was ideal for enhancing the grain structure for optical
examination, but resulted in some loss of resolution for EBSD. A
moderate etch (10 min) was a useful compromise for some speci-
mens, but the EBSD results were still not ideal.

BIBP is preceded by chemical-mechanical polishing (CMP) to
give a smooth surface (Halfpenny et al., 2013a). BIBP involves abra-
sion and milling of the surface with argon ions to leave a highly
polished surface for crystallographic examination. Disadvantages
of this technique are the equipment expense, the long preparation
time required (hours), and the subsequent difficulty of determin-
ing whether the specimen has been sufficiently abraded to expose
the original structure. For the latter issue, it was necessary to sub-
ject the specimen to full EBSD analysis in an SEM to see if plausible
original grain structure had emerged. Specimens in this study were
subjected to CMP and BIBP by the methods of Halfpenny et al.
(2013a) in the CSIRO laboratory in Perth, Australia, where the tech-
nique was perfected.

3.3. Scanning electron microscopy

SEM examination of the gold samples was conducted at the
University of Otago Centre for Electron Microscopy, and the CSIRO,
Perth, using similar settings and techniques in both laboratories.

Fig. 1. Location and stratigraphic setting of gold samples examined in this study. (a) Regional setting. (b) Hillshade image of the Otago placer goldfield, with gold localities
mentioned in the text and Table 1. (c) Summary stratigraphic column, showing the relationships of host fluvial sediments for paleoplacers of varying ages, with general
pathways of detrital gold recycling. (d)–(f) Backscatter electron images of typical gold particles, from basement (d) and variably modified during transport (e, f; as in
stratigraphic column in c). Folded flake from Miocene is shown in Fig. 5i.
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External textures were observed on 3D gold particles mounted on
aluminium stubs without carbon coating, and internal textures of
gold were examined using the polished epoxy discs after carbon-
coating. Both SEM’s are fitted with field emission guns and used
operating voltage of either 20 or 30 kV. Backscattered electron
(BSE) images were obtained of the 3D surfaces and the flat samples
produce from both etching and polishing techniques. Energy dis-
persive X-ray analysis (EDX) analysis of BIBP prepared surfaces
was used to map the elemental distributions and reveal the rela-
tive Ag contents. These maps were augmented with EDX spot anal-
ysis on both SEM instruments. Ag contents can be determined to
within ±1 wt%, but for the purposes of this study, we have focused
on relative differences between Ag-rich gold (>3 wt%) compared to
low-Ag gold (0–3 wt% Ag).

The EBSD datasets of mapping crystallographic orientations
were obtained from the same SEM instruments, using a sample tilt
of 70�. Instrumentation and methods are described in more detail
by Little et al. (2015) for the University of Otago instrument, and
Halfpenny et al. (2013b) for the CSIRO instrument. EBSD maps of
the grain orientations were obtained by rastering the electron
beam across the gold particles in a regular stepped grid. Patterns
of diffracted electrons were imaged on a phosphor screen, from
which they were recorded digitally, and automatically indexed
for gold. The datasets were used to define the network of grain
boundaries within the sample. In the maps shown in this study
each pixel is coloured according to crystallographic Euler angles
(e.g., Mayerhofer, 2005; Prior et al., 2009; Nolze, 2015). In these
maps, changes in orientation are shown by changes in colour
although the converse is not necessarily true due to the way the
colour scheme is constructed. High angle grain boundaries
(HAGBs) separate individual grains from each other and in this

work that angle is defined as �20�. For the purposes of this study,
we were concerned only with relative grain orientations, their
internal distortions, and the grain sizes as depicted in the Euler
maps, rather than absolute crystal axis orientations (cf. Prior
et al., 1999, 2009). Many of the black pixels and areas on the EBSD
maps reflect the inability of the software to resolve the gold crys-
tallography at that point, and some black areas are inclusions of
other minerals, or scratches in the surface.

4. Textures of gold at basement sources

Primary and supergene gold particles are angular and irregular
in shape, including some external crystal facets that are especially
well developed on the exterior of nuggets of presumed supergene
origin (Table 1; Figs. 1d; 2a,b). Primary gold is typically intergrown
with, or encapsulated within, sulphide minerals, mainly pyrite and
arsenopyrite. Internal structures of supergene particles and nug-
gets are dominated by coarse grains with irregular straight,
stepped, and curved grain boundaries (Fig. 2c). Coarse grains occur
right across most particles, and about the edges (Fig. 2c). Primary
and supergene gold particles have broadly uniform composition,
with Ag contents ranging from 3 to 10 wt% (Table 1). There is little
internal variation in Ag contents within individual particles,
including on fine grained margins (e.g., bottom of Fig. 2c).

The EBSD maps generally reflect the observations made opti-
cally on etched surfaces (Fig. 2d–g). The coarse grain size and gen-
eral internal crystallographic homogeneity of grains is apparent at
a range of scales (Fig. 2d–g). There are broad variations in colours
across large grains that reflect slight internal crystallographic dis-
tortion on a wavelength of �100 mm (Fig. 2d–g). Short wavelength

Table 1
Summary of host sediments and characteristic features of gold particles in paleoplacer deposits in this study.

Age of Au & host; locality
(Fig. 1b)

Geological
setting

Gold particle shape Gold particle surface
texture

Interior gold grain shape,
size#, Ag*

Gold rim: Rim width; grain
shape, size#, Ag*

Pleistocene/Miocene;
recycled quartz pebble
conglomerate + schist
debris; Garibaldi

Proximal fluvial
fan; 10–200 m
from source

Flakes, refolded flakes Abraded, scalloped,
micron-scale vermiform
and crystalline
overgrowths

Angular, equant, deformed;
20–100 lm; Ag = 3–10 wt%

Rim 20–100 lm; Grains:
angular, equant, undeformed;
1–20 lm; Ag = 0–3 wt%

Miocene; quartz pebble
conglomerate; Garibaldi

Fluvial
paleochannel;
recycled Eocene
sediments

Flakes, refolded flakes Abraded, scalloped,
micron-scale vermiform
and crystalline
overgrowths

Angular, equant, deformed;
20–100 lm; Ag = 3–10 wt%

Rim 20–100 lm; Grains:
angular, equant, undeformed;
1–20 lm; Ag = 0–3 wt%

Pleistocene/Eocene; recycled
quartz pebble
conglomerate + schist
debris; Patearoa

Proximal fluvial
fan; 0.5–2 km
from source

Subangular,
subrounded, rounded,
flakes

Abraded, scalloped,
micron-scale vermiform
and crystalline
overgrowths

Angular, equant, deformed;
20–100 lm; Ag = 3–10 wt%

Rim �20 lm; Grains: angular,
equant, undeformed; 1–
20 lm; Ag = 0–3 wt%

Eocene; quartz pebble
conglomerate; Patearoa

Fluvial
paleochannel

Subangular,
subrounded, rounded,
flakes (Fig. 1e,f)

Abraded, scalloped,
micron-scale vermiform
and crystalline
overgrowths

Angular, equant, deformed;
20–100 lm; Ag = 3–10 wt%

Rim �20 lm; Grains: angular,
equant, undeformed; 1–
20 lm; Ag = 0–3 wt%

Cretaceous; recycled quartz
pebble conglomerate
+ schist debris; Waitahuna

Proximal fluvial
paleochannel on
fault scarp

Subangular,
subrounded, rounded,
flakes; diagenetically
altered

Abraded, micron-scale
overgrowths intergrown
with diagenetic matrix

Angular, equant, deformed;
20–100 lm; Ag = 3–10 wt%

Rim 20–100 lm; Grains:
angular, equant/elongate,
undeformed; < 1–20 lm;
Ag = 0–3 wt%

Proximal basement gold
liberation from supergene
zone; Ophir, Nevis

Pleistocene
colluvium and
ephemeral
streams

Crystalline nuggets
with minor rounded
corners (Fig. 2a,b)

Abraded, scalloped,
micron-scale vermiform
and crystalline
overgrowths

Angular, equant, deformed;
Ag = 3–10 wt%

None

Supergene, in situ; oxidised,
clay-altered schist
basement & quartz veins;
Blackstone

Oxidation zone
at basement
unconformity

Irregular, angular
particles (Fig. 1d)

Micron-scale vermiform
and crystalline
overgrowths

Angular, equant; clay, Fe
oxide inclusions; Ag = 3–
10 wt%

None

Primary hydrothermal gold
in post-metamorphic
structures Macraes

Mesozoic
orogenic
systems

Irregular, angular
particles; mostly
encapsulated in
sulphides

None Angular, equant, deformed;
arsenopyrite inclusions; 1–
200 lm; Ag = 3–10 wt%

None

# Grain sizes from optical and EBSD observations.
* Ag contents from EDS spot analyses.

46 J. Stewart et al. / Ore Geology Reviews 88 (2017) 43–56



(�1–10 mm) distortions may be artefacts of polishing scratch-
related damage.

5. Incipient rim development in proximal detrital gold

The Eocene paleoplacers of the Patearoa area (Fig. 1b; Table 1)
consist of quartz pebble conglomerates at the base of a sequence
of fluvial to marginal marine sediments (Youngson et al., 2006).
These quartz pebble conglomerates rest directly on a schist base-
ment in this area as older sediments were eroded prior to the
Eocene. The paleoplacers contain abundant detrital gold particles
that are only incipiently rounded and deformed, and many are still
subrounded or subangular. Some gold particles contain relict
arsenopyrite grains and these have been inherited from some
nearby basement source that was presumably primary, rather than
supergene. The exact basement source for all these gold particles is
not known, but projections of the regional scale structure that
hosts the Macraes mine orogenic gold mineralisation zone suggests
that a source may be, or may have been, within �5 km of the
Eocene paleoplacers (Craw, 2010). Locally, the Eocene paleoplacers
were eroded and recycled into Pleistocene fluvial fans involving
transport distances of up to several kilometres (Table 1). The gold
particles in the Pleistocene sediments are essentially identical to
those in their Eocene source(s).

The internal structure of the Eocene detrital gold particles is
dominated by a coarse grained interior with a finer grained rim

(Fig. 3a–k). The interior textures include a range of grain sizes,
from 20 to 200 mm. Coarse grain boundaries are locally curved,
especially near some particle edges, and this curvature is well-
defined by some inferred twin planes (e.g., Fig. 3d). Most of the
rims fully encircle the particles with a 10–20 mm zone of polyhe-
dral grains that are typically 1–20 mm across. Some rims are only
partially formed and the coarse internal grains continue to portions
of the edges of these particles (Figs. 3a,j; 4a,b,d). Rims are less obvi-
ous on particles with finer grained original interiors, but subtle
changes in grain textures generally still distinguish rims around
such particles (Fig. 3g). However, some particles are almost
entirely fine grained (Fig. 3h,i). Particle rims typically have lower
Ag contents (0–3 wt%) than particle interiors (>3 wt% Ag; Table 1)
with abrupt changes in composition at the boundaries between
rims and interiors.

The differences in grain textures between rim and interior are
best displayedwith EBSD data (Figs. 3j,k; 4b–e). Interior grains have
HAGBs similar to those in basement gold sources (Fig. 2). Large inte-
rior grains are commonly internally distorted on >100 mmscale, and
this distortion can be highly irregular across grains (Fig. 3j). Fine
grained rims have HAGBs and little to no internal distortion
(Figs. 3j,k; 4b–e). Small protrusions from the rims consist entirely
of fine grained gold (Figs. 3i; 4d). Zones of fine grained gold, similar
to those on the rims, can be found superimposed on the coarse
grained interiors (Figs. 3c,e; 4c), possibly because the exposed 2D
surfaces in the polished specimens are close to the rims.

Fig. 2. Gold textures from Otago Schist basement supergene zone (Table 1). (a), (b) Gold nuggets with large crystal shapes, from Nevis locality, with some faceted areas
arrowed. (c) Incident light view of a moderately etched section through an in situ nugget from Blackstone locality, showing internal structure defined by differential etching of
grains with contrasting crystallographic orientations. (d) EBSD crystallographic orientation map of a section through an etched nugget from Ophir locality. (e) EBSD
crystallographic orientation map of a prominent high angle grain boundary (HAGB) in nugget in (d). (f) EBSD image of an edge of the nugget in (d). (g) EBSD crystallographic
orientation map of large grain in interior of the nugget in (d), with distortion across the grain.
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External surfaces of detrital gold particles are typically rounded
and abraded, with some scalloped zones on the 1–20 mm scale.
Most particle exteriors have numerous cavities and re-entrants,
and these are almost invariably filled with sedimentary clay, pri-
marily kaolinite (Fig. 5a–d). Many of these clay-filled cavities con-
tain micron-scale and nanoparticulate gold, either intergrown with
the clay or coating the clay surface and the adjacent detrital gold
particle (Fig. 5a-d). These gold overgrowths consist of a combina-
tion of delicately interlinked irregular vermiform shapes and
micron-scale crystals that include subhedral to euhedral hexagonal
plates, octahedra, and dodecahedra (Fig. 5a–d). Overgrowths with
identical textures occur elsewhere on the detrital gold surfaces,
where they locally merge to form continuous exterior coatings,
but the clay-related occurrences are the most visually prominent.
The overgrowths have low Ag contents, which appear to be near
0 wt% from EDX spot analyses. However, spot analyses of such
irregularly-shaped fine grained material are semiquantitative only,
as they may be composite analyses that include some of the rim
substrate for the overgrowths. Overgrowth textures and composi-
tions are similar on gold particles from Eocene sediments and from
nearby Pleistocene sediments (Fig. 5a–d). Similar overgrowths also
occur on gold particles derived directly from basement sources
into proximal colluvial environments (Table 1; Craw et al., 2016).

6. Enhanced rim development on transported and recycled gold

Detrital gold in the Miocene paleoplacers at Garibaldi historic
mine localities (Fig. 1b) has been recycled from Eocene quartz peb-
ble conglomerates similar to those still preserved at Patearoa. The
Miocene host sediments are also fluvial quartz pebble conglomer-
ates, and they closely resemble their source sediments: sedimento-
logically, texturally, and mineralogically. However, there is no
overlying marginal marine component to the Miocene sequence,
and instead it was overlain by lacustrine mudstones before erosion
removed these soft sediments (Youngson et al., 2006; Craw, 2013).
The Garibaldi paleoplacers rest directly on schist basement, as all
older sediments had been removed by erosion from this portion
of the Otago placer goldfield prior to Miocene sedimentation. Pleis-
tocene uplift and erosion has also caused removal of most of the
Miocene sequence at Garibaldi, so that only small paleoplacer rem-
nants are preserved in structural depressions. These remnants are
largely overlain by thin (<10 m) proximal Pleistocene fluvial fan
deposits that contain recycled gold, quartz pebbles, and schist deb-
ris, all derived from erosion of nearby Miocene sediments and the
underlying basement (Table 1).

Most gold particles from Miocene sediments have been flat-
tened and/or rounded. Many of the resultant flakes have been

Fig. 3. Interior structure of polished sections through heavily etched proximal detrital gold from Patearoa, showing relict interior coarse grained texture preserved from
basement source(s), with variable development of finer grained rims. (a)–(i) Incident light views, showing internal structure defined by differential etching of grains with
contrasting crystallographic orientations. Circled dark grains in (c) are relict arsenopyrite (Asp) hosted in finer grained primary gold than that on the left. (j)–(k) EBSD
crystallographic orientation maps of grain structure in two different particles. Particle in (j) is essentially a single gold grain that has some distinct crystallographic
misalignment. Fine grains with entirely different crystallographic orientations occur on the rims (arrowed). Particle in (k) has a coarse grained core and fine grained rim.
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folded and refolded to form irregular shapes. Internally, particles
have a distinct but irregularly-shaped core zone consisting of
silver-bearing gold (typically �8 wt% Ag), and an Ag-poor rim of
varying thickness (Figs. 6 and 7). The boundaries between Ag-
bearing and Ag-poor gold are sharp at the micron scale. Zones of
low-Ag gold occur in the interior of many particles, and Ag-
bearing gold extends to the outer edges in places. Some particles
have almost no Ag-bearing gold in their cores, and some particles
have no Ag-bearing gold visible, although the sectioned view
may not pass through the centre of the particle. Most flattened
flakes, or thin protrusions from deformed particles, consist entirely
of low-Ag gold (Fig. 7a,d). However, two flakes are notable for hav-
ing only minor low-Ag gold in patches around their margins
(Figs. 6c, 7d).

EBSD maps show that the Ag-bearing gold in the cores is made
up of much larger grains than the rims, and that these larger grains
are commonly distorted and separated by HAGBs (Figs 6 and 7).
The low-Ag particle rims consist of fine-grained gold with widely
varying crystallographic orientations, HAGBs, and little to no inter-
nal distortion (Figs. 6 and 7). The boundaries between coarse-
grained gold and fine-grained gold are sharp, and coincide with
the boundaries between Ag-bearing gold and low-Ag rims (Figs. 6
and 7). Hence, for the most part, thin flakes and protrusions are
made up of fine-grained gold (Fig. 6a,d), apart from the distinctive

elongate Ag-bearing flake that is dominated by coarse grains with
HAGBs and only minor internal crystallographic distortion
(Fig. 6c).

Gold particles from Pleistocene paleoplacers at Garibaldi have
essentially identical internal grain textures and compositions as
the gold from nearby Miocene paleoplacers (Figs. 6–8). Likewise
the Pleistocene external gold particle textures (scalloped edges,
crystalline and vermiform overgrowths) are identical in style,
occurrence, and scale to those on gold particles from Eocene pale-
oplacers (Fig. 5).

7. Particle rims in the oldest paleoplacers

The oldest paleoplacers are Cretaceous in age, and these sedi-
ments consist of a combination of locally-derived angular schist
basement debris and well-rounded clasts derived from more dis-
tant sources (Els et al., 2003). The sediments have undergone sub-
stantial post-depositional diagenesis, resulting in a clay-rich
matrix and cement (Craw et al., 1995; Kerr et al., 2017). Detrital
gold particles are embedded in the clay-rich matrix and exterior
gold overgrowths are intimately intergrown with diagenetic clay
on the 1–10 mm scale (Kerr et al., 2017). Most detrital gold particles
are subangular, exhibit little deformation, have irregular protru-

Fig. 4. Interior structure of a polished section through a heavily etched proximal detrital gold particle from Patearoa, (a) Incident light view and (b) EBSD crystallographic
orientation map at same scale. More detailed views of portions of the particle are in (c)–(e) to show the contrasts between relict coarse grains and overprinted finer grains. (f),
(g) EBSD crystallographic orientation maps coloured for orientations (inverse pole) as in the intervening legend.
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sions and inclusions of hydrothermal quartz. Some are well-
travelled thin flakes. Hence, the detrital gold has a combination
of local and more distant sources, like the hosting sediments.

Internally, many gold particles have a core zone of coarse
grained gold, surrounded by a rim of fine grained gold (Fig. 9a–
d). In some particles, coarse grained gold locally continues to the
particle edge, but most particles are completely coated by the fine
grained rims. The boundary between these zones coincides with an
abrupt change in Ag content, from Ag-bearing core to low-Ag rims.
Thus, the general textural pattern in these gold particles is similar
to that in gold from the younger placers although the fine grained
rims are generally wider in the Cretaceous paleoplacer particles
(up to 100 mm; Fig. 9a). Coarse grains show some crystallographic
distortion across grains, whereas finer grains show little to no
intragrain distortion and have well-defined HAGBs (Fig. 9b–d).

8. Discussion

8.1. Textural transformations of gold particles

Two distinct sets of processes affected gold particles in the flu-
vial systems that yielded the paleoplacer deposits in the Otago
goldfield: exterior gold overgrowths, and low-Ag rim formation.

The exterior gold overgrowths, and associated scalloping of gold
surfaces from localised dissolution (Fig. 5) are widespread in the
goldfield, and these dissolution-reprecipitation processes have
been described previously (Youngson and Craw, 1993; Falconer
and Craw, 2009; Craw and Lilly, 2016; Craw et al., 2016). Over-
growths can add a near-complete coating of new gold on the out-
side of detrital particles, changing their surface textures. However,
observations in this study suggest that these processes only
resulted in superficial modifications to particle sizes and shapes
at the 1–10 mm scale.

Volumetrically more significant are the up to 100 mm wide low-
Ag fine grained rims on gold particles (Figs. 3,4,6–8,10a-d). These
rims result from substantial internal crystallographic and chemical
changes in the gold particles. The fine-grained gold that forms the
rims of most particles occurs in zones that commonly mimic the
present shapes of grains (Figs. 3,4,6–8). In addition, delicate protru-
sions from the margins of grains (Figs. 3d,e, 6a) and thin flat flakes
(Figs. 7d, 8e) typically consist of low-Ag gold. The fine gold grains
in the rims show little or no evidence for internal crystallographic
distortion (Figs. 3,4,6–8), so rim formation must have occurred
after transport-related gold deformation ceased. Thus, we infer
that the rims formed by recrystallisation of deformed gold on the
margins of particles, and that recrystallisation occurred in situ in
the paleoplacers after deposition (Fig. 10c,d). The recrystallisation

Fig. 5. SEM backscatter electron images of external surfaces of detrital gold (light grey) from Eocene paleoplacers near Patearoa (a–c), a proximal Pleistocene paleoplacer (d)
recycled from the Eocene deposits, Miocene paleoplacer at Garibaldi (e–g), and a proximal Pleistocene paleoplacer (h–j) recycled from the Miocene deposit. Subangular gold
particles have sedimentary clay (black) in cavities. Vermiform (examples labelled in a & h) and crystalline gold (e.g., in b, e & j) overgrowths are identified, micron scale, at all
localities.
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required nucleation and growth of small new grains and associated
grain boundary migration, and this may have been driven by strain
energy in the deformed coarse grains (Doherty et al., 1997). Defor-
mation was caused by the repeated impact and abrasion of parti-
cles during fluvial transport. The recrystallisation occurred in a
sedimentary sequence that was <500 m thick, and parts of it were
considerably less than this. Hence, recrystallisation most likely
occurred at temperatures <40 �C.

Recrystallisation particle rims has removed almost all evidence
of transport-related deformation. However, minor crystallographic
distortion and deformation of original grain boundaries persists in
the coarse grained interior of the grains (Figs. 3,4,6–8,10b–d). Pre-
sumably the strain energy in these portions of the particles was not
sufficient to promote more extensive recrystallisation at tempera-
tures <40 �C.

8.2. Chemical transformations

Formation of gold overgrowths on the exterior of particles
results from a combination of inorganic chemical reactions and
microbiological activity in the groundwater-soaked sedimentary
pile (Falconer and Craw, 2009; Reith et al., 2012; Craw et al.,
2015; Craw and Lilly, 2016). The groundwater in all the paleoplacer
sediments has pH between 6 and 9, and is most commonly near 8,
because of the presence of abundant calcite in the basement schists

(Craw et al., 2015; Craw and Lilly, 2016). Metastable thiosulphate
ions (S2O3

2�) that form during oxidation of primary and authigenic
pyrite near to the water table can mobilise Au under the neutral to
alkaline pH conditions that prevail in these sediments (Webster,
1986). Similarly, bisulphide ions (HS-) formed by reduction of
groundwater sulphate near to the water table can also mobilise
Au in a circumneutral pH sedimentary environment (Webster,
1986; Craw and Lilly, 2016).

The same chemical processes can also mobilise Ag and facilitate
its reprecipitation with Au under near-neutral pH conditions
(Webster, 1986). Gold reprecipitated by these processes commonly
contains some Ag, although generally less than in the host gold
(Craw et al., 2015; Craw and Lilly, 2016). The Ag(S2O3)23� ion is
the most soluble complex of the Au-Ag-S-O system, especially
under alkaline conditions (Webster, 1986), so some separation of
Ag from Au is inevitable at high pH. Partial internal recrystallisa-
tion of the gold particles to form the rims involved nucleation of
low-Ag gold grains at the expense of the higher Ag contents of
the coarser grains (Figs. 6–8). Hence, some Ag was preferentially
expelled in solution from the gold particles during this internal
recrystallisation process (Fig. 10), reflecting the relatively high sol-
ubility of Ag compared to Au in high pH groundwater. The Ag
expulsion from within the gold particles during strain-driven solid
state recrystallisation may have occurred along the migrating grain
boundaries. These processes of recrystallisation and Ag expulsion

Fig. 6. SEM EDS maps illustrating the relative variations in Ag contents of gold particles from a Miocene Garibaldi paleoplacer deposit, paired with EBSD crystallographic
orientation maps of grains. Contrasting Ag contents distinguish Ag-bearing gold (pale) from low-Ag gold (dark). (a, b) Subangular particle with highly irregular boundary
between contrasting Ag contents (dotted in EBSD map). (c) Thin gold flake with only minor low-Ag rim development. (d, e) Particle with only small remnant patches of Ag-
bearing gold in the exposed part of the interior (arrowed in d).
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were entirely different from those that formed the overgrowths via
dissolution of Au and Ag and reprecipitation of the Au onto the
exterior surfaces.

8.3. Gold textures and paleoplacer ages

Gold overgrowths formed on detrital gold particles in all the
studied paleoplacers regardless of age (Table 1; Fig. 5). Delicate
overgrowths are rapidly distorted or fully removed by even small
amounts (tens to hundreds of metres) of sedimentary transport
(Craw et al., 2016). Since gold particles in the Pleistocene paleo-
placers now have delicate overgrowths, those overgrowths must
have formed within the Pleistocene sediments after deposition.
Hence, overgrowths can form on time scales of tens of thousands
to a million years, and are expected on all paleoplacer gold in this
environment (Fig. 10c–e). This is in accord with observations of
overgrowths formed and reformed on proximal gold nuggets in
late Pleistocene sediments (Craw et al., 2016), and rapid over-
growth formation in active rivers (Shuster et al., 2017).

The recrystallised rims on gold in the proximal Eocene paleo-
placers examined in this study are narrow, and are distinctly nar-
rower than those in the Miocene paleoplacers (Figs. 3,4,6–8). Some
of the particles in the Miocene paleoplacers are almost completely
recrystallised (Figs. 6–8), although these observations are based

only on two-dimensional sections through portions of three-
dimensional particles. However, we infer that the amount of rim
recrystallisation is not a direct result of paleoplacer age. Gold par-
ticle shapes and observations of geological setting suggest that the
Eocene paleoplacers are closer to their source(s) than the Miocene
paleoplacers, and the gold in the Miocene sediments has been
derived by recycling of the Eocene sediments (Youngson et al.,
2006; Craw, 2010). Therefore, the width of the rims on the gold
particles probably reflects the greater amounts of physical trans-
port and reworking of the gold in Miocene paleoplacers (Fig. 10d).
The greater amount of deformation and particle shape modifica-
tion of the Miocene gold has imparted more extensive strain-
induced recrystallisation and associated expulsion of Ag from the
paleoplacers (Figs. 3,4,6–8,10), perhaps culminating in fully recrys-
tallised and Ag-poor particles (e.g., Figs. 7d, 8e).

From the above observations, it is apparent that in the geologi-
cal context of the Otago placer goldfield, thin (typically �20 mm)
rim recrystallisation occurred after transport of <10 km, and thick
(�20–100 mm) rim recrystallisation occurred after recycling and
transport of >20 km (Fig. 10a–d). The minor amount of transport
and reworking of gold from Eocene and Miocene paleoplacers into
proximal Pleistocene sediments (kilometre scale transport) has
had no additional effects on rim development. However, some sub-
angular gold particles in Cretaceous paleoplacers, implying limited

Fig. 7. SEM derived data of interior features of gold particles from a Miocene Garibaldi paleoplacer deposit, with some paired depiction of relative silver contents, and EBSD
maps of grains, as in Fig. 6. (a) A small Ag-bearing core is surrounded by low-Ag gold which extends through a delicate and complex protrusion on the margin of the particle.
The Ag-bearing gold is coarse-grained, and the low-Ag gold is fine-grained. (b) The EBSD grain size contrast in (a) is shown in enlarged view, with the Ag compositional
boundary drawn on in white. Distortion in large grain in the centre causes a gradation of crystallographic orientations across the grain from bottom to top. (c)–(e) Particles
with varying widths of fine-grained low-Ag rims, including a flake in (d) with no Ag-bearing core.
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transport from basement sources, have wide recrystallised rims
(>100 mm; Fig. 9a). Further, the boundaries between recrystallised
rims and relict cores are more gradual in the Cretaceous paleo-
placer gold (e.g., Fig. 9b; Kerr et al., 2017) than in the younger
examples in this study (Figs. 6–8). These observations suggest that
gold recrystallisation does continue with time, especially associ-
ated with low-temperature diagenesis as in the Cretaceous paleo-
placers (Table 1). The widths of recrystallised rims apparently
reflect both physical transport distance and time since deposition,
although the effect of the latter may only be observable in placer
deposits older than 50 million years.

8.4. Linking placer gold to basement sources

Occurrences of placer gold can be a useful indicator of the exis-
tence of undiscovered gold deposits in basement rocks, and this
approach has been used in a wide variety of geological settings
around the world (Boyle, 1979; Knight et al., 1999a,b; Chapman
et al., 2000; Townley et al., 2003; Garnett and Bassett, 2005;
McClenaghan and Cabri, 2011; Chapman and Mortensen, 2016).
Use of gold compositions is especially useful for placers with rela-
tively short transport distances from sources with distinctive geo-
chemical and mineralogical signatures (1–10 km scale; Knight
et al., 1999a; Chapman et al., 2011; Chapman and Mortensen,
2016). In this study, we show that gold transported up to 20 km,
with at least one stage of recycling, followed by burial and partial
recrystallisation over 20 million years, still retains some record of
the grain size and composition of the original basement source

(Figs. 6–8). However, in the context of the Otago placer goldfield,
this is approaching the maximum useful transport distance for
prospecting purposes, as some gold particles have been largely
recrystallised throughout (Figs. 6d, 7d, 8e). Moreover, it is essential
to identify the original composition within the particles by section-
ing them and not just relying on chemical analyses on grain exte-
riors which are almost certainly compromised by recrystallization
and overgrowths in even the most recent of deposits (Shuster et al.,
2017).

Long distance transport of placer gold involves substantial
shape changes and repeated flattening, folding, and refolding
(Boyle, 1979; Knight et al., 1999b; Youngson and Craw, 1999;
Townley et al., 2003; Garnett and Bassett, 2005). Indeed, it is the
repeated flattening process and resultant increase in flake surface
area that aids the on-going entrainment and transport of gold par-
ticles in rivers with downstream decrease in gradient (Youngson
and Craw, 1999). In this situation, complete recrystallisation of
particles should be expected to occur eventually. This recrystallisa-
tion may not happen in the transporting river, and our observa-
tions suggest that burial and preservation of placer gold for at
least millions of years, and possibly tens of millions of years, is
required for extensive low-temperature recrystallisation of
deformed gold particles. On the other hand, almost all detrital gold
particles, even in active river systems, have undergone some rim
formation (Desborough, 1970; Giusti and Smith, 1984; Groen
et al., 1990; Youngson and Craw, 1993; Knight et al., 1999b;
Chapman et al., 2000, 2011; Chapman and Mortensen, 2016) and
the width of this rim may increase with increasing transport dis-

Fig. 8. SEM images of interior features of gold particles from a Pleistocene Garibaldi paleoplacer deposit, with (a)–(d) showing paired depiction of relative silver contents and
EBSD crystallographic maps of grains, as in Fig. 6. (e) Thin flake is predominantly fine grained low-Ag gold.
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tance and repeated refolding. Nevertheless, gold particles
derived directly from basement sources and transported in modern
rivers can be expected to retain some evidence of their source
deposit composition despite this rim recrystallisation and Ag loss.
If the gold has been recycled from intermediate paleoplacers,
however, there may have been complete recrystallisation
and the link to original source gold composition will have been
lost.

These processes and inferences apply for fluvial transport of
gold. Long distance transport of gold by glaciers, especially the con-
tinental scale ice sheets of the Northern Hemisphere Pleistocene,
will have had little or no effect on gold particle compositions via
the processes described above. However, once the gold was
released into glacial outwash fluvial systems, substantial deforma-
tion of particles will have occurred, making that gold prone to
recrystallisation and progressive rim development.

9. Conclusions

Gold in orogenic and associated supergene basement sources in
the Otago goldfield of southern New Zealand has a coarse grain size
(�100 mm) and Ag content between 3 and 10 wt% (e.g., Fig. 10a).
Erosion and transport of gold particles for short distances
(<10 km) into Eocene paleoplacer deposits caused internal defor-
mation of grains, especially near the edges of the particles (e.g.,
Fig. 10b). Rims of fine grained (�1–20 mm) recrystallised gold
formed around the edges of the particles at some time after
deposition of the gold in the Eocene sediments (e.g., Fig. 10c).

Recrystallisation was driven by stored strain energy in the more
highly deformed marginal grains. The more weakly deformed Inte-
rior grains show some crystallographic distortion but have not
recrystallised (e.g., Fig. 10b,c). Rim recrystallisation was
accompanied by expulsion of Ag in solution, and the rims now have
0–3 wt% Ag.

The gold in a nearby (20 km distant) Miocene paleoplacer has
undergone more extensive recrystallisation (e.g., rims are up to
�100 mm wide; Fig. 10d) than the gold in the proximal Eocene
deposits. Some gold in the Miocene deposits has almost fully
recrystallised to fine grained low-Ag gold, with few or no remnants
of the original basement source characteristics are preserved (e.g.,
Fig. 10e). Gold particles in Cretaceous paleoplacers also have wide
low-Ag rims (�100 mm) despite some of that gold having been
sourced locally with short transport distances, because of subse-
quent diagenetic alteration. Gold in all the Otago paleoplacers
has some delicate gold overgrowths on exterior surfaces as a result
of a combination of dissolution and reprecipitation of gold by
groundwater (Fig. 10c–e). Overgrowths can form and reform on a
time scale of <1 Ma.

The Otago paleoplacer observations show that major recrystalli-
sation of deformed detrital gold particles can occur at low temper-
atures (<40 �C) but may require long time, possibly thousands to
millions of years. The amount of recrystallisation that occurs is
partly affected by transport distance, which imparts the strain
energy to the marginal grains (Fig. 10a–e). Extensive recrystallisa-
tion may also occur during low temperature diagenesis of paleo-
placers over very long time scales (>50 Ma).

Fig. 9. SEM images of the interior structure of gold particles in a moderately etched polished section from a Cretaceous paleoplacer at Waitahuna locality. (a) Backscatter
electron image of a profile across a particle, showing the coarse-grained Ag-bearing core, fine-grained low-Ag outer zones, and the sharp boundary between these (red dashed
lines). (b)–(d) EBSD crystallographic orientation maps of portions of particles, showing the grain size and texture contrasts between coarse grained interiors and fine grained
outer zones. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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