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Abstract
Beach placer gold has been mined around the world historically, but extraction of fine (~ 100 µm) gold particles is notoriously 
difficult. This study illustrates morphological and mineralogical changes that transform fine gold during aeolian processes 
on windy beaches and contribute to mine concentration inefficiencies. Sandblasting on exposed beaches in southern New 
Zealand has caused extreme attenuation of edges of gold flakes that were previously transported in rivers for > 200 km. Flakes 
have been transformed into complex but compact toroids and spheroids with thin (~ 20 µm) internal and external strands of 
attenuated gold. Most of the gold within the attenuated strands has recrystallised to fine (micron-scale) undeformed grains 
with little or no Ag (< 1 wt%). Some coarse (> 40 µm) gold grains remain from the precursor fluvial particles, and these retain 
original Ag contents (1–10 wt%). These coarse grains show substantial internal crystallographic deformation and sub-grain 
formation, although some of these strain effects may have been inherited from fluvial transport. Co-existing detrital platinum 
minerals are much less malleable than gold during sandblasting and have only minor (10-µm scale) toroidal deformation 
on edges of fluvial flakes. The complex frameworks of the fine toroidal and spheroidal gold particles can include air, water, 
and clay, which lowers their average density and so they commonly float on water and are readily entrained with other heavy 
minerals. The fine particle size, compact shapes, and clay coatings also resist mercury amalgamation.
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Introduction

Detrital gold particles in sedimentary systems can provide 
useful information on possible sources, distances of trans-
port, and depositional environments of the gold and other 
heavy minerals (Knight et al. 1999; Youngson and Craw 
1999; Townley et al. 2003; McClenaghan and Cabri 2011; 
McClenaghan and Paulen 2018; Nikiforova 2021; Chapman 
et al. 2021, 2022a,b). The study of these features contrib-
utes to understanding of placer gold concentrations that 
have been mined extensively around the world (Boyle 1979; 
Henley and Adams 1979; Garnett and Bassett 2005). Gold 
compositions, particle morphologies, internal structures, and 
micro-inclusions are the principal features of detrital gold 

that contribute to understanding of the sources and transport 
pathways within a fluvial sedimentary system (Knight et al. 
1999; Youngson and Craw 1999; Townley et al. 2003; Chap-
man et al. 2021, 2022a,b). Most such gold has developed 
deformed shapes after relatively short transport distances 
(km to tens of km; Youngson and Craw 1999; Knight et al. 
1999; Townley et al. 2003; Chapman et al. 2022b; Masson 
et al. 2022). Eventually, flakes can have complex structure 
in detail, becoming folded and refolded and thinned with 
progressive transport (e.g. Figure 1a–d; Craw and Youngson 
1999; Townley et al. 2003; McLachlan et al. 2018; Chapman 
et al. 2022b).

Morphology and structure of placer gold from young 
marine and marginal marine environments around the 
world have been less studied than from fluvial placers, partly 
because these placers have been less commonly mined and 
partly because the gold is especially finely particulate (Boyle 
1979; Eyles 1990; Garnett 2000; Reznik and Fedorunchuk 
2000; Garnett and Bassett 2005; Hou et al. 2017; Ritchie 
et al. 2019; Kungurova 2021). One of the few published 
depictions of detailed morphology of possible fine marginal 
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Fig. 1  Physical and geographic setting for this study of gold par-
ticle transformation processes and the gold textures produced. 
a–d Reflected light views (etched) of typical fluvial gold flakes 
after ~ 80 km of transport from Otago Schist (after McLachlan et al. 
2018). Ag-bearing cores are surrounded by Ag-free gold rims, except 
for d. Flakes in c and d are folded. e Location map for study area 

in the South Island of New Zealand. f Summary topographic map of 
the coastal area for this study and its immediate hinterland, includ-
ing source of placer gold in Otago Schist. PGM, platinum group min-
erals. g Typical toroid on modern beach in the area of this study. h 
Sketches of experimental transformations of detrital gold by aeolian 
sandblasting (modified from Nikiforova 2021)
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marine gold was produced by X-ray imaging of fully lithified 
Archean ore (Holzing et al. 2015). Finely particulate gold in 
young sediments (herein called fine gold, typically ~ 100 µm 
or finer) is difficult to sample as it can float on water and/
or can be carried off with other heavy minerals during con-
centration processes (Craw et al. 2013; 2015a; Shuster et al. 
2016; Ritchie et al. 2019; Craw and Kerr 2021; Kungurova 
2021). These sampling difficulties are particularly strong for 
toroidal and spheroidal beach gold that is generally compact 
and equant rather than flaky in shape (Guisti 1986; Craw 
et al. 2013, 2015a; Craw and Kerr 2021; Nikiforova 2021).

In this study, we extend recent research on the nature and 
context of aeolian toroid-bearing Pleistocene recent gold 
placers on the southern coast of New Zealand (Fig. 1e–g; 
Craw et al. 2013, 2015b; Craw and Kerr 2021). We docu-
ment the morphology, internal structure, and chemistry of 
fine aeolian gold in order to infer some of the specific pro-
cesses that lead to evolution from flaky fluvial gold (e.g. Fig-
ure 1a–d) to form toroids and spheroids in a marginal marine 
setting (e.g. Figure 1g,h). We focus on the fine gold particle 
fraction of a placer mine operation developed in Pleistocene 
marginal marine sediments near Round Hill (Fig. 1f). This 
site has provided a rare sampling opportunity as the process-
ing system is tuned to save fine gold, whereas this fine gold 
fraction is commonly not saved or is poorly represented in 
field and laboratory sampling situations and in other mines 
elsewhere in the world (e.g. Kungurova 2021).

General setting

Gold in the placer in this study was derived ultimately from 
the Otago Schist orogenic and placer goldfield, ~ 200 km to 
the north (Fig. 1e,f) and underwent several stages of recy-
cling and downstream transport over that 200 km through-
out the Cenozoic (Upton and Craw 2016; McLachlan et al. 
2018; Craw and Kerr 2021; Chapman et al. 2022b). Gold 
particle transport and associated recycling in that complex 
history resulted in strongly deformed and folded flakes, as 
observed at intermediate stages in that pathway (Fig. 1a–d). 
The sources of coexisting platinum minerals in the plac-
ers are not well defined, but most are inferred to have been 
derived from an ophiolite belt on the southwestern margin 
of the Otago Schist (Fig. 1e,f) and undergone similar fluvial 
transport to the gold (Craw et al. 2013). Some more locally 
derived platinum is inferred to have come from gabbro in the 
Longwood Range that forms the basement to this study area 
(Fig. 1f; Ashley et al. 2012; Craw et al. 2013).

The coastal placer system has been fed by the Waiau 
River catchment since the Miocene (Fig. 1f; Upton and Craw 
2016). However, during times of lower sea levels, the area 
that is now offshore was a broad flat fluvial plain (Cullen 
1967), and heavy minerals were transported farther south. 

The currently observable beach placers were formed at times 
of relatively high sea level, as at present. The coastline is 
undergoing slow tectonic uplift, and placer-bearing Pleis-
tocene beaches > 200 ka are preserved ~ 50 m above present 
sea level (Turnbull and Allibone 2003; Craw et al. 2013; 
Craw and Kerr 2021). The best developed concentrations 
of heavy minerals, including most of the mined gold and 
platinum, occur where uplifted Pleistocene beaches have 
been eroded into short streams that recycled these beach 
sediments back towards the coast (Turnbull and Allibone 
2003; Craw and Kerr 2021). Gold and platinum minerals 
have accumulated principally at the base of these short 
paleochannels, especially where they were incised into the 
basement (Craw and Kerr 2021).

The coastline in this area is exposed to strong winds and 
associated surface currents directed onshore from the west 
and southwest, in the global-scale wind system known collo-
quially as the Roaring Forties (Figs. 1f and 2a–d). The winds 
and currents drive strong surf on to beaches, with a general 
longshore drift of sediments from west to east (Figs. 1f, 2a,b 
and 3a). Active beaches are washed by strong surf on a daily 
basis, forming localised concentrations of heavy minerals, 
including gold and platinum minerals (Fig. 3a). Prevailing 
winds from the west that sweep around the coast commonly 
gust over 50 km/hour and periodically exceed 100 km/
hour (Fig. 2c,d). These winds regularly drive sand at high 
velocities across beaches, to pile up as dunes on low-relief 
landward areas (Fig. 2b). The wind systems are likely to 
have been similar or stronger at times in the Pleistocene 
(Crundwell et al. 2008). Extreme Pleistocene wind-blown 
sand erosion on the exposed west coast of nearby Stewart 
Island (Fig. 1e) has formed granite ventifact cobbles and 
associated wind-sculpted granite outcrop surfaces (Bishop 
and Mildenhall 1994).

Sample site and methods

Material for this study was obtained from a mining company 
with an active placer mine in a Pleistocene paleochannel 
draining from the Longwood Range (Fig. 2b; Craw and Kerr 
2021). The mine is a small–medium-sized operation which 
produces between 500 and 1000 oz (15–30 kg) of gold per 
year. The hosting paleochannel is the Pleistocene course of 
the modern Ourawera Stream (Fig. 2b) and contains recycled 
and reconcentrated heavy minerals from raised beach sand 
concentrates on the lower slopes of the Longwood Range 
(Fig. 2b). These natural concentrates are dominated by gar-
net and ilmenite (Fig. 3a,b). Gold, with minor platinum, was 
mined historically in the headwaters of this paleochannel, 
and a modern mine was developed in the middle reaches 
(Fig. 2b). The paleochannel is covered by thin (~ 20 m) 
Pleistocene–Holocene terrestrial and marginal marine sands, 
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silts and muds, organic-rich wetland sediments, and Holo-
cene beach-margin sand dunes in the lower reaches (Fig. 2b).

The studied heavy mineral concentrate (Fig. 3c–f) was 
obtained from the end of the routine production-processing 
stream. Several stages of gravity settling of heavy miner-
als from an ore slurry initially yielded a mine concentrate 
rich in gold and platinum minerals. Relatively coarser gold 
(~ 0.5 mm) was removed from this mine concentrate by 
mercury amalgamation, but this process did not affect the 
fine gold fraction or the platinum (Fig. 3d–f). The result-
ant residual tailings from the amalgamation stage contained 
relatively abundant fine toroidal gold particles, which are 
generally difficult to save during commercial extraction or 
recreational panning. The sample examined in this study 

included > 1000 flakes of a mixture of gold and platinum 
(Fig. 3c–f), including several hundred toroidal particles.

Initial observations of exterior surfaces of particles in the 
sampled material were made via standard light stereomicros-
copy. Subsets of particles were mounted onto aluminium 
stubs using double-sided carbon tape for more detailed 
observations on particle morphology on a Zeiss Sigma VP 
(variable pressure) scanning electron microscope (SEM) at 
the Otago Micro and Nanoscale Imaging (OMNI) (Univer-
sity of Otago, New Zealand). Backscatter electron images 
(BEI) were obtained at 15 kV without carbon coating. Iden-
tifications and compositions of heavy mineral particles, 
including platinum minerals, were obtained using energy 
dispersion analytical facility (EDX) on the SEM.

Fig. 2  Physical setting for the marginal marine site of this study. a 
Typical wind patterns in the Southern Ocean (from earth.nullschool.
net) that lead to prevailing west to southwest winds in southern New 
Zealand. b Oblique DEM looking north from the south coast to the 
Round Hill mining area (Fig. 1f), showing location of mined Pleisto-

cene channel that underlies the Holocene surficial deposits. The mine 
is 3  km from present coast. c,d Representative data for maximum 
daily wind gusts (from cliflo.com.nz; same scales for both) at weather 
stations in the vicinity of the study area (located in Fig. 1f)
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Random selections of particles were shaken on to sticky 
tape before being embedded in 25-mm epoxy resin discs 
that were then ground to expose sections through the par-
ticles. These two-dimensional sections lack a third dimen-
sional view, but the sheer abundance of particles available 
in the mine production concentrate largely compensates for 
this two-dimensional bias. The discs were finely polished 

with a 1-µm diamond paste for examination initially via 
reflected light microscopy. The discs were then etched 
with aqua regia to remove the smeared surficial gold pol-
ishing layer, and then coated with a 10 nm thick layer of 
carbon (Stewart et al. 2017). Etching of gold containing 
silver (Ag) commonly leaves an irregularly distributed 

Fig. 3  General mineralogical setting for the mine concentrate exam-
ined in this study after passing the Hg amalgamation stage. a Modern 
beach (Orepuke, Fig. 1f) with heavy mineral concentrates (including 
gold and Pt minerals) formed naturally by surf and exposed to wind 
abrasion at low tide. b Heavy mineral concentrate from the modern 
Round Hill mine: black = ilmenite and magnetite; red and pink = gar-
net; green = epidote and apatite; yellow = gold; white = zircon. c Gold 
(yellow) and platinum (white) flakes in production concentrate from 
the modern mine, after Hg-amalgamation, photographed forming a 

floating raft on water surface despite much agitation. d, e Gold and 
platinum mineral flakes in production concentrate. Coarser gold has 
been removed as Hg-amalgam, leaving finer gold, some of which has 
minor Hg-amalgam (yellow arrows). f SEM backscatter image of pro-
duction concentrate after amalgamation (as in c,d,e). Gold toroids are 
in yellow circles. Some ferroan platinum flakes have incipient toroi-
dal rims (red arrows). Euhedral platinum mineral particles are indi-
cated in red squares
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Ag-bearing surficial residue that interferes with EDX 
analysis, making such analyses semi-quantitative only.

Internal grain structures of etched gold particles were 
revealed by electron backscatter diffraction (EBSD) maps 
that were generated using the same Zeiss VP FEG SEM 
equipped with an Oxford Instruments Nordlys F EBSD cam-
era (Prior et al. 1999, 2009; Stewart et al. 2017; McLachlan 
et al. 2018). The EBSD patterns were collected in high vac-
uum mode with the sample tilted to 70° and using an accel-
erating voltage of 20 kV, aperture of 300 µm and a working 
distance of ~ 30 mm. The gold particles were mapped by 
scanning the electron beam over rectangular map areas that 
were of the order of 100 µm wide and 100 µm high using 
a step size of 0.3, 0.4, or 0.5 µm. The EBSD patterns were 
illuminated on a phosphor screen and imaged by the EBSD 
camera using the Speed 2 Binning Mode, an exposure time 
of 1.75 ms and camera gain of 1. The imaged EBSD patterns 
were automatically indexed by Oxford Instruments Aztec 
version 4.1 SP1 software, and the resulting EBSD data was 
exported to HKL Channel 5 for cleaning and processing. 
Maps were cleaned using the noise reduction module, which 
started with removal of ‘Wild spikes’ and was followed by 
iterative replacement of zero solutions that have down to 6 
similar neighbours. EBSD map pixels were digitally col-
oured according to crystallographic Euler angles (Nolze 
2015), using the Aztec software, and are presented as inverse 
pole figure (IPF-X) maps. Crystallographic misorientation 
maps were created in which pixels were coloured according 
to average local misorientations below the subgrain angle 
of 2° using a rectangular filter size of 3 × 3. Grain bounda-
ries were added where misorientation angles were > 10° 
and sub-grain boundaries were added where misorientation 
angles were > 2°. Etching with aqua regia tends to enhance 
dissolution of grain boundaries and other discontinuities 
such as polishing scratches, and that enhanced dissolution 
results in sloping surfaces at the micron scale that are not 
easily indexed by the EBSD system, leaving blank pixels in 
some areas. Attempts at producing EBSD maps of platinum 
particles accompanying the fine gold had only limited suc-
cess (on euhedral particles), and this was not pursued on 
platinum flakes.

Terminology

There can be terminological confusion whereby the same 
words are used for different meanings in studies such as this 
one in comparison to other published works, so we define 
here our usage of words (as initiated in above text) that are 
most likely to cause confusion. Particles are detrital mineral 
fragments that have undergone sedimentary transport. Most 
of these particles have internal structures made up of inter-
locking mineral grains that have various crystallographic ori-
entations. Fine (and coarse) particles refer to the overall size 

of the particles, in contrast to grain size, which is an internal 
feature of the particles and is commonly variable within par-
ticles. Gold is an Au–Ag alloy, typically a particle, and we 
refer to compositions of that alloy in general terms of whether 
it is Ag-bearing or Ag-free, labelled in particle interiors in 
several figures herein as Au + Ag and Au, respectively. In the 
context of EDX analyses as outlined above and our previous 
work (e.g.Craw et al. 2013; McLachlan et al. 2018), this dis-
tinction is equivalent to 1–10 wt% Ag for Ag-bearing gold 
and < 1 wt% for Ag-free gold. Consequently, we specifically 
avoid referring to gold compositions in terms of fineness (cf 
Craw et al. 2013). Some artificial (process-related) amalgams 
of gold and mercury are depicted as HgAu.

Results

Gold morphology and composition

Gold particles show a range of external shapes, from 
toroidal flakes to spheroids (Fig. 3c,f and 4a–g). The 
most distinctive features of many of the flaky gold par-
ticles are their thin attenuated margins that have curled 
around the edges of the particles (Figs. 3c,f and 4a–g). 
These attenuated margins form the toroidal rims and 
extend towards the centres of the particles (Figs. 4a–g 
and 5a–i). Some of these attenuated edges have become 
so extended that they overlap in the particle centres 
(Fig. 5f–i). A combination of this extension of margins 
and overall shortening of the flake centre has led to for-
mation of spheroids with complex internal structures 
(Figs. 4e–g and 5d,g–i). Some of the spheroids have been 
formed from thinly extended toroidal flakes that have 
been refolded in on themselves (Fig. 5g–i). These, and 
other similar spheroidal particles, have multiple internal 
strands (5 g–i). All toroids and spheroids observed in 
this study have at least some clay adhering to exterior 
and interior surfaces (Fig. 4a–g), although most clay was 
washed from the particles in Fig. 5a–i during sample 
preparation.

Portions of the cores of many toroidal flakes have rem-
nants of Ag-bearing gold (Fig. 5b–g) that formed the core of 
most original fluvial flakes (e.g., Fig. 1a–c). Likewise, some 
of the larger internal strands of more complex particles have 
remnants of this Ag-bearing gold. These contrasting gold 
compositions are difficult to resolve with SEM–EDX analysis 
because the boundaries between areas of different composi-
tion are complex and interdigitated at the 3-µm scale of the 
electron beam. However, the differential etching and contrast-
ing colours of electron backscatter images suggest that the 
boundaries are sharp at the micron scale (Fig. 5b–d). The 
central portion of the spheroid in Fig. 5d has 14–16 wt% Ag.
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Gold internal grain structure

The internal grain structure of the gold as revealed by 
EBSD analysis shows that there is a combination of rela-
tively coarse grains and finer grains within each particle 
(Fig. 6a–f). The coarser grains are typically 10–20 µm 
across, whereas the finer grains are < 1 to 10 µm across, 
and different portions of each particle have clusters of 
these contrasting grain sizes (Fig. 6a–f). The coarser grains 
have apparently been partially replaced by clusters of finer 
grains in many parts of the particles. In the incipiently 
formed toroidal flake in Fig. 6a, coarse grains occur right 
around the exterior surface and extend into the attenuated 
margins, while the bulk of the particle consists of finer 
grains. Well-developed toroidal flakes have coarser grains 
in their interior portions and some minor patches of coarse 
grains elsewhere in the particles (Figs. 6a–e and 7a). Fine 
grains predominate elsewhere in the toroidal particles, 
especially in the attenuated edges (Figs. 6a–d and 7b–i). 
Some of the finest grains are undistorted (Fig. 7d,i), but 
many show some distortion (Fig. 7f,g).

The spheroidal particle in Figs. 5d and 6e has a distinct 
relict Ag-bearing core zone that consists of relatively coarse 
grains surrounded by finer grains that extend throughout the 

complexly attenuated margins. The coarse Ag-bearing grains 
have internal misorientations and have highly irregular edges 
where clusters of finer grains have partially overprinted 
these edges (Fig. 6e,f). Similar irregular edges and deforma-
tion microstructures are also evident in some of the coarse 
grains in other toroids (Fig. 6c,d). In contrast, the spheroidal 
particle in Figs. 6b and 7a has coarsest grains with variable 
misorientations on parts of the outer edge and finer grains 
with fewer misorientations in the central strand (Fig. 7b–i).

Platinum mineral morphology

Platinum minerals are not a principal topic of this study, as 
they were described in detail previously (Craw et al. 2013). 
However, the presence of platinum minerals, dominated by 
ferroan native platinum, with the toroidal gold in the mine 
concentrate presents a useful opportunity for direct com-
parison of the relative malleability of gold and platinum 
minerals in this setting. Platinum minerals occur as locally 
derived euhedral particles (Figs. 3f and 8a–c) and flakes 
that have undergone long-distance transport (Figs. 3f and 
8d–g). Euhedral particles have textures indicative of only 
minor deformation during transport, such as fractured cor-
ners and/or incipient rounding (Fig. 8a,b). Internally, particle 

Fig. 4  SEM backscatter images of gold concentrated from the mod-
ern mine, showing morphology of exterior surfaces and internal clay 
inclusions. a General view of gold particles. b–d Particles with com-
plex thickened toroidal rims on flakes and extended protrusions. e,f 

Spheroidal shapes formed by extreme extension and folding of toroi-
dal protrusions. g Spheroidal shape inferred to result from advanced 
toroidal development
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rims show misorientations and some sub-grain formation 
accompanying external rounding (Fig. 8c,d). Particles that 
underwent long-distance transport are thin discoid flakes 
with rounded rims (Figs. 3f and 8e–h). There has been minor 
deformation of some of these rims to form incipient toroidal 
protrusions at the 10-µm scale (Figs. 3f and 8b,e–h). The 
scale of these toroidal protrusions is very small compared to 
the coexisting gold (Figs. 3f and 8g,h), and any larger-scale 
internal deformation in platinum minerals (e.g., Fig. 8c,d) 
is presumed to be a result of fluvial transport, not aeolian 
processes.

Discussion

Low‑temperature gold transformations

Gold on the beaches of this study area (e.g. Figures 1g and 
3a) arrives after a long-distance fluvial transport and associ-
ated deformation (Figs. 1a–d and 9a–d). The beach gold is 
then subjected to sandblasting whenever it is exposed and 
concentrated at the beach surface by surf action (Fig. 3a). 
The toroidal gold examined in this study formed initially 
on a Pleistocene beach under similar windy sandblasting 

conditions, or perhaps even windier conditions. The gold 
was subsequently uplifted, recycled a short distance down-
stream (1–2 km), and buried ~ 20 m deep in a paleochan-
nel (Fig. 2b). Hence, all processes, fluvial and coastal, 
involved in these transformations of the gold morphology 
have occurred at low temperatures near to the present surface 
mean annual temperature of ~ 10 °C.

Despite the low temperature of these morphological 
transformations, there have been major crystallographic 
changes within the particles during fluvial transport and on 
beaches, of the types summarised in Fig. 9a–h. These trans-
formations have been accompanied by the loss of Ag from 
the original Au–Ag alloys (Fig. 5b–i). Features in the transi-
tion from coarse-grained and variably deformed Ag-bearing 
gold to fine-grained and locally unstrained Ag-free gold are 
depicted in Figs. 6 and 7. However, the proportion of fluvial 
and aeolian contributions to these changes is not clear and 
is discussed in the next section.

This transition reflects progressive recrystallisation and 
annealing of the gold, similar to processes that occur in 
many other geological materials, typically at higher tem-
peratures (Doherty et al. 1997; Prior et al. 1999, 2009). 
Deformation has led to crystallographic distortion and local 
sub-grain development in the coarse grains, as in Fig. 6e,f. 

Fig. 5  Internal views of gold in production concentrate that passed 
through Hg amalgamation. a Reflected light view of concentrate, 
with ferroan platinum (white) and abundant gold toroid sections. b–d 
SEM backscatter images of gold toroids (b,c) and a spheroid (d) after 
aqua regia etching, showing Ag-bearing cores (darker) and Ag-free 

rims and folded toroidal protrusions (lighter). e–i Close reflected-
light views of sections through toroidal and spheroidal gold, showing 
a progression in complexity from simple proto-toroidal flakes with 
Ag-bearing cores (e–g; paler colour in Ag-bearing centres, labelled 
Au + Ag) to multilayered forms that have uniformly low Ag (h,i)
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Fig. 6  EBSD maps of toroidal and spheroidal gold particles, show-
ing internal grain sizes and structure. Grain misorientation bounda-
ries at > 2° (thin grey lines) and > 10° (thick white lines) have been 
inserted. Stereographic triangle (centre) applies to IPF maps. a IPF-X 
map of deformed flake with attenuated proto-toroidal extremities. b 

IPF-X map of spheroidal particle (as in Fig.  7a–d). c,d IPF-X map 
of multilayered toroidal flakes. e IPF-X map of spheroidal particle in 
Fig. 5d, with thick coarse-grained Ag-bearing central strand. f Local 
misorientation map of coarse central grains in e, showing abundant 
internal misorientations
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The proportion of fine grains increased with increasing 
particle deformation, and micron-scale annealed grains 
became progressively more abundant, although many finer 
grains have subsequently been deformed as well (Fig. 7f,g). 
Fully annealed gold consists of interlocking fine grains with 

widely ranging crystallographic orientations and only minor 
distortion on outer grains (Fig. 7b,d).

Recrystallisation to relieve internal grain deforma-
tion as a result of cold-rolling of impure gold has been 
observed in industry-related experiments (e.g. Cho et al. 

Fig. 7  Close views of EBSD maps (legends at centre right, as in 
Fig. 6), with associated index images to show locations. a BSE image 
of a spheroidal particle (as in Fig. 6b) with locations of maps in pan-
els b–d. b IPF-X map showing contrasting grain sizes from outer 
edge (left) to central strand (right) of spheroid in a. c Local misori-
entation map of coarse grains on the outer edge of spheroid in a. d 
Local misorientation map of fine grains on the central strand of 

spheroid in a. e Toroid (Euler colours) showing locations of maps 
in panels f and g. f Local misorientation map of central strand and 
attenuated protrusions of toroid in e. g Local misorientation map of 
attenuated toroidal protrusion. h Toroid (Euler colours) showing loca-
tion of IPF map in panel i. IPF-X map of fine grained toroidal protru-
sion (right) extending from coarse grained central strand (left)
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2005; Hui et al. 2018), but these experiments involved 
short-term (hours–days) annealing at elevated tempera-
tures. Preferential removal of Ag to leave purer gold 
(dealloying) has also been studied in industry-related 
contexts (e.g.Erlebacher et al. 2001; Chen-Wiegart et al. 
2013; Hui et al. 2018), although the specific aim of these 
experiments has been to produce nanoporous gold rather 
than the fully recrystallised gold observed in toroids. 
Our observations of the internal structure of beach gold 
(Figs. 6 and 7) suggest that similar processes to those 
that have been investigated on human time scales have 
occurred within the beach gold as a result of deformation 
under surficial low-temperature conditions.

Evolution from fluvial gold to aeolian beach gold

Morphological evolution of detrital gold in a river system 
principally involved development of flakes of decreasing 
thickness and increasing complexity (Figs. 1a–d and 9a; 
Knight et al. 1999; Youngson and Craw 1999; Townley 
et al. 2003; Chapman et al. 2022b). Most rims have recrys-
tallised to low-Ag gold with grain size of typically 5–10 µm 
(Fig. 9b). More rarely, very fine-grained (locally sub-micron) 
surface smears have been imposed during fluvial transport 
(Fig. 9c,d; Kerr et al. 2017). The thin flaky fluvial gold has 
been the precursor for the beach gold that is mined at the 
site in this study, and some such flakes have survived despite 

Fig. 8  Contrasting textures of 
equant and flaky ferroan plati-
num particles. Proto-toroidal 
rims are indicated with red 
arrows. a, b SEM backscatter 
images of angular and slightly 
rounded equant particles. c 
EBSD IPF map of a section 
through a rounded equant parti-
cle. Stereographic triangle as in 
Figs. 6 and 7 legends. d Close 
view of the rim of particle in c, 
showing abundant misorienta-
tions > 2° but < 10° on a local 
misorientation map. e, f SEM 
backscatter images of flakes 
with proto-toroidal rims, with 
flat face view in d and side-view 
in e. g, h Incident light views 
of sections through flakes with 
proto-toroidal rims indicated. 
Gold toroids are included for 
comparison
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the aeolian beach processes (Craw et al. 2013, 2015a; Craw 
and Kerr 2021). These flakes have been mostly removed by 
Hg amalgamation from the concentrate used in this study 
(remnants in Fig. 3d,e).

The fine aeolian gold that has persisted through Hg amal-
gamation to occur in the amalgamation tailings that consti-
tute the studied material has more compact and complex 
morphology than fluvial flakes (Figs. 4a–g and 5a). Experi-
mental work by Nikiforova (2021) has shown that only 100 h 
of sandblasting is needed to produce toroidal and spheroidal 
particle shapes (Fig. 1h), and in the real beach environment, 
intermittent sandblasting occurs on time scales of weeks to 
years (Figs. 2b–d and 3a). Hence, we infer that aeolian beach 
processes have physically transformed the shapes of the 
particles described in this study. The resultant cumulative 
lateral extent of thin elongated strands within a complex aeo-
lian particle such as that depicted in Fig. 5h is > 1 mm and is 
therefore broadly similar to highly deformed fluvial flakes, 
such as those in Fig. 1c,d, that are plausible precursors.

The coarse grains in both fluvial flakes and aeolian gold 
are probably primary features inherited from the source gold 
deposit (Stewart et al. 2017; Chapman et al. 2022b). Strain 
effects seen in the coarse grains in aeolian beach gold may 
have been inherited from the fluvial stages of transport, 
or imposed by sandblasting on a beach, or resulted from a 
combination of both sources of deformation. In this context, 
some multiple strands in the cores of the aeolian beach gold 
(e.g., Fig. 5g–i) may have been inherited from folded fluvial 
flakes (e.g., Fig. 1c,d) with inherited coarse grains that may 
have been already been strained (e.g., Fig. 6b,c).

Similarly, at least some of the recrystallised fine grains in 
toroidal particles may have been inherited from the precursor 
fluvial flakes. However, the fine grains in the more extremely 
attenuated rims of toroidal and spheroidal gold (1–2 µm; 
Figs. 6a–e, 7d,f,g,i and 9g) are smaller than those typically 
found on the rims of fluvial gold (5–10 µm; Fig. 9b). The 
fine grains that form the attenuated margins of the aeolian 
beach gold more closely resemble the micron-scale grains 

Fig. 9  Summary comparison of gold particle deformation between 
fluvially transported flakes (left, as in Fig.  1a–d) and beach gold in 
this study (centre and right). a External view of typical fluvial flakes. 
b EBSD IPF map of part of a section through a flake (after McLa-
chlan et  al. 2018) between fine-grained recrystallised Ag-poor rim 
(left) on coarse-grained deformed Ag-bearing core (right). c SEM 
backscatter image of a smeared mylonitic external surface (after Kerr 
et al. 2017). d EBSD Euler map showing fine grain size of smeared 

surface, as in c. e SEM backscatter images of beach gold (after Craw 
and Kerr 2021) showing external features in transition from toroidal 
flakes and dumbells to spheroids. f Incident light view of sections 
through toroidal flakes. g EBSD IPF map of the rim of a toroidal 
flake with relict coarse-grained Ag-bearing gold (centre left) and pro-
trusions of finer grained Ag-poor gold. h EBSD IPF map of a section 
through a fully recrystallised fine-grained Ag-free spheroid
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in smears on the margins of fluvial gold that have been 
derived via focused deformation of the Ag-free fine gold 
rims (Fig. 9d; Kerr et al. 2017). Hence, there is an apparent 
grain-size difference between fluvially generated fine, Ag-
free gold, and fine gold generated by sandblasting.

We conclude from these observations that most of the fine 
grains in the highly attenuated and delicate protrusions that 
characterise some toroids and the spheroids (e.g. Figure 9h) 
were formed by deformation and recrystallisation during 
and after the sandblasting process, and these processes have 
overprinted many grain structures inherited from the fluvial 
regime. This wind-driven deformation and recrystallisation 
may also have spread towards the cores of the particles to 
deform and partially recrystallise the relict coarse grains 
(Fig. 6e,f), especially coarse grains that are close to the 
margins of the particles. These recrystallisation processes 
were accompanied by the loss of Ag, which was presum-
ably leached along evolving grain boundaries in a similar 
manner to that inferred for fluvial gold transformations and 
Ag loss (Craw et al. 2017; Stewart et al. 2017). In the beach 
environment, this loss of Ag may have been facilitated by 
dissolution during twice-daily tidal inundation by chloride-
rich seawater.

Economic implications

The only positive economic effect of the aeolian transforma-
tion processes of beach gold has been continued extraction 
of Ag from relict coarse grains, a process that is initiated 
in the fluvial system (Fig. 1a–d), and has some economic 
significance as the bulk gold produced by a mine is more 
pure (Craw et al. 2017). Apart from that point, the results 
of this study provide physical and mineralogical context for 
the well-known difficulties of concentrating and saving fine 
beach gold during mining (Kungurova 2021). These con-
centration issues are mostly described in unpublished com-
pany reports and folklore of recreational panners and have 
received little previous scientific study. The tendency of fine 
flaky minerals to float on the surface tension of water is a 
common phenomenon (e.g. platinum minerals in Fig. 3c). 
However, flotation of more equant, even spheroidal, beach 
gold observed in this study helps to explain why that gold is 
so elusive in concentration processes (Fig. 3c).

The issues of floating gold and entrainment with other 
heavy minerals are made even more problematic because 
the toroidal and spheroidal gold particles have high inter-
nal surface area in a compact morphology (Fig. 5a–i). That 
compact shape commonly includes air, water, or clay min-
erals (e.g. Figure 4b–g) that lower the average density of 
the particles. The small-size compact nature and lower net 
density of these aeolian gold particles mean that they are 
readily entrained with other more abundant heavy miner-
als, in this case garnet and ilmenite (Fig. 3a,b), and do not 

readily sink in a processing slurry. In addition, the small size 
and compact morphology of the fine beach gold, especially 
spheroids, helps to resist Hg amalgamation because the sur-
face tension of spherical Hg droplets is too great to allow Hg 
interaction, compared to associated gold flakes that are more 
reactive (Fig. 3d,e). Clay coatings on parts of the exterior 
of particles (Fig. 4b–g) further inhibit Hg amalgamation by 
separating Hg droplets from the gold (Malloch et al. 2017).

Not all beach gold globally is toroidal, since abundant 
beach toroid formation requires a relatively rare setting and 
set of associated processes (Fig. 2a–d; 3a). However, incipi-
ent toroid formation can occur in less favourable beach set-
tings (e.g. Craw et al. 2006) and contribute to gold concen-
tration inefficiency. Conversely, toroids can occur in placer 
deposits far from the coast (Giusti 1986; Youngson 2005; 
Nikiforova et al. 2011) and thereby contribute to gold con-
centration inefficiency as well. As a result of all these fea-
tures of fine aeolian gold, efficient extraction is extremely 
difficult and monitoring of that efficiency by, for example, 
panning gold mine tailings, is also difficult for the same rea-
sons. Anecdotal evidence from the mine in this study indi-
cates that repeated reprocessing of tailings always produces 
more fine gold, albeit uneconomically.

Conclusions

Toroidal and spheroidal gold particles with delicate, com-
plex, and compact shapes were formed by sandblasting on 
active surf beaches on an exposed coast subjected to frequent 
strong winds. This aeolian gold was formed from thin flakes 
transported 200 km to the area by rivers. Fine aeolian gold 
particles (~ 100 µm) are difficult to concentrate and save in a 
mining environment because they commonly float on water, 
become entrained with more abundant heavy minerals, and 
resist amalgamation with Hg. These effects are exacerbated 
by the presence of clay within the particles, as the average 
density of particles is lower and clay inhibits surface inter-
action with Hg. This study focused on fine aeolian particles 
that bypassed Hg amalgamation in an active mine in Pleis-
tocene marginal marine sediments.

Sandblasting has caused low-temperature deformation of 
the gold into the complex shapes. Edges of particles have 
become strongly attenuated to form multiple strands that 
are typically only ~ 20 µm across within particles, but have 
cumulative linear extents of ~ 1 mm, similar to the precur-
sor fluvial flakes. Internally, some original coarse (> 40 µm) 
grains remain and these retain original Ag contents (1–10 
wt%). These coarse grains show substantial internal crystal-
lographic misorientation and sub-grain formation. Most of 
the gold in the attenuated margins has recrystallised to finer 
and less-deformed grains (1–2 µm) with little or no Ag (< 1 
wt%). This recrystallisation was induced by the sandblasting 
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processes and subsequent annealing. The amount that aeo-
lian-driven microstructural transformations extend into the 
core of the gold particles is not clear, as some strained grains 
and associated recrystallised grains may have been inher-
ited from the fluvial stages of transport. However, coarse 
grains on the exterior of toroidal and spheroidal particles 
have almost certainly been partially recrystallised, with loss 
of Ag, by aeolian processes.

The high malleability of gold that has permitted forma-
tion of toroids and spheroids is strongly contrasted with 
the much harder platinum minerals that accompany the 
gold and have had a similar deformation history. Ferroan 
native platinum flakes have only incipient development of 
toroidal edges, at the 10-micron scale, and minor internal 
crystallographic deformation has been inherited from fluvial 
transportation.
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