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Gold nuggets occur predominantly in quartz veins, and the current paradigm
posits that gold precipitates from dilute (<1 mg kg™ gold), hot, water + carbon

dioxide-rich fluids owing to changes in temperature, pressure and/or fluid
chemistry. However, the widespread occurrence of large gold nuggets is

at odds with the dilute nature of these fluids and the chemical inertness of
quartz. Quartzis the only abundant piezoelectric mineral on Earth, and

the cyclical nature of earthquake activity that drives orogenic gold deposit
formation means that quartz crystals in veins will experience thousands of
episodes of deviatoric stress. Here we use quartz deformation experiments
and piezoelectric modelling to investigate whether piezoelectric discharge
from quartz can explain the ubiquitous gold-quartz association and the
formation of gold nuggets. We find that stress on quartz crystals can generate
enough voltage to electrochemically deposit aqueous gold from solution as
well as accumulate gold nanoparticles. Nucleation of gold via piezo-driven
reactionsis rate-limiting because quartzis aninsulator; however, since gold
isa conductor, our results show that existing gold grains are the focus of
ongoing growth. We suggest this mechanism can help explain the creation
of large nuggets and the commonly observed highly interconnected gold
networks within quartz vein fractures.

Ore deposits represent natural enrichments of elements compared
with their normal distribution in Earth’s crust. Gold deposits stand
out by having the highest degree of enrichment, by factors of 10° to
10*required to make economic deposits (4-40 ppmgold), compared
with base metals, such as copper, that require ~200x enrichment. Gold
nuggets represent the most extreme examples of this gold enrichment.
Most nuggets originate from the quartz veins formed in orogenic gold
systems found around the world. These systems have had exceptional
economicimportance throughout human history, representing up to
75% of all gold ever mined'.

Inorogenic gold systems, gold-bearing hydrothermal fluids from
the mid- to lower crust are transported along fracture networks by
seismic ruptures associated with regional collisional tectonics>*. These
systems are hosted in rocks of variable metamorphic grade involv-
ing mid- to upper-crustal conditions between 200 °C and 650 °C and
1-5 kbar (100-500 MPa)*°. The pervasive occurrence of crack-seal
microstructures in quartz-carbonate veining found in these deposits
indicates formation from hundreds to thousands of episodic fluid
infiltration events, each associated with separate earthquakes®”.
The cyclic nature of these seismic events means that fractures are
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Fig.1| Quartz crystal models depicting the relationship betweena CPO
(‘texture’) and piezoelectric polarization. a, Top: when {a} axis orientations
are uniformly distributed, the tensor exhibits very poor polarization. Bottom:
conversely, where a strong preferred orientation is present in the quartz {a} axes,
the piezoelectric tensor is highly polarized. b, Integrated piezoelectric potentials
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dashed orange line represents the experimentally calibrated potential for a
quartzsingle crystal.

periodically opened and filled with fluids, resulting in spatially focused
quartz-gold vein systems®®,

At the mineral system scale, the overall mechanisms responsible
forthetransportand deposition of gold are relatively well understood,
resulting from an interplay between geochemical and structural fac-
tors. Geochemists have focused on causes of fluid chemistry changes to
explaingold deposition, whereas structural geologists have focused on
physical mechanisms driving fluid flow. However, the formation of large
native gold accumulationsin orogenic quartz veins remains enigmatic.
They represent along-unsolved paradox: the solubility of gold in fluids
isupto-~1ppm (ref.9), whereas thelocal concentration of gold in quartz
can greatly exceed 50%, occasionally producing nuggets and masses
of gold-quartzreef weighing tens to hundreds of kilograms (10 kg Au
requires 10 millionkgH,0, equivalent to five Olympic swimming pools).
The formation of gold nanoparticles has been offered as a solution
becauseit represents a way to exceed this solubility constraint’®", but
we still lack a clear mechanism that would cause billions of nanopar-
ticles to accumulate in one place preferentially. In other gold deposit
types, such as epithermal deposits, ‘bonanza’-grade gold ore results
from stable boiling of fluids near the surface. This mechanism leaves
a clear textural and geochemical signature that cannot be applied to
most orogenic deposits since sustained boiling is not possible below
~2 kmdepth'®. Here, we show that piezoelectric discharge from quartz
crystals may provide a suitable explanation for extreme gold enrich-
mentinorogenic quartz veins.

The piezoelectric effect of quartz

Quartzisthe only common mineral that forms crystals lacking a centre
of symmetry (‘non-centrosymmetric’). Non-centrosymmetric crystals
distorted under stress have animbalance in their internal electric con-
figuration, which produces anelectrical potential—or voltage—across
thecrystal thatis directly proportional to the applied mechanical force
(Extended DataFig.1). This anisotropy that arises in the internal elec-
trical configuration of the crystalisreferred to as piezoelectricity and
is one of the strongest examples of electrical polarization in nature™.
It has even been suggested that ‘earthquake lightning’ (ball lightning
observed pre, synand post rupture) is due to piezoelectricity in Earth’s

crust” and that the electromagnetic response may be utilized to predict
impending earthquake events'.

Quartz veins have been shown to emit a measurable piezoelectric
charge when a mechanical stress is applied”", and this is enhanced
where there is preferred orientation of the crystals'. Deformation
of materials with distinct preferred orientation produces strong
directional variation in piezoelectric polarization, due to favourable
alignment of the electric poles®. Crack-seal type quartz veins asso-
ciated with orogenic gold deposits typically exhibit strong crystal-
lographic orientations due to growth competition between adjacent
crystals®”. Figure 1a shows the quartz a axes of two model specimens
inthree-dimensional space: the axes on the top specimenare strongly
oriented, whereas the axes onthe bottom arerandom. The correspond-
ing piezoelectrictensors (Fig.1b) reveal that the top specimen exhibits
strong anisotropic electrical polarization, whereas the bottom speci-
men does not.

Toexamine this phenomenon in natural gold-bearing quartz veins,
samples from the Fosterville deposit (Victoria, Australia; Extended
DataFig.2) were collected and measured using neutron diffraction to
evaluate their crystallographic texture and corresponding piezoelec-
tric properties (Methods). Figure 1b shows the textures and calculated
piezoelectric tensors of these samples. Overall, both modelling and
texture analyses show that piezoelectric polarization of quartz veins
from orogenic gold deposits was typically -0.01V m™, and amaximum
of 0.03 Vm™in nuggety samples. A key point is that the piezoelectric
potential of bulk rocks is always much less than that of a single quartz
crystal (1.92 V m™; Fig. 1b, dashed orange line). This means that a poly-
crystallinerock will never match the piezoelectric potential of asingle
quartz crystal, even those with a strongly aligned texture. Therefore,
piezoelectric effects willbe localized at the surfaces of crystals ideally
oriented with respect to animposed stress direction. Thus, we further
explore the piezoelectric behaviour of single quartz crystals.

Piezocatalytic chemistry

Theelectricfield established by a strained piezoelectric material affects
the electronic properties both inside and outside the material. In an
insulator, such as quartz, no charge can freely move to counteract the

Nature Geoscience | Volume 17 | September 2024 | 920-925

921


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-024-01514-1

a Unstrained [ Dormant Redox potential @
Solution | Dormant | Solution |- quartz [FE®=1.002V AuCl, x =
quartz - FE®=0.584V AuHS o= | =
Yo FE°=0.093 VAU(HS), | =
E LUMO Equilibrium
s -
2 AuHS AUCl,
& [ HoMO N
0 L X @
b 0 AuNP Au(HS),
Compression Oxidation Reduction
Solution Piezo Solution x & Equation°§’
quartz —n
P % /_E.zquatlon‘f\
) «—Equation -
= Electro- S
@ | LUMO phoresis
\ - o
§ e . e o8
S Y .
S (] . Redox potential oo | B
HOMO Vs I-E°=1.002 v —>Equation (1) © p 3
g E° = 0.584 v —>Equation (2) A, %
. [ Piezo . ) =
0 L1 X “| quartz [E°=0.093 v—>Equation (3)8:? ~

Fig.2|Summary of gold accumulation by the quartz piezocatalysis model.
LUMO, lowest occupied molecular orbit of achemical species in solution;
HOMO, highest occupied molecular orbit of a chemical species in solution.
Oxidation removes electrons from HOMO, and reduction adds electrons to
LUMO. Conduction (£,) and valence (£,) bands of quartz act as the reservoirs
forelectrons to be donated or accepted from molecules in solution. X axis is
displacement of the quartz crystal width in arbitrary units. a, Quartz crystal is
unstrained at neutral width (L,) and in equilibrium with the surrounding solution.
Quartz valence and conduction bands are not shifted, and the piezoelectric
potential (V,) is zero. b, Compressive strain has shortened the quartz crystal

(Ly), shifting the energy state of occupied (valence band) and unoccupied
(conductionband) states across the quartz crystal. This energy difference is

the piezoelectric potential (V,). This allows electron transfer out of the valence
band and into the surrounding solution (fluid reduction). Moreover, it allows
electron transfer into the conduction band from the surrounding solution (fluid
oxidation). Piezoelectric potential (V,) exceeds the redox potential of Au ligands
and leads to the electrochemical reduction of Au by equations (1)-(3). AuNPs

are adhered onto cathodic surfaces by electrophoresis (see text for discussion).
Modified from Starr etal.”.

piezoelectric field and the electric field that is generated linearly shifts
the energy of occupied (valence band) and unoccupied (conduction
band) states across the material (Fig. 2)*. This shift within the material
disturbsthe distribution of free charges between the material surface
and any adjacent medium, such as a surrounding solution. The inter-
actions of any free-moving particles that carry a charge (for example,
electrons, ions and/or nanoparticles) depend on the electronic states
between the material and solution***. The difference between the
energy levels of the oxidizing or reducing agents in the solution (that
is, their redox potential) and the conduction/valence bands of the
piezoelectricsolid canbe considered a potential barrier that electrons
must overcome for reaction to proceed”*. In this way, the deformation
of a piezoelectric material by an external stress causes a shift in this
potential barrier, leading to the flow of electrons from the material’s
surfacetospeciesinsolution, or vice versa (Fig. 2). A piezoelectric mate-
rial that is continuously alternated between tensile and compressive
strainsresultsinavaryingelectric field that prevents equilibrium with
its environment, allowing the enduring exchange of charge between
the material and surrounding solution. This exchange is referred
to as piezocatalysis and can drive electrochemical reactions at the
material-solution interface?”” >, We experimentally examined this
concept to demonstrate piezocatalytic chemical reactions on the
surface of quartz submerged in gold-bearing aqueous solutions.

Piezoelectric deposition of gold

Our experiments were conducted using 12 slabs of quartz cut from
natural crystals, 6 of which were used as controls (Methods). The slabs
were placed within sealed chambers containing gold-bearing aque-
ous solutions and were strained by application of a linear actuator,
which mechanically oscillated at a fixed frequency and amplitude at
ambient conditions (Extended Data Fig. 3). To best replicate seismic
waves from a natural earthquake (thousands of which cumulatively
formorogenic gold deposits), afrequency of 20 Hz was chosen. Large
earthquakes generally have frequencies between 0.01 and 10 Hz,
whereas smaller earthquakes, like those associated with aftershocks
onsubsidiary faults that host gold deposits*’, commonly have frequen-
ciesbetween 5and 60 Hz (ref. 31). To test whether gold would deposit
from fluids with either (1) dissolved gold complexed with hydrosulfide
and chloride ligands or (2) colloidal gold nanoparticles’, a duplicate
series of experiments was conducted using solutions containing each.
The first series consisted of two bare single-crystal quartz slabs. In
the second series, 2 nm of iridium was coated onto two single-crystal
slabs to expedite the rate of piezo-electrochemical exchange. The final
series used natural polycrystalline quartz vein samples containing
native gold grains. In each case, the control samples were prepared
the same way and subjected to the same solutions but lacked an
oscillatory stress.

Thedissolved gold experiments used a solution containing 75 ppm
gold introduced as HAuCl, in a NaCI-H,0 solvent (Methods). Gold
is present predominantly as AuCl, in this solution. Although the
dominant gold-bearing ligands in natural orogenic gold systems are
Au(HS),” and Au(HS)°, these compounds are poorly soluble at room
temperature and unsuitable for this experiment®. Importantly, the
reduction potential of AuCl, is much larger than that of Au(HS), or
Au(HS)° (refs.33,34), soif AuCl,”isreduced by quartz piezocatalysis, it
follows that hydrosulfide compounds can be as well (equations (1)-(3))
(Extended DataFig.4).

AuCly +3e~ - Au+4Cl™~ E®=1.002V (1)

Au(HS)® + H* + e~ > Au + H,S E°=0548V (2

Au(HS), +H* +e~ > Au+H,S+HS™ E®=0.093V (3)
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Fig.3|Results from the uncoated quartz gold chloride (AuCl,) experiment.
a, BSEimage of the quartz surface exhibiting distribution of gold particles
deposits from AuCl, solution. Pseudocrystalline nanocrystals can be seen.

b,c, BSE (b) and SE (c¢) images of the square area outlined in a. d, EDS image of the
square areain a highlighting the chemistry of sample area. BSE, backscattered
electron; SE, secondary electron; EDS, energy-dispersive spectroscopy.
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Fig. 4 | Results from the gold chloride (AuCl,) and gold nanoparticle

(AuNP) with natural auriferous quartz experiments. a, BSE image of a native
gold grainin quartz extensively coated by micrometre-sized clusters of Au.
Preferential deposition of gold from solution onto the conductive native gold
grain, and not onto the insulating quartz, can be seen. b, BSE image of the square
areaoutlinedina. ¢, BSE image of a native gold grain. d, SEimage of the area
outlined in c showcasing AuNP deposition onto the native gold grain surface.
BSE, backscattered electron; SE, secondary electron; EDS, energy-dispersive
spectroscopy.

The crystal slabs were submerged in 75 ml of solution and
deformedfor1h.Figure 3 shows that numerous gold grains were depos-
ited onthe bare quartz surface, while the control quartzslab hosted no
detectable gold (Extended Data Fig. 5). This indicates that the energy
shift of the quartz valence band was sufficient to electrochemically
reduce gold fromsolution by equation (1). Most of the deposited gold
particles are 1 pm or smaller and are commonly pseudocrystalline
structures. On the natural gold-bearing quartz sample, abundant
1-2-pm-sized gold clusters and pseudo-hexagonal crystals have grown
ontothe primary gold grain with little deposition on the quartz surface
(Fig. 4a,b). The Ir-coated sample shows gold grains ranging from 100
to 200 nminsize, which are commonly conjoined or formlinear arrays
(Extended DataFig. 6). In each case, the control samples lacked these
features (Extended DataFigs.7 and 8). Nanocrystal formation and lin-
ear arrays are both consistent with the early stages of diffusion-limited
aggregation (DLA)*, where non-bonded particles cluster together to
reduce free energy, which leads to transitory structures that radiate
fromapointoraline (Figs.3and 4 and Extended DataFig. 6). The DLA
processis common in electrodeposition reactions*, whereby particles
suspended in a fluid migrate under the effects of an electric field and
depositonto electrodes. We suggest that, upon piezocatalytic reduc-
tion from solution by equation (1), newly formed gold particles are
electrodeposited onto the sample surface with preference towards
pre-existing gold thatacts asanelectrode by utilizing the piezoelectric
bias (Fig. 4). Once deposited, gold forms transitory nanocrystals and
grows into arrays by electric field-induced DLA. Similar structures
associated with DLA have been reported in natural gold deposits, such
asin Nevada and California®?®,

The colloidal gold experiments were conducted using a solution
containing 95 ppm ofgold nanoparticles (2-20 nm diameter) inaS-Cl
solvent stabilized by colloidal silica (Methods). The quartz slabs were
submerged in 75 ml of solution and deformed for 1 h. Figure 5 shows
that numerous gold nanoparticles accumulated on the quartz sur-
face with a prominent cluster up to 1-2 pmin size. Figure 4c¢,d shows
numerous gold nanoparticles adhering to the primary gold surface,
reaching sizes up to ~120 nm. The Ir-coated sample shows abundant
clustersonthescale of 5-8 pm (Extended Data Fig. 9). For each experi-
ment, the controls yielded no result (Extended Data Figs. 5,8 and 10).

Gold nanoparticles may remainin suspension indefinitely unless their
‘aggregation barrier’ is overcome, each behaving as a charged particle
repelling one another®., Our observation of gold clusters on the quartz
and gold surfaces indicates that this aggregation barrier has been
overcome through the piezoelectric effect (Fig. 5). Given the piezo-
electric property of quartz, gold nanoparticles are predicted to have
been adsorbed at sites with ideal electrochemical potential (that is,
the instantaneous cathodic surface), by electrostatic attraction and/
orelectrophoresis. This can effectively seed the surface with conduc-
tive gold nuclei, and then subsequent pulses of charging cause the
nuclei to grow. Production of nanoparticle clusters and attachment
to gold surfacesis expected in electrochemical deposition processes
since crystal growth often predominates nucleation, leading to the
formation of large clusters without complete coverage of the surface*.

Piezoelectric gold accumulation in orogenic
deposits

We have shown that single quartz crystals have the highest piezoelec-
tric potential when compared with bulk rock volumes, which explains
the localization and then growth of gold into nuggets within veins, as
opposed towidely dispersed gold atoms. During any given strain event,
the highest voltage within a veined volume of rock will be developed
withinideally oriented quartz crystals in veins. The most productive
use of this voltage will be where conducting materials, such as existing
gold particles, are present. The cyclical nature of seismicity that cre-
ates orogenic gold deposits means that these quartz veins form and
repeatedly fracture incrementally, experiencing numerous episodes
of deviatoric stress during their growth*.. Since orogenic deposits are
hosted by secondary and tertiary fault structures*?, they are the focus
of tens of thousands of earthquake aftershocks during their forma-
tion, each event lasting seconds to several minutes*. Aftershocks form
clusters and can maintain permeability on aftershock-hosting faults
for extended periods of time, with reactivation of these same struc-
tures®. This setting is ideal for maintaining infiltration of auriferous
fluids through fractured quartz veins that are experiencing syn-shock
strain. The elastic rattling of quartz crystals within veins during seis-
mic activity leads to oscillations of the oxidation-reduction reaction
frontsoneither side of quartz crystal surfaces (Fig. 2). We have experi-
mentally shown that even modest strain on bare quartz crystals can
generate piezoelectric potentials capable of reducing gold-bearing
ligands—AuCl,” and moreover Au(HS), and Au(HS)°—causing gold to
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Fig. 5| Results from the uncoated quartz gold nanoparticle (AuNP)
experiment. a, BSE image of AuNPs on the quartz surface exhibiting localized
clustering. b, BSEimage of the area outlined in a. ¢, SEimage of the square area
outlinedina. d, EDS image of the square area in a highlighting the chemistry of
sample area. BSE, backscattered electron; SE, secondary electron; EDS, energy-
dispersive spectroscopy.
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be electrochemically deposited (Figs. 2 and 3). We have also shown
that if the fluid contains any gold nanoparticles, these will be prefer-
entially adsorbed onto quartz surfaces acting as electrodes and grow
during deformation (Figs.2 and5). Since naked and conductive-coated
piezoelectric materials perform consonantly when subjected to large
strain (>0.1%) and comparably at moderate strain (>0.02%)"*, the quartz
crystals that were made conductive throughIr coating yield results that
couldreflect natural strains developed during earthquakes (upwards
of 3% in extreme cases) (Extended Data Figs. 6 and 9)*.

Our experiments have shown (Fig. 4) that, because gold has excel-
lentelectrical conductance, existing gold grains willadopt the electri-
cal bias from adjacent quartz crystals during deformation, allowing
them to become the focus of ongoing piezoeletroplating as fluid infil-
trationis repeated many times. This can provide an explanation for the
discrete occurrence of large gold accumulations, vialow probability of
nucleation of gold from natural undersaturated fluids, but anincreas-
ing probability of further deposition once agold grain has nucleated.
This may explain the nucleation and growth of large gold nuggets in
orogenicgold systems, as opposed to other gold systems that can fea-
ture highgradesbutrarely containlarge nuggets. Additionally, this pro-
videsinterpretation for highly interconnected networks of gold along
fractures within quartz veins; the fractures are repeatedly reactivated
as fluid pathways, and since piezoelectric voltages are coupled with
stress, the maximum achievable voltages occur during brittle failure.
Since piezoelectric voltages are instantaneous and leave behind no vis-
ibletracer, this can rationalize why gold nuggets commonly appear to
be ‘floating’in quartz veins with no obvious chemical or physical trap.
Inthis way, we suggest that piezoelectric gold accumulation could be
asolution to the long-standing ‘gold nugget paradox’.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41561-024-01514-1.
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Methods

Neutron diffraction analysis

Neutron diffraction was used to characterize the typical crystallo-
graphic preferred orientation (CPO) of auriferous quartz veins. We used
representative samples from the Fosterville gold deposit in Victoria,
which hasbeen previously described*®. The sample was cutintoa2 cm?
cube aligned parallel with the fault trace and parallel to slickenside
striations, and subsequently measured using the constant wavelength
neutrondiffractometer KOWARI at the Australian Nuclear Science and
Technology Organisation (ANSTO, Lucas Heights, Australia).

We used anincident neutron beam with amaximum cross-section
of 35 x 60 mm? and a constant neutron wavelength of 2.5 A to study
the sample. Diffraction peaks were collected using atwo-dimensional
position-sensitive area detector at three incremental angles, each
comprising 13° to 14° of detector coverage. The resulting diffraction
patterns were fitted with Gaussian peaks and polynomial functions to
resolve overlapping and reduce background noise. The full pole figures
of the detected reflections at each position were then transferred to
3°x 3°grid meshes.

We generated CPO data, in the form of lower-hemispheric pole
figures, by calculating the orientation density function of the sample.
Orientation density functions were constructed using a ‘de la Vallee
Poussin’ kernel with 5° halfwidth.

Piezoelectric modelling

Tensorial modelling was used to calculate the total piezoelectric
potential (Vv m™) of a hypothetical 2 cm? cubic specimen of pure poly-
crystalline quartz and with variable grain size and degrees of CPO.
Piezoelectric potentials for a given specimen are determined by cal-
culating the piezoelectric strain tensor of the texture. This method
hasbeen detailed for quartz'.

Grains within each specimen were modelled as ellipses with an
aspectratioof1.5and grainsizes between 0.1and 10 mm. Thus, for the
given specimen dimensions and grain size ranges, amodel comprised
anywhere between 15 and 15 quartz grains. A total of 1,100 models
wererun.

Modelling was undertaken using the open-source software pack-
age MTEX (https://mtex-toolbox.github.io) and following the script
of ref. 20. The degree of preferred orientation in each model was
described quantitatively using the /index". The piezoelectric poten-
tial (Pz) associated with each model was measured as the maximum
positive and negative magnitudesin the resulting piezoelectric tensor.

Preparation of gold solutions

Hydrothermal fluids that form orogenic gold deposits are H,0-CO,
rich with intermediate fO,, 3-7 wt% NaCl and circum-neutral pH of
5.5 (ref. 48). Hydrogen sulfide complexes are the dominant ligands
for gold transportation in hydrothermal fluids that form orogenic
deposits’; however, due to the instability of these complexes at room
temperature, we opted to use the AuCl, ligand (see text in the section
‘Piezoelectric deposition of gold’)*. Additionally, it has recently been
suggested that orogenic deposits form from gold nanoparticles in
suspension'®", Therefore, we have also prepared a solution with col-
loidal gold to test both hypotheses.

The Au-NaCl-H,0-based gold solution was prepared using
HAuCl, x xH,O salt. The following reagents were weighed using an ana-
lytical balance: NaCl (5.8431 g), HAuCl, (0.0047 g) and H,0O (200 g).
This results in a solution with 75 ppm gold and a pH of 4.4 that is stable
indefinitely (>1year) at room temperature. The N,S-based gold col-
loidal solutions were prepared using a method described in previous
experimental studies*. One-hundred grams of 0.50 millimolal Au(lll)
chloride solution was heated to 70-80 °C, then -2.0 g of 25 millimolal
Na,S solutions was added with vigorous stirring. Colloidal silica (LUDOX
AM30, particlesize~12 nm, diluted to 0.9-1.5 wt% SiO,) was added to the
gold colloid solutions and found to stabilize the Na,S-based gold colloid

solutions for several weeks at room temperature. Although natural gold
solutions are known to contain 100 ppb to1 ppmof gold’, we have chosen
higher gold concentrationstoincrease the chance of observing the result
by scanningelectron microscopy (SEM) since only 75 ml of solution was
used per experiment. Considering the stability of each solution, the gold
concentration has no effect on whether piezoelectricity was responsible
for destabilizing them. Itisimportant to note that each experiment was
conducted within 24 h of the solutions being prepared.

Preparation of single-crystalline quartz slabs

Quartzcrystals were obtained fromagem dealer and were cutinto two
2-cm-long, 1-cm-wide and 0.5-cm-high slabs. The slabs were prepared
suchthatthey are parallel to the xaxis and perpendicular to the y axis;
this allows for mechanical stress to be applied towards the xaxis, leaving
an {m} face exposed for electrochemical reaction. A duplicate of each
quartz slab, cut from the same crystal in the same orientation, was
prepared as a control for each of the six experiments. Two nanometres
of iridium was coated onto the surface of four of the quartz slab sam-
ples as aconductive layer to allow accurate voltage measurements by
oscilloscope. Toaccommodate for the low strain (~0.003595%) gener-
ated by our apparatus, these coated quartz samples were also used to
expedite piezoelectrochemical reactions in two experiments aiming to
mimic high-strainevents. Thisis due to coated piezoelectric materials
behaving analogously to uncoated ones experiencing relatively large
magnitudes of strain (>0.1%)**. It should be noted that conductive
coating does not change the voltage generated.

Deformation experiment

The voltage output of the quartz slabs was first characterized in air
by a digital oscilloscope. Voltage outputs between 0.4 and 1.4 V were
obtained and varied onthe basis of the pressure applied by alinear actu-
ator, where higher pressure led to higher voltage. For both experiments,
the linear actuator mechanically oscillated with a fixed frequency of
20 Hzand applied a pressure of 275 kPa directly onto the quartz slabs
for the maximum voltage output of ~1.4 V. For each experiment, the
quartz slab would be placed within a sealed chamber and submerged
in 75 ml of their respective solution and deformed by the actuator for
1hatroomtemperature. Althoughindividual earthquakes last seconds
to minutes, orogenic deposits form cumulatively from hundreds to
thousands of these events. A duration of 1 h was chosen to simulate
multiple events occurring on one quartz surface to gain insight into
the nature of gold growth. The control quartz slabs were submerged
in the same volume of the same Au-bearing solution(s) for the entire
experiment duration, but not stressed. Upon completion, the slabs
were removed from the sample chamber and dried by an air blow gun.

SEM

Imaging and energy-dispersive spectroscopy of the quartz slabs was
conducted at the Monash Centre for Electron Microscopy (Victoria,
Australia) using a Thermo Scientific Helios 5 UX FIB-SEM. The quartz
slabs were coated with2 nm of iridium and mounted upon alarge stub
holder using carbontape. A15 kV accelerating voltage and 0.10 nAbeam
currentwere used to acquire images of all samples. Aztec software was
used for the construction of energy-dispersive spectroscopy maps.

Data availability

Neutron diffraction measurements of quartz samples and associated
dataused tomodelthe piezoelectric properties are available viafigshare
at https://doi.org/10.6084/m9.figshare.26315281 (ref. 50). All other data
supportingthe findings of this study (sampleimages and geochemical
models) are available within the article and its extended datafiles.

Code availability
The code used for piezoelectric potential tensorial modelling can be
foundinref.20.
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Extended DataFig.1| The crystallography of quartz and related piezoelectric  planes can be easily distinguished. (c) The effect of an applied mechanical

effects. The crystal planes of quartz and the piezoelectric response when stress (parallel to X) on the quartz atomic framework (top left and right). As
distorted. (a) Crystallography of left- and right- handed quartz. The basal {c}, the framework is distorted (top right), a piezoelectric potential is generated.
prismatic {m} and rhombohedral {r, z} planes are indicated. Minor planes, such Whena quartz crystal is viewed parallel to the c-axis (bottom left and right) the
as bipyramidal and acute rhombohedral, are not shown. (b) Quartz crystal distribution of positive (red) and negative (blue) piezoelectric charge can be
viewed parallel to the c-axis. Here, the first- {m} and second- order {a} prismatic recognised. (d) Note that only the {a} crystal planes are piezoelectric in quartz.
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(a) Schematic of Australia with the state of Victoria highlighted in grey. Position etal. (2012). Infilled circles show major gold fields.

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-024-01514-1

Extended Data Fig. 3| Schematic of the apparatus used in all experiments.
Deformation apparatus used in our experiments. The 2x1x 0.5 cm quartz
slab(s) are placed within an 8 x 8 x 3 cm sample chamber and submerged in 75 ml
of gold-bearing solution. The perimeter of the sample chamber is sealed with

Linear Motor

Impact head

sample slab

Sample
chamber

silicon and the bottom plate has a trough to keep the sample chamber in place.
Pressureis applied between the bottom two plates to prevent vertical bouncing
during experimental oscillations. The quartzis then deformed by the actuator
impact head for 1hour at room temperature.
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Extended Data Fig. 4| Gold solubility in our experiments vs. typical orogenic
systems. Eh vs. pH diagrams showing the potentials required to reduce aqueous

~ AuCls + 3e" = Au + 4CI
Eo=0.67V

bl Al diagrams:
- grams:
1 A“CL\ aCl = 0.5,
asS species = 0.01

"AuCl~

Fe(OH),

gold. (a) Gold present as AuCl,” in our room-temperature experiments and (b)
shown as the Au(HS), + Au(HS)(aq) complexes typical in orogenic gold fluids,
into metallic gold, as a function of gold in solution. The diagrams of iron also

2 4 6 8 10 12 14

shown for comparison, where (c) and (d) correspond to (a) and (b), respectively.
Abbreviations: Hem - hematite, Mgn - magnetite, Po- pyrrhotite, Py - pyrite.
QMF in (d) shows the pH corresponding to quartz-muscovite-K-feldspar for
activities of K" of 0.1t0 0.01.
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Extended Data Fig. 5| Control results from uncoated quartz experiments.
Imagery of the quartz crystal control slabs from our uncoated experiments.
Samples were submerged in their respective solutions, but not deformed. (a) BSE
image of bare quartz gold chloride (AuCl4) experiment. (b) and (c) are BSE and

SE images, respectively, of the square area outlined in (a). (d) BSE image of bare
quartz gold nanoparticle (AuNP) experiment. (e) and (f) are BSE and SE images,

respectively, of the square area outlined in (d). BSE: Backscattered electron. SE:
Secondary electron.
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Extended Data Fig. 6 | Results from Ir-coated quartz with gold chloride
(AuCl,) experiment. Imagery of the Ir-coated quartz crystal slab after
deformation within AuCl, solution. (a) BSE image of the quartz surface exhibiting
distribution of gold particles deposits from AuCl, solution. Linear arrays, or
‘branches’, of gold particles can be seen. (b) and (c) are BSE and SE images,

respectively, of the square area outlined in (a). Coupling of gold particles is
evident as well as a pseudo-hexagonal Au nanocrystal. (d) EDS image of the
square areain (a) highlighting the chemistry of sample area. BSE: Backscattered
electron. SE: Secondary electron. EDS: Energy dispersive spectroscopy.

Nature Geoscience


http://www.nature.com/naturegeoscience

Article https://doi.org/10.1038/s41561-024-01514-1

Extended Data Fig. 7 | Control results from from Ir-coated quartz with of the quartz control sample surface. Inset shown at higher magnification.
gold chloride (AuCl,) experiment. Imagery of the Ir-coated quartz crystal (c) EDS spectraof areain (a). BSE: Backscattered electron. EDS: Energy dispersive
control slab for the AuCl, solution experiment. Sample was submerged but not spectroscopy.

deformed. (a) EDS image of the quartz control sample surface. (b) BSEimage
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Extended Data Fig. 8 | Control results from natural auriferous quartz
experiments. Imagery of the natural gold-bearing quartz control slabs from our
growth experiments. Samples were submerged in their respective solutions,
but not deformed. (a) BSE image of natural auriferous quartz gold chloride
(AuCl4) experiment. Gold grain within quartz. (b) and (c) are BSE and SE images,

respectively, of the square area outlined in (a). (d) BSE image of natural auriferous
quartz gold nanoparticle (AuNP) experiment. Gold grain within quartz. (e) and

(f) are BSE and SE images, respectively, of the square area outlined in (d). In

both samples, particles seen on the gold grain surface are pieces of quartz. BSE:
Backscattered electron. SE: Secondary electron.
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Extended Data Fig. 9 | Results from Ir-coated quartz gold nanoparticle AuNPs can be seen. (b) and (c) are BSE and SE images, respectively, of the square

(AuNP) experiment. Imagery of the Ir-coated quartz crystal slab after areaoutlinedin (a). (d) EDSimage of the square area in (a) highlighting the
deformation within AuNP solution. (a) BSE image of the quartz surface exhibiting ~ chemistry of sample area. BSE: Backscattered electron. SE: Secondary electron.
distribution of gold particles deposits from AuNP solution. Large clusters of EDS: Energy dispersive spectroscopy.
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Extended Data Fig.10 | Control results from Ir-coated quartz with gold of the quartz control sample surface. Inset shown at higher magnification.
nanoparticle (AuNP) experiment. Imagery of the Ir-coated quartz crystal (c) EDS spectraof areain (a). BSE: Backscattered electron. EDS: Energy dispersive
control slab for the AuNP solution experiment. Sample was submerged but not spectroscopy.

deformed. (a) EDS image of the quartz control sample surface. (b) BSEimage
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