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ABSTRACT  15 

A 10- to 10 000-fold enrichment is required to form economic metal deposits.  Such enrichment is 16 

achieved through the accumulation of metals transported in hydrothermal fluids from their source 17 

to the deposit. The contribution of gold nanoparticle suspensions in fluids is required to form 18 

bonanza gold grades. However, as the source of gold is spatially disconnected from the deposit 19 

location, it is not known how the transport of gold nanoparticles is achieved. Here we show that 20 

metal nanoparticles (Au, AgO, AuAg Cu) are stabilised by colloidal silica in nanoparticle emulsion and 21 

transported with the aid of low-density carbonic phases. We document systematic occurrence of 22 

metals nanoparticle in five deposits that show a previously unrecognized association with 23 

amorphous silica and carbon. Our results demonstrate that stabilisation of metal nanoparticles may 24 

be achieved over kilometres through the Earth’s upper crust and offers a step change in our 25 

understanding of metalliferous deposit formation.  26 

 27 

INTRODUCTION 28 

Gold has played a critical role in the rise and collapse of human civilizations from the fifth 29 

millennium BC in Egypt through to our modern era 1. This rare transition metal, of unique properties, 30 

is generally extracted from mineral deposits that formed through the circulation of gold-bearing 31 

aqueous solutions in the Earth’s interior 2. Orogenic-type gold deposits, which account for over 75% 32 

of the world’s gold production3, often form very high-grade gold-rich quartz-carbonate veins. The 33 

presence of high grades within orogenic gold deposits is a critical advantage, when compared to low-34 

grade and high tonnage deposits, as it provides a more valuable and sustainable resource due to 35 

increased extraction efficiency and lesser environmental footprint.  36 

Orogenic gold deposits form within the upper crust, in metamorphic belts, through a network of 37 

veins and faults which transmit deeply sourced aqueous solutions 4,5. In most orogenic-type gold 38 

deposits, the mineralising aqueous fluids are characterized by temperatures ranging from ~250 to 39 
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450°C, pressures from 500 to 1500 bars, low salinities, high CO2 and H2S content and a near neutral 40 

pH 6. From their deeply sourced reservoir(s) to the deposit site and at the above stated conditions, 41 

gold is assumed to be most stable under the form of a dissolved complex 7. The formation of 42 

extremely high-grade gold mineralisation (~10,000 ppm Au) that is often observed in narrow (few 43 

mm to cm) quartz veins 8 is difficult to reconcile with the destabilisation of dissolved gold complexes 44 

that can only achieve low solubilities (in the ppb range 9) in hydrothermal solutions 7,10. Therefore, 45 

the general low metal solubility in aqueous solutions needs to be compensated to explain high-grade 46 

mineralisation10. To address this long-standing dilemma, it was proposed that gold can be 47 

transported as nanoparticles (NP) suspension in solutions 11-13 . Gold NP suspensions can concentrate 48 

up to ~5000 times more gold in solution than as a dissolved species 14 and offers an interesting 49 

alternative to metal transport in aqueous fluids. The evidence for NPs in orogenic gold systems is, 50 

however, limited 15,16 and makes their contribution to the total deposit gold budget questionable. 51 

Moreover, the bulk of gold enrichment forms away from the metal source and it is not known how 52 

nanoparticles can be stabilized and transported over crustal scales. The limited data available on the 53 

stability of Au NP in crustal solutions does not permit to dismiss or confirm the possibility that 54 

metals can be transported over several kilometres within the upper crust. This study presents a 55 

possible mechanism associated with the transport of metal NP by investigating natural samples. 56 

Gold-rich quartz vein samples were collected from five gold deposits characterized by locally high-57 

grade (up to 70% visible gold 17) deposits that formed at crustal depths ranging from > 5 km to 1.5 58 

km below the surface 18-22. The deposits formed in different host lithologies and range from the 59 

Archean to the Cretaceous 8,23-27 (Fig. 1).  60 
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 61 

Fig. 1: Sample’s location and description. a. Location of the deposits from which samples were collected for 62 
this study; the deposit locations are shown on a world map indicating the thermo-tectonic age of the country 63 
rocks, modified from USGS thermo-tectonic data 28. b to f show photographs of the gold-rich quartz vein 64 
specimen used in this study: b. Discovery sample; c. Sixteen to One sample; d. Red Lake sample; e. Beta Hunt 65 
sample; f. Callie sample. g. Schematic representation showing the variability in depth of formation for the 66 
deposits studied along a crustal-scale network of fractures and faults. 67 

 68 

Results 69 

Gold micro-inclusions and metal nanoparticles 70 

Red lake sample. From the Red Lake sample, one foil was extracted from a gold grain which contains 71 

one ~ 3 µm elongated inclusion located close to the surface of the foil (Fig. 2a). Transmission 72 

electron microscope (TEM) analyses shows that the inclusion has two components: a quartz 73 

crystalline phase and an amorphous carbonic phase. The composition of the phases was confirmed 74 

by STEM EDS mapping (Fig. 2b). The crystallinity or absence of crystallinity was confirmed by FTT 75 

diffractograms acquired from both phases. The carbon amorphous phase preserves “bubble” like 76 

textures, these could correspond to porosity due to remnant fluid inclusions realized during foil 77 

preparation or they could be an artefact caused by inhomogeneous milling during the FIB 78 
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preparation process. The amorphous carbonic phase encapsulates numerous rounded nanoparticles 79 

that are locally aggregated to form various morphologies (Fig. 2c to e). The size of the nanoparticles 80 

varies from 2 nm (for single nanoparticles) to 20 nm (for the aggregate of several nanoparticles) as 81 

shown in Fig. 2e. The d-spacing of the nanoparticles varies between 2.34Å and 2.35Å indicative of Au 82 

(111) or Ag (111) or AuAg (111). Quantitative composition obtained by EDS on one NP indicate ~54 83 

at% Au, ~41 at% Ag and ~5 at% O (supplementary information), which indicate electrum.  84 

 85 

Fig. 2: Red Lake electrum nanoparticles in amorphous carbon. a. TEM image of the Red Lake foil showing the 86 
elongated inclusion at the surface of the foil that is mainly composed of quartz (Qz) and an amorphous 87 
carbonic-phase (aC), the rest of the foil comprises coarse gold including two grains of different crystal 88 
orientation, the foil is covered by a platinum (Pt) protective layer at the top of the foil; b. EDS element map 89 
overlaying a High-Angle Annular Dark Field (HAADF) image from the middle of the inclusion and indicated in a 90 
white rectangle in Fig 2a. The figure shows the presence of electrum NP encapsulated in a carbon-rich phase; c. 91 
TEM image of the area shown in a white rectangle in Fig 2a. The inclusion is composed of amorphous material 92 
that is mainly carbon (light grey) and NPs that are the darker grey sub-rounded features within the amorphous 93 
material. The two large, “bubble”-like features in the image correspond to cavities within the amorphous 94 
phase, the cavities may have formed during the thinning of the foil. The absence of atomic arrangement within 95 
the carbon phase was confirmed by a diffractogram obtained in the lower part of the image avoiding the NP; d 96 
and e. High Resolution TEM (HRTEM) image of the areas shown in black rectangles in Fig 2c. showing electrum 97 
NPs with sizes varying between 4 nm to 10 nm in diameter. The diffractogram collected over the largest NP 98 
confirms a d-spacing of 2.34 that corresponds to Ag and/or Au. 99 

 100 
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Beta Hunt. One foil extracted from a gold grain of the Beta Hunt sample contains one inclusion that 101 

is c. 1.5 µm in diameter (Fig. 3a) and is composed of two phases: a homogeneous silica phase that 102 

occupies the middle part of the inclusion and a thinner, homogeneous carbonic phase located over a 103 

fine area along the edge of the inclusion (Fig. 3b). HRTEM image does not show any crystalline 104 

features within both phases and FFT diffractogram from both areas confirming that the phases are 105 

amorphous. As the TEM image is a projection through the entire thickness of the sample, in some 106 

areas the various phases might overlap (Fig. 3c). Rounded gold or silver NP were observed in the 107 

amorphous carbonic phase (Fig. 3c, b). The NP are very small (3 to 5 nm) and concentrated within a 108 

thin sliver of amorphous carbonic phase near the contact with the gold crystal. A d-spacing of 2.37Å 109 

was measured for the NP indicating a gold or silver composition for the crystal orientation of (111). 110 

Due to the small size of the NPs, the EDS signal was not sufficient to determine whether they were 111 

composed of Au, Ag or an Au-Ag alloy such as electrum. Other gold NP were observed in the 112 

amorphous silica phase within the upper part of the inclusion (supplementary information).  113 

 114 

Discovery. Two foils were extracted in gold grains from the Discovery sample. Foil1 (Fig. 4a) contains 115 

an elongated inclusion of ~1.5 µm X 0.5 µm in size, the TEM image of the inclusion shows that an 116 

amorphous silica phase fills the inclusion and NPs are encapsulated within this phase (Fig. 4b). The 117 

NPs form single sub-rounded crystals with diameters that varies from 5 to 8 nm. The absence of 118 

atomic arrangement in the silica is confirmed by FFT diffractogram. The EDS map acquired from the 119 

area with the inclusion indicates that the amorphous phase is composed of silica and the four NPs 120 

encapsulated in the amorphous silica are composed of Au (supplementary information). The Au NPs 121 

composition is further confirmed by the d-spacing of 2.34Å (111) obtained from FFT 122 

pattern/diffractogram on all the NPs.  123 

The second foil (foil 2) contains quartz fragments, coarse gold and amorphous carbonic phase 124 

between the quartz fragments, and the coarse gold (Fig. 4c). The composition of each phase in foil 2 125 

is confirmed by EDS elemental maps and the crystalline state is confirmed by HRTEM and FFT 126 
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diffractograms (supplementary information). Within the lower part of foil 2, approximately 20 NPs 127 

were identified within the amorphous carbonic phase (Fig. 4d), EDS spectra acquired from the NPs 128 

indicate a compositional phase that includes Ag and O which is confirmed by a d-spacings of 2.78Å 129 

(11-1) and 1.59Å (31-2) calculated from a FFT diffractogram that corresponds to AgO structure. The 130 

AgO NPs diameter varies from 8 to15 µm. 131 

 132 

Fig. 3: Beta Hunt nanoparticles in amorphous carbon and silica. a. STEM image of the entire Beta Hunt foil 133 
showing a large inclusion on the left-hand side and a smaller inclusion on the right-hand side of the foil; b. EDS 134 
element map of part of the larger inclusion indicated in a white rectangle in Fig. 3a. showing the presence of 135 
silica in the centre of the inclusion and a thin layer of carbon along the contact with gold; c. TEM image of the 136 
area shown in a white rectangle in Fig. 3b. The image shows amorphous silica (aSi) in the right-side of the 137 
image, amorphous carbon (aC) is concentrated along the contact between the amorphous silica and the host 138 
gold crystal, numerous rounded Au or Ag NPs (Au NP) are encapsulated in the amorphous carbon phase. d. 139 
HRTEM image of the area indicated by a white rectangle in Fig. 3c. showing one Au (or Ag) NP in amorphous 140 
carbon that is between 3 and 5 nm in diameter. One diffractogram was acquired over the Au (or Ag) NP that 141 
confirms a d-spacing of 2.37Å for the NP. 142 

 143 
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 144 

Fig. 4: Gold, silver oxide and copper nanoparticles in amorphous carbon and silica. a. STEM image of the 145 
inclusion in Discovery sample foil 1; b. TEM image of the area indicated by a white rectangle in Fig. 4a that 146 
shows the amorphous silica phase filling the inclusion and rounded Au NP floating within the amorphous phase; 147 
c. Backscatter electron image of Discovery foil 2, the lighter grey crystalline phase corresponds to coarse gold 148 
(Au), the dark grey phase corresponds to quartz (Qz) and the black phase within the foil is composed of 149 
amorphous carbonic material; d. HAADF image of the area indicated by a white rectangle in Fig. 4c showing 150 
rounded silver oxide nanoparticles (AgO NP) within the amorphous carbon phase (aC). A diffractogram 151 
acquired over the NP confirms their composition with d-spacing of 2.78Å for (11-1) and 1.59Å for (31-2); e. 152 
Backscatter electron image of the Sixteen to One foil that shows the inclusion studied at the surface of the foil; 153 
f. EDS elemental map of the Sixteen to One inclusion showing that it is mainly composed of carbon with minor 154 
NPs of copper interstitial to the carbon micro-crystals; g. HRTEM image of the area indicated by a rectangle in 155 
Fig. 4f that shows a Cu NP of 30 nm large and 50 nm long with a d-spacing of 2.08Å that confirms the copper 156 
composition of the NP. 157 

 158 
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Callie. The observations reported from the Callie TEM foil have been extended from Petrella, et al. 159 

15. Petrella, et al. 15 reported the presence of Au NP preserved in amorphous silica present in an 160 

inclusion in coarse gold from a quartz vein. In this study we acquired an EDS elemental map of the 161 

same entire inclusion whereas Petrella, et al. 15 study was only focused on the area that contains the 162 

Au NPs. The elemental map acquired in this study (supplementary information) revealed that only 163 

the left side of the inclusion is composed of amorphous silica whereas the rest of the inclusion is 164 

composed of an amorphous carbonic phase.  165 

Sixteen to One. One foil (Fig. 4e) was extracted from the Discovery sample, in a coarse gold grain, 166 

bearing numerous carbon-rich inclusions < 3 µm. The foil contains a 2 µm large sub-rounded 167 

inclusion, mainly composed of crystalline micro-grains of carbon which vary in size from 168 

approximately 20nm to 100nm (supplementary information). Within the inclusion, there are more 169 

than 20 NPs composed of copper that are interstitial to the crystalline carbon (Fig. 4f). The 170 

composition of the NPs was confirmed using EDS and FFT patterns/diffractograms that show a d-171 

spacing of 2.08Å that corresponds to native copper (Fig. 4g). The Cu NPs are rather large with sizes 172 

varying from 10 nm to 100 nm and are not rounded but rather display sub-angular shapes. 173 

 174 

Dominant phase chemistry of Gold micro-inclusions 175 

The composition of the amorphous phases associated to the NPs was acquired using EDS on the TEM 176 

(further information is provided in supplementary information). 177 

An amorphous silica phase was identified in inclusions in gold grains from the Beta Hunt, the 178 

Discovery and the Callie samples. Measured amorphous silica composition in all the sample includes 179 

Si (varies from ~38 At% to ~56 At%), O (varies from ~44 At% to ~62 At%) and minor or trace amount 180 

of gold (< 1.5 At%). 181 

An amorphous carbonic phase was identified in inclusions in gold grains from the Beta Hunt, the 182 

Discovery, the Red Lake and the Callie samples. The result for the amorphous carbonic phase 183 

composition reveals that the phase systematically contains C (varies from ~70 At% to ~93 At%), O 184 
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(varies from ~4 At% to ~19 At%) and N (varies from ~1 At% to ~3 At%) with minor or trace amount of 185 

gold (< 1 At%). 186 

 187 

Discussion 188 

The transport of Au, and metals in crustal aqueous solutions is generally assumed to be as dissolved 189 

hydrosulfide aqueous species 29. However, observations of gold NP in orogenic gold systems 190 

challenge this assumption15,16. By reporting the occurrence of metal NPs in five orogenic gold 191 

deposits, our study demonstrates that metal NPs are ubiquitous in orogenic gold deposits. 192 

Moreover, it confirms that a change of paradigm is required to better understand how NPs 193 

contribute to the broader metal endowment. The intimate and systematic association between 194 

carbon- and amorphous silica-bearing phases with metals NPs is reported for the first time in this 195 

study. It provides insights into the processes allowing for metal transfer and formation of high-grade 196 

metalliferous deposits. 197 

In this study, we also show the presence of AgO, AgAu and Cu NPs, suggesting that these metals can 198 

also occur as NPs in hydrothermal solutions. It is assumed that the processes leading to the 199 

nucleation of Au NPs may also apply to Ag and Cu NPs. At the conditions of orogenic gold deposit 200 

formation, experiments show that Ag and Cu, unlike Au, tend to preferentially form complexes with 201 

chlorine rather than with reduced sulfur. Consequently, Cu(I) is most likely stable as CuCl2
- 30 and 202 

Ag(I) as AgCl2- 31. However, these metal-chlorine complexes have stability fields that differ from that 203 

of Au-hydrosulfide complexes at the pressure and temperature conditions of interest 31-34. 204 

Therefore, co-destabilisation of Au, Ag and Cu-bearing complexes and concomitant nucleation of Au, 205 

Ag and Cu NPs are unlikely to occur at the site of mineralisation. As an alternative, the coexistence of 206 

Au, Ag and Cu NPs in gold deposits supports a model whereby nucleation of metal NPs occurs away 207 

from the site of deposition.  208 

In a recent study, McLeish, et al. 35 propose that nucleation of electrum occurs in the upper levels of 209 

the porphyry environment that provides the conditions necessary for Au supersaturation. A deeper 210 



11 
 

equivalent of such system can be envisioned as a potential nucleation source for the NPs present in 211 

our samples. In their model, McLeish, et al. 35 suggest that colloidal transport is made possible by a 212 

system that is maintained in a nonequilibrium state (e.g. boiling) arguing that both nucleation rates 213 

(high) and growth rates (low) would preclude the NPs growth and crystal formation. Such model can 214 

explain the nucleation and transport over short distances in the vicinity of the mineralisation site in a 215 

porphyry or epithermal environment. It remains difficult to understand how the proposed model 216 

may apply to orogenic systems which are hosted in mid- to upper-crustal levels and formed far from 217 

their deep-seated fluid and metal source 4,5. The range of formation depth of the orogenic gold 218 

deposits studied in this contribution (1.5 to > 5 km deep) indicates potential colloidal transport over 219 

several kilometers. It is unlikely that metal supersaturation as described by McLeish, et al. 35 can be 220 

maintained over such a distance. 221 

The observation that some NPs reported in this study are as small as 1nm and that a majority are 222 

<10nm in diameter indicates that colloidal stabilisation was reached soon after the NPs nucleation, 223 

with limited growth by coalescence or Ostwald Ripening 36. In the case of orogenic gold 224 

mineralisation, stabilisation may have occurred by the adsorption of colloidal silica onto metal NPs 225 

14,37 that acted as an efficient aggregation barrier that prevented the continuous growth of the NPs 226 

and complete deposition of the metal out of solution. Such a hypothesis is further supported by the 227 

intimate and quasi systematic association of amorphous silica with metal NPs observed in this study. 228 

Regardless of the age, nature of the host rocks or depth of the deposit, our data indicate that the 229 

stabilisation of metal NPs by colloidal silica is likely to occur in natural systems.  230 

Another crucial outcome of this study is the novel documentation of the systematic association of 231 

metals NPs with amorphous or micro-crystalline carbon. The amorphous carbonic phase observed in 232 

all but one deposit is always composed of C, O and N which are the same elements that are found in 233 

carbon-rich fluid inclusions that are commonly found in orogenic gold deposits 38-40. The composition 234 

of the fluid inclusions in orogenic gold deposits is generally dominated by CO2 with minor CH4 and N2 235 

40. The comparable elemental composition observed between the amorphous carbonic phases 236 
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documented in this study and fluid inclusions from orogenic deposits suggests that the amorphous 237 

material has originated from the media transporting the metals, as opposed to derived from the 238 

host rocks to the deposit. This is further supported by the observation that the deposits investigated 239 

are hosted in various rock types; some of which have carbon-poor compositions (i.e. basalt; SI). The 240 

components of the amorphous carbonic inclusions might therefore derive from CO2, CH4 and minor 241 

N2 that were initially present in the fluid as gaseous or supercritical phases.  242 

We put forward the hypothesis that the textural observations presented in our study reflect a 243 

previously unrecognized process that plays a role in the stabilisation of NP in aqueous solution and 244 

facilitate their migration through vein systems in the upper crust. The transport of metal NPs may 245 

have been facilitated across the mid-crust (10 to 1 km deep) by the combined contributions of silica 246 

and gaseous/supercritical phases such as CO2, CH4 and N2 under the form of nanoparticle emulsion. 247 

Within such emulsion, the amorphous silica acts as an interparticle barrier that prevents the 248 

aggregation of metal NPs but increases the density of NPs. The density rise is counterbalanced by 249 

the contribution of the gaseous/supercritical phases that provides the buoyancy and low viscosity 250 

required to allow for the physical transport of the of nanoparticle emulsion in the upper 10 km of 251 

the Earth’s crust (Fig. 5). A similar process was previously proposed 41 involving supercritical CO2 as a 252 

driving force to facilitate the transport of ascending metal bearing dense sulfide liquids in silicate 253 

melts in the lower crust.  254 

The nanoparticle emulsions are subsequently destabilised at the site of mineralisation by processes 255 

such as pressure reduction or fluid-rock interaction depending on the deposit 6. Fluid phase 256 

separation at the site of deposition, for example, can increase the collision rate between NP and 257 

cause their aggregation 12,42-45. Alternatively, fluid-rock interaction might locally change the 258 

thermochemical conditions of the solution leading to destabilisation of Au-silica colloidal complexes 259 

and triggers aggregation of NPs and gold deposition in veins. Destabilisation of colloidal emulsion at 260 

the site of deposition may have also caused precipitation of the amorphous carbonic phase 46, which 261 

may also be responsible for the destabilisation and deposition of amorphous silica containing the 262 
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metal NPs. With time, the amorphous silica crystallized into quartz which expelled the gold NPs 263 

outside of the crystalline structure followed by their amalgamation into coarse gold grains 13,15.  264 

The model presented in this study changes the current understanding of metal transport within 265 

crustal hydrothermal systems. It represents a paradigm shift that impacts our understanding of how 266 

gold orebodies form but, more generally, this model also impacts our broader understanding of 267 

metal transfer in the Earth’s crust. 268 

 269 

Fig. 5: Proposed model for the transport of metal NPs in the Earth’s upper crust in the form of a nanoparticle 270 
emulsion. The nanoparticle emulsion is composed of metal NPs, colloidal silica and low-density carbonic fluid. 271 
The colloidal silica prevents the aggregation of the metal NP and the carbonic phase provides buoyancy to the 272 
emulsion. Upon destabilisation at the site of mineralisation, the carbonic phase is precipitated under the form 273 
of amorphous carbon and the colloidal silica is precipitated under the form of amorphous silica in veins. Both 274 
amorphous phases encapsulate metal nanoparticles upon deposition, some of which were preserved in 275 
inclusions. 276 

 277 
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Method 278 

Sample selection 279 

Five hand-samples of gold-rich quartz veins were obtained from five gold deposits which are 280 

characterized by locally high-grade (with abundant visible gold; 17) deposits that formed at crustal 281 

depths ranging from >5 km to 1.5 km deep (Fig. 1). The deposits formed in different host rocks and 282 

ages ranging from the Archean to the Cretaceous (Fig. 1). Details on the age of formation, pressure 283 

and temperature conditions of mineralisation emplacement, petrology and host-rocks of the 284 

deposits are summarized in SI.  285 

Sample preparation 286 

For each sample, a small piece of approximately 2cm x 2cm containing coarse gold was cut and 287 

embedded in a one-inch epoxy mount. The sample preparation was designed to avoid surface 288 

contamination by Si and C as much as possible. The mounts were first mechanically ground (1200 289 

grit) using AlO abrasive and then polished in three successive steps (9, 3, and 1 µm) with medium 290 

diamond polishing compounds. It is worth noting that carbon with diamond crystalline structure as 291 

used for fine polishing cannot be mistaken with amorphous carbon phases with the analytical 292 

techniques used in this study. The mounts were subsequently coated with platinum for SEM 293 

investigations.  294 

Petrographic characterisation 295 

All the analytical work was completed at the Centre for Microscopy, Characterisation and Analysis 296 

(CMCA) at the University of Western Australia.  297 

Petrographic imaging and elemental analysis of the mounts were carried out using a Verios XHR SEM 298 

equipped with an Oxford Instrument 80mm2 X-max SDD EDS detector. This step was followed by the 299 

extraction of ultrathin TEM samples (foils) of approximately 10 x 10 x 0.1 µm, designed to investigate 300 

the microscopic inclusions within the gold grains using a dual-beam FIB-SEM system (FEI Helios 301 

NanoLab G3 CX). Electron beam imaging within the dual-beam FIB was used to identify previously 302 

mapped areas of interest in the mounts allowing site-specific TEM samples to be prepared. The TEM 303 
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sections were prepared through a series of steps involving different ion beam energies (2-30kV) and 304 

currents (40pA-21nA). After initial thinning to ~1 μm the foils were extracted using an in-situ 305 

Tungsten micromanipulator and welded onto PELCO FIB-lift-out Cu TEM grids. Final thinning to ~ 100 306 

nm was then achieved on the grid using lower beam currents. 307 

The TEM sections were then analysed using a FEI Titan G2 80-200 TEM/STEM with ChemiSTEM 308 

Technology operating at 200 kV. High Resolution imaging, High Angle Annular Dark Field Scanning 309 

Transmission Electron Microscopy (HAADF-STEM) imaging and Energy-dispersive X-ray spectroscopy 310 

elemental mapping were carried out to obtain structural and compositional information from the 311 

samples. EDS quantitative measurements were performed using Bruker Esprit software.  312 

Details on the areas selected for each measurement is provided in SI. 313 

 314 
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 442 

Figure legends 443 

Fig. 1: Sample’s location and description. a. Location of the deposits from which samples were 444 

collected for this study; the deposit locations are shown on a world map indicating the thermo-445 

tectonic age of the country rocks, modified from USGS thermo-tectonic data 28. b to f show 446 

photographs of the gold-rich quartz vein specimen used in this study: b. Discovery sample; c. Sixteen 447 

to One sample; d. Red Lake sample; e. Beta Hunt sample; f. Callie sample. g. Schematic 448 

representation showing the variability in depth of formation for the deposits studied along a crustal-449 

scale network of fractures and faults. 450 

Fig. 2: Red Lake electrum nanoparticles in amorphous carbon. a. TEM image of the Red Lake foil 451 

showing the elongated inclusion at the surface of the foil that is mainly composed of quartz (Qz) and 452 

an amorphous carbonic-phase (aC), the rest of the foil comprises coarse gold including two grains of 453 

different crystal orientation, the foil is covered by a platinum (Pt) protective layer at the top of the 454 

foil; b. EDS element map overlaying a High-Angle Annular Dark Field (HAADF) image from the middle 455 

mailto:laura.petrella@uwa.edu.au
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of the inclusion and indicated in a white rectangle in Fig 2a. The figure shows the presence of 456 

electrum NP encapsulated in a carbon-rich phase; c. TEM image of the area shown in a white 457 

rectangle in Fig 2a. The inclusion is composed of amorphous material that is mainly carbon (light 458 

grey) and NPs that are the darker grey sub-rounded features within the amorphous material. The 459 

two large, “bubble”-like features in the image correspond to cavities within the amorphous phase, 460 

the cavities may have formed during the thinning of the foil. The absence of atomic arrangement 461 

within the carbon phase was confirmed by a diffractogram obtained in the lower part of the image 462 

avoiding the NP; d and e. High Resolution TEM (HRTEM) image of the areas shown in black 463 

rectangles in Fig 2c. showing electrum NPs with sizes varying between 4 nm to 10 nm in diameter. 464 

The diffractogram collected over the largest NP confirms a d-spacing of 2.34 that corresponds to Ag 465 

and/or Au. 466 

Fig. 3: Beta Hunt nanoparticles in amorphous carbon and silica. a. STEM image of the entire Beta 467 

Hunt foil showing a large inclusion on the left-hand side and a smaller inclusion on the right-hand 468 

side of the foil; b. EDS element map of part of the larger inclusion indicated in a white rectangle in 469 

Fig. 3a. showing the presence of silica in the centre of the inclusion and a thin layer of carbon along 470 

the contact with gold; c. TEM image of the area shown in a white rectangle in Fig. 3b. The image 471 

shows amorphous silica (aSi) in the right-side of the image, amorphous carbon (aC) is concentrated 472 

along the contact between the amorphous silica and the host gold crystal, numerous rounded Au or 473 

Ag NPs (Au NP) are encapsulated in the amorphous carbon phase. d. HRTEM image of the area 474 

indicated by a white rectangle in Fig. 3c. showing one Au (or Ag) NP in amorphous carbon that is 475 

between 3 and 5 nm in diameter. One diffractogram was acquired over the Au (or Ag) NP that 476 

confirms a d-spacing of 2.37Å for the NP. 477 

Fig. 4: Gold, silver oxide and copper nanoparticles in amorphous carbon and silica. a. STEM image 478 

of the inclusion in Discovery sample foil 1; b. TEM image of the area indicated by a white rectangle in 479 

Fig. 4a that shows the amorphous silica phase filling the inclusion and rounded Au NP floating within 480 

the amorphous phase; c. Backscatter electron image of Discovery foil 2, the lighter grey crystalline 481 
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phase corresponds to coarse gold (Au), the dark grey phase corresponds to quartz (Qz) and the black 482 

phase within the foil is composed of amorphous carbonic material; d. HAADF image of the area 483 

indicated by a white rectangle in Fig. 4c showing rounded silver oxide nanoparticles (AgO NP) within 484 

the amorphous carbon phase (aC). A diffractogram acquired over the NP confirms their composition 485 

with d-spacing of 2.78Å for (11-1) and 1.59Å for (31-2); e. Backscatter electron image of the Sixteen 486 

to One foil that shows the inclusion studied at the surface of the foil; f. EDS elemental map of the 487 

Sixteen to One inclusion showing that it is mainly composed of carbon with minor NPs of copper 488 

interstitial to the carbon micro-crystals; g. HRTEM image of the area indicated by a rectangle in Fig. 489 

4f that shows a Cu NP of 30 nm large and 50 nm long with a d-spacing of 2.08Å that confirms the 490 

copper composition of the NP. 491 

Fig. 5: Proposed model for the transport of metal NPs in the Earth’s upper crust in the form of a 492 

nanoparticle emulsion. The nanoparticle emulsion is composed of metal NPs, colloidal silica and 493 

low-density carbonic fluid. The colloidal silica prevents the aggregation of the metal NP and the 494 

carbonic phase provides buoyancy to the emulsion. Upon destabilisation at the site of 495 

mineralisation, the carbonic phase is precipitated under the form of amorphous carbon and the 496 

colloidal silica is precipitated under the form of amorphous silica in veins. Both amorphous phases 497 

encapsulate metal nanoparticles upon deposition, some of which were preserved in inclusions. 498 
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