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ABSTRACT 10 

Recent studies have identified gold nanoparticles in ores in a range of deposit types but little 11 

is known about their formation processes. In this contribution, gold-bearing magnetite from the 12 

well-documented, world-class, Beiya Au deposit, China was investigated in terms of 13 

microstructure and crystallography at the nanoscale. We present the first three-dimensional (3D) 14 

focused ion beam/scanning electron microscopy (FIB/SEM) tomography of the distribution of 15 

gold nanoparticles in nanopores in the low-Si magnetite. The porous low-Si magnetite, which 16 

overprints an earlier generation of silician magnetite, was formed by a coupled dissolution-17 

reprecipitation reaction (CDRR). The extrinsic changes in thermodynamic conditions (e.g., S 18 

content and temperature) of the hydrothermal fluids resulted in the CDRR in magnetite and the 19 

disequilibrium of Au-Bi melts. The gold nanoparticles crystallized from Au-supersaturated fluids 20 

originating from the disequilibrium of Au-Bi melts and grew in two ways depending on the 21 

intrinsic crystal structure and pore textures: 1) heteroepitaxial growth utilizing the (111) lattice 22 
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planes of magnetite, and 2) randomly oriented nucleation and growth. Therefore, this study 23 

unravels how intrinsic and extrinsic factors drove the formation of gold nanoparticles at fluid-24 

mineral interfaces. 25 

Keywords: Gold nanoparticle, nanopore, fluid-mineral interface, 3D FIB/SEM tomography, 26 

microstructure, coupled dissolution-reprecipitation reaction 27 

INTRODUCTION 28 

Some of the largest Au deposits in the world contain high-grade ores of “invisible” gold 29 

(e.g., Carlin-type deposits; Cook and Chryssoulis, 1990; Simon et al., 1999b). Based on in-situ 30 

trace element, spectroscopic and experimental analyses, it has been suggested that “invisible” 31 

gold is often present in the lattice of the ore minerals such as (arsenian) pyrite (Simon et al., 32 

1999a; Reich et al., 2005) and that the partitioning of Au is a function of the As content of the 33 

pyrite (Kusebauch et al., 2019; Xing et al., 2019). The final uptake of Au by the pyrite lattice 34 

also depends on complex intrinsic (e.g., crystal surface structure, heteroepitaxial growth, and 35 

diffusion-limited self-organization) and extrinsic factors (e.g., pressure; Wu et al., 2019). 36 

Recent advances in imaging by transmission electron microscopy (TEM) have shown that 37 

“invisible” gold can also exist as nanoparticles in the ore minerals (Palenik et al., 2004; Reich et 38 

al., 2006; Ciobanu et al., 2012). Multiple models for the formation of gold nanoparticles in high-39 

temperature systems have been suggested including gold exsolution from solid solution (Palenik 40 

et al., 2004), gold saturation during sulfide precipitation (Reich et al., 2005) and gold 41 

precipitation from pore-attached vapors (Ciobanu et al., 2012). However, it can be difficult to 42 

discriminate between these models because the textural association of gold nanoparticles with 43 

the host minerals is hard to characterize at the nanoscale, and is sometimes ambiguous based on 44 

two-dimensional (2D) textural analysis (e.g., Godel et al., 2010). Recently, 3D analysis using 45 
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atom probe tomography (APT) interpreted gold nanoparticles as a growth feature, being formed 46 

via the diffusion of Au atoms on surfaces of slow-growing sulfides (Fougerouse et al., 2016). 47 

Therefore, further investigation of the gold nanoparticles in the ore minerals is required to 48 

understand the formation processes at fluid-mineral interfaces, especially utilizing high-49 

resolution and 3D imaging techniques. 50 

The focused ion beam/scanning electron microscopy (FIB/SEM) tomography, also known 51 

as FIB/SEM slice and view technology, is a novel and powerful tool for 3D analysis via serial 52 

FIB slicing the material followed by SEM imaging. It offers great advantages in both 53 

morphological characterization and spatial resolution (down to a few nanometers) and so can be 54 

used to characterize the micro- to nanoscale microstructural features of geomaterials (Wirth, 55 

2009). Therefore, a combination of high-resolution FIB-based 3D SEM tomography and TEM 56 

analysis, was used in this study to investigate magnetite containing abundant gold particles from 57 

the world-class Beiya Au deposit, Southwest China (Zhou et al., 2017). Integrating the high-58 

resolution 3D distribution and the crystallographic relationship of gold nanoparticles and 59 

nanopores in magnetite, we examine the fluid-mineral interfacial processes responsible for the 60 

formation of gold nanoparticles. 61 

SAMPLE BACKGROUND AND DESCRIPTION 62 

The ~36 Ma-old Beiya polymetallic Au deposit in the eastern Jinshajiang fault zone of the 63 

eastern Tibetan plateau contains 11.9 million ounces of Au at a grade of 2.52 g/t and is the third-64 

largest Au deposit in China (Fig. 1; Mao et al., 2017; Zhou et al., 2019). The main mineralization 65 

occurs as a skarn and is divided into prograde- and retrograde- stages. The latter is auriferous and 66 

can be subdivided into oxide- (magnetite-dominated) and sulfide- (pyrite- and chalcopyrite-67 

dominated) stages (Zhou et al., 2016, 2017). At least 14% of the total Au endowment is hosted 68 
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by magnetite but it is not currently extracted (Zhou et al., 2017). From the oxide to sulfide 69 

stages, the ore-forming fluids evolved from hypersaline, high temperature (~360–510 °C) to 70 

lower salinity, lower temperature (~165–350 °C) conditions, which is attributed to the ingress of 71 

meteoric water into the magmatic system (He et al., 2017). 72 

Two magnetite gold ores (Au-1 and Au-2) sampled from the Beiya deposit were used in this 73 

study. Au-1 comes from orebody KT52 (the largest Au orebody at Beiya) in the Wandongshan 74 

open-pit (E100°11′33″, N26°10′3″, 1630 m altitude), whereas Au-2 was collected from the drill 75 

core 56ZK23 at 402 m depth which crosscuts orebody KT57 (Fig. 1b). Au-1 consists of abundant 76 

magnetite, quartz, subordinate pyrite and chalcopyrite, while Au-2 is mainly composed of 77 

magnetite, pyrite, chalcopyrite, chlorite, biotite, siderite and quartz. The Au grades (fire assay) 78 

for Au-1 and Au-2 are 15.3 and 25.5 g/t, but a nugget effect cannot be ruled out as only small 79 

chips were assayed for each sample. 80 

METHODOLOGY 81 

FIB/SEM and TEM analyses were conducted at the German Research Centre for 82 

Geosciences, Potsdam, Germany (GFZ Potsdam). Eight magnetite foils (~ 15 × 10 × 0.15 μm for 83 

each) were cut from three polished thin sections with a FEI Helios G4 UC Dual Beam FIB using 84 

Ga ion source. The surfaces of interest were covered with thin, Pt-protective layers followed by 85 

sputtering material out in front and sides by Ga ions at a 30-kV voltage and a 47-nA current. The 86 

front side of each foil was subsequentially milled by Ga ions under a 2.5-nA current. All FIB 87 

foils were finally polished at 5 kV and 41 pA to remove re-deposited material. The detailed 88 

procedures of cutting a FIB foil were described by Wirth (2004, 2009). The FIB foils were fixed 89 

in the Cu-grids and were not carbon-coated. A FEI Tecnai G2 F20 X-Twin TEM, equipped with 90 

a high-angle annular dark-field (HAADF) detector and an energy-dispersive X-ray spectroscopy 91 
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(EDX), was employed to investigate the foils at a 200-kV voltage. The diffraction patterns (fast 92 

Fourier transformation, FFT) were calculated from the high-resolution lattice fringes images. 93 

The sizes and numbers of nanopores were measured using the software Image J. 94 

Three-dimensional (3D) tomography in this study was based on the slice and view 95 

technology of the dual-beam (FIB/SEM) systems. After careful examination under the 96 

backscattered electron (BSE) mode and with EDX, a magnetite grain bearing only gold 97 

nanoparticles was selected. A 0.7-μm carbon-protective layer was coated on the surface of the 98 

region of interest. The front and lateral material of the target were removed by Ga ion sputtering 99 

to produce a cubic volume of ~15 × 15 × 15 μm3. Based on the beam geometries in the dual-100 

beam systems, the sample was tilted with an angle of 54°. The voltage and current were 5 kV and 101 

50 nA for the electron beam and were 30 kV and 0.23 nA for the ion beam. An automatic 102 

protocol of slice-cutting followed by SEM-imaging on surface of cross-sections was applied to 103 

produce the FIB-SEM tomograms. The slice distance was set at 17.6 nm and a stack of 991 SEM 104 

images were obtained using an E-T detector. The 3D reconstruction was conducted with the 105 

software Avizo 7.0, but only the middle 600 SEM images were loaded to maximize the 106 

overlapping areas. Because of the low contrast of some nanopores to the background, the 107 

reconstructed results display locally high noise for nanopores. Except for this, the rendered 108 

nanopores basically match their distribution in the 2D SEM images. 109 

RESULTS 110 

Microstructure in magnetite 111 

Two types of magnetite were defined in this study: silician and low-Si magnetite (Figs. 2 112 

and 3). Specifically, silician magnetite is euhedral, nonporous and devoid of mineral inclusions. 113 

It shows oscillatory zoning in the BSE images (Fig. 2a) but has Si contents that can be measured 114 
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by EDX (Fig. 3b). In contrast, low-Si magnetite is brighter in the BSE images (Figs. 2a–2c) and 115 

has no detectable Si (Fig. 3b). It occurs as irregular domains within, or penetrating, through the 116 

silician magnetite (Figs. 2a–2c). Bright-field (BF) imaging across the interface of the two 117 

magnetite types shows that they have the same crystallographic orientation (like a single crystal; 118 

Fig. 2f). The low-Si magnetite is characterized by high porosity (Figs. 2a–2c), with a local mean 119 

pore size down to 5 nm (n = 1241; Figs. 4a and 4b); some nanopores have a rhombic 120 

morphology (Fig. 4a). In the 3D image, these nanopores are partially interconnected (Fig. 5; 121 

Video 1). The nanopores are empty (Fig. 6c) or filled with Si-bearing phases (Fig. 6d). Abundant 122 

nanometer-sized Au and Bi phases (e.g., native bismuth, maldonite, bismuthinite, 123 

galenobismutite and Bi-Pb-Ag sulfosalts) are present in the nanopores in low-Si magnetite, with 124 

the Bi phases dominated by Bi-sulfides and -sulfosalts (Figs. 3 and 7a). 125 

Gold nanoparticles 126 

Gold occurs as submicron- to nanometer-sized grains which can be as small as ~5 nm 127 

(Figs. 2–7; Video 2). Both 3D, HAADF and BF images show that gold nanoparticles are attached 128 

to nanopores in the low-Si magnetite (Figs. 2, 3, 5 and 6; Video 3). In the 2D images, the 129 

morphology of the gold nanoparticles is elongate (Fig. 6a), triangular (Fig. 2d) or hexagonal 130 

(Fig. 6f). In the 3D images, gold is present as octahedral or flat nanoparticles in the low-Si 131 

magnetite and interestingly, most flat gold nanoparticles are oriented (Fig. 5; Video 2). Clusters 132 

of gold nanoparticles can occur alone in a single grain of low-Si magnetite (Fig. 2b), but are 133 

always companied by nanoparticle assemblages of Bi phases (e.g., native bismuth, bismuthinite) 134 

several ten to hundreds of micrometers away (Fig. 2a). The gold nanoparticles have sharp 135 

contacts with native bismuth as well as maldonite (Figs. 7b and 7c). The high-resolution TEM 136 

(HRTEM) images display two distinct orientation types of the gold nanoparticles in the host 137 
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magnetite: 1) an orientation relationship, where (111) planes of gold are parallel to (111) planes 138 

of magnetite (Fig. 6h), and 2) random orientation of gold grains (Fig. 6i). In the first case, the 139 

gold nanoparticles are always elongate and occur along sub-grain boundaries (low-angle 140 

boundaries) separated by defects in magnetite (Fig. 6g). In contrast, randomly oriented gold 141 

nanoparticles are located along sub-grain boundaries of magnetite or within the magnetite sub-142 

grains. 143 

DISCUSSION 144 

In ore systems, gold nanoparticles can be found together with silica in hypogene ores 145 

formed via colloidal processes (e.g., in epithermal and orogenic deposits) or occur in weathering 146 

deposits resulting from supergene or bio-processes (Hough et al., 2011; Petrella et al., 2020). 147 

Gold nanoparticles can be also present in refractory ores most commonly in As-bearing Fe-148 

sulfides, e.g., (arsenian) pyrite and arsenopyrite (Palenik et al., 2004; Reich et al., 2006). 149 

Although Zhou et al. (2017) described submicron-sized gold particles in magnetite, their 150 

morphology, and their mineralogical relationship to the magnetite, was ambiguous due to the 151 

limited resolution of 2D SEM. Therefore, the mechanism by which the magnetite incorporated a 152 

large number of gold particles was unknown. Here, we present the high-resolution TEM and 3D 153 

morphological images of “invisible” gold in magnetite, which is the first application of the 154 

FIB/SEM slice and view technology to the study of “invisible” gold in an ore mineral. 155 

In 2D some of the gold nanoparticles appear to fully enclosed in magnetite but in fact are 156 

linked to nanopores in the third dimension (Fig. 5c). The 3D image also displays that the 157 

nanopores are interconnected to some extent (Fig. 5b), which suggests that they denote channels 158 

of migrating fluids (e.g., Harlov et al., 2005; Birski et al., 2018). Therefore, we argue that the 159 

gold nanoparticles were precipitated from a fluid phase, rather than non-fluid mediated 160 
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exsolution from the host low-Si magnetite. 161 

Coupled dissolution-reprecipitation reaction making magnetite porous 162 

The textural relationships suggest that the silician magnetite is replaced by the low-Si 163 

magnetite (Figs. 2a–2c). We note that 1) the late low-Si magnetite has high porosity, while the 164 

early silician magnetite is less porous; 2) the contacts are sharp between the two magnetite types; 165 

and 3) the same crystallographic orientation between the two magnetite types indicates a 166 

topotactic reaction, i.e., the orientation of the low-Si magnetite depends on that of the already 167 

existing silician magnetite. These are diagnostic features for the low-Si magnetite formed by a 168 

coupled dissolution-reprecipitation reaction (CDRR; Putnis et al., 2002; Altree-Williams et al., 169 

2015). This is a fluid-mediated process that typically involves dissolution of a parent mineral 170 

(e.g., the silician magnetite) followed by reprecipitation of a stable product phase (e.g., the low-171 

Si magnetite) at the reaction front (Putnis et al., 2002; Altree-Williams et al., 2015; Yin et al., 172 

2019). Silician magnetite is of higher lattice energy relative to low-Si magnetite, so a fluid phase 173 

in disequilibrium with silician magnetite can dive the CDRR to decrease the Gibbs free energy of 174 

minerals finally (Putnis et al., 2002; Dubacq and Plunder, 2018). 175 

In fact, there are studies documenting CDRR in magnetite in skarn systems which attribute 176 

the process to changes in oxygen fugacity (fO2), temperature, salinity and pressure of the fluids 177 

(e.g., Hu et al., 2015). In the Beiya skarn ores, the newly-formed low-Si magnetite always occurs 178 

as irregular domains in the silician magnetite. The lack of an overgrowths of the low-Si 179 

magnetite on the silician magnetite suggests that the fluids responsible for CDRR probably did 180 

not cause significant new magnetite formation and the metals required for precipitation of the 181 

low-Si magnetite predominantly came from dissolution of the early silician magnetite. Given the 182 

abundant Bi-sulfide and -sulfosalt nanoparticles (e.g., bismuthinite, galenobismutite, Bi-Pb-Ag-S 183 
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phases) in the low-Si magnetite, we argue that the CDRR probably took place at the transition 184 

from the oxide- to sulfide- stages during the evolution of the Beiya hydrothermal system. The 185 

transition was caused by cooling and influx of meteoric water (He et al., 2017) and was 186 

companied with changes in fluid thermodynamic conditions, e.g., a decrease in temperature, 187 

salinity (He et al., 2017) and an increase in (reduced) S content (Seo et al., 2009). We suggest 188 

that these thermodynamic changes gave rise to the dissolution of the silician magnetite followed 189 

by supersaturation with respected to purer (low-Si) magnetite (Figs. 9a and 9b). 190 

Formation of numerous pores in product minerals is an important feature for CDRR, which 191 

results from volume reduction of the product phases and allows the propagation of reaction front 192 

towards the parent minerals (Putnis, 2002; Ruiz-Agudo et al., 2014). We highlight that such a 193 

porous texture offers critical spaces for the nucleation and growth of gold nanoparticles inside 194 

the low-Si magnetite. For comparison, another FIB foil of the low-Si magnetite with few 195 

nanopores is devoid of gold nanoparticles (Fig. 4c). Another expectation is that interconnectivity 196 

of nanopores in the low-Si magnetite was reduced due to progressive reequilibration especially 197 

behind the reaction front. Some nanopores may have been annealed out by fluids due to Ostwald 198 

ripening (Ruiz-Agudo et al., 2014). This is consistent with the partially interconnected nanopores 199 

revealed by the 3D FIB/SEM tomography. 200 

Growth of gold nanoparticles from Au-supersaturated fluids in nanopores 201 

The two observed orientation relationships between the gold nanoparticles and low-Si 202 

magnetite represent two different nucleation and growth mechanisms for gold nanoparticles. The 203 

parallel orientation relationship suggests the heteroepitaxial growth of elongate gold 204 

nanoparticles on the low-Si magnetite surfaces. The d-spacing of (111) planes for gold is 2.36 Å, 205 

approximately half of the d-spacing of (111) planes for magnetite (4.85 Å). In our case, the 206 
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measured d-spacings of the (111) planes for gold and host magnetite are 2.41 and 4.81 Å (Figs. 207 

6h), supporting such a scenario. This growth pattern compensates the lattice mismatch between 208 

the two different solid phases and minimizes the lattice strain energy (Zheleva et al., 1994). 209 

Moreover, the (111) crystallographic plane of magnetite with the highest surface energy is where 210 

nucleation would happen preferentially (Jia and Gao, 2008). It has been suggested that if the 211 

contact angle of crystals (e.g., the gold nanoparticles) and the pore wall is small, the pore wall 212 

can be an effective nucleating agent (Scherer, 1999). In this case, gold nanoparticles would 213 

nucleate from the pore-fluids using the magnetite lattice parallel to the (111) lattice planes. This 214 

can explain the oriented alignment of the flat gold nanoparticles in the low-Si magnetite 215 

observed from the 3D images. The flat planes of the gold nanoparticles probably result from the 216 

preferential growth of the (111) lattice planes. 217 

In contrast, the second type of gold nanoparticles had random orientation relationships with 218 

the magnetite indicating that they nucleated and grew with little or no contact with magnetite 219 

surfaces. This is because these pore walls are not favorable nucleation sites due to their large 220 

contact angles with the crystals (Scherer, 1999). Hence, the diversity of nucleation and growth 221 

orientation types resulted from intrinsic factors such as crystal structure and pore textures of gold 222 

and magnetite at fluid-mineral interfaces. 223 

Immiscible Bi melts can directly fractionate and effectively collect (ionic) gold from 224 

coexisting fluids, forming Au-Bi melts (Tooth et al., 2008, 2011). In this study, rare nanometer-225 

sized Au-Bi blebs of native bismuth + gold and native bismuth + maldonite have sharp contacts 226 

and are interpreted as eutectic alloys from nanometer-scaled Au-Bi melts (Figs. 7b–7c and 8). 227 

Although these Au-Bi blebs were found in the low-Si magnetite, their stability was not 228 

thermodynamically supported by the high reduced sulfur content for the hydrothermal fluids 229 
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responsible for CDRR (Zhou et al., 2017). As Bi commonly exists as trivalent oxidation state in 230 

the fluids (Tooth et al., 2011), the fractionation of Au-Bi melts from the hydrothermal fluids at 231 

Beiya has been thermodynamically attributed to an early decrease in fO2 lower than the hematite-232 

magnetite buffer (Zhou et al., 2017), which resulted in onset of magnetite crystallization. Given 233 

the overwhelming Bi-sulfides and sulfosalts over native bismuth or maldonite in the low-Si 234 

magnetite (Figs. 3b and 7a) and the replacement texture of the Au-Bi blebs by Bi-sulfides and 235 

sulfosalts (Figs. 7a and 7d), we suggest that these Au-Bi blebs represent the relicts of Au-Bi 236 

melts that should be coeval with the early silician magnetite (Fig. 9a). Although the Au-Bi melt 237 

droplets would have a high density, we argue that they were hardly separated from the fluids due 238 

to the high surface tension of the nanoparticles. Similar Bi melt droplets trapped in fluid 239 

inclusions have been found in an iron oxide copper-gold (IOCG) deposit (Acosta-Góngora et al., 240 

2015). This, in turn, is favorable for Au refining by the suspended Bi melts, a process previously 241 

identified at Beiya (Zhou et al., 2017). 242 

It is probable that the variations in thermodynamic conditions responsible for CDRR in 243 

magnetite also accounted for the disequilibrium of Au-Bi melts (Fig. 9b), given the accumulation 244 

of Bi-Au assemblages at the reaction front in magnetite (Fig. 3b). Thermodynamically, Bi0 was 245 

converted to bismuthinite (or other Bi sulfides such as galenobismutite if Pb was present 246 

simultaneously) when temperature dropped and reduced S content increased (Zhou et al., 2017). 247 

The solubility of Au is extremely high in Bi melts (up to ~35 wt.% at 400 °C; Fig. 8) but is much 248 

lower in geological fluids (ppb-level; Williams-Jones et al., 2009). Nanoparticles are always 249 

formed from the supersaturated fluids where nucleation rates are much higher than growth rates 250 

(e.g., Hochella et al., 2008). Therefore, we argue that the disequilibrium of Au-Bi melts released 251 
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Au into fluids, resulting in the formation of local (pore-scale) Au-supersaturated fluids from 252 

which the gold nanoparticles in the low-Si magnetite crystallized (Fig. 9c). 253 

IMPLICATIONS 254 

Two generations of magnetite (non-porous silician and porous low-Si) are interpreted to 255 

result from CDRR at the ore stage in the world-class Beiya Au deposit, Southwest China. We 256 

have presented the first 3D FIB/SEM tomography of abundant gold nanoparticles in the 257 

nanopores of the low-Si magnetite. We argue that the gold nanoparticles crystallized from Au-258 

supersaturated fluids which originated from the disequilibrium of Au-Bi melts. We illustrate the 259 

role of intrinsic (e.g., crystal structure and pore textures) and extrinsic factors (e.g., reduced S 260 

content and temperature) in the formation of gold nanoparticles at fluid-mineral interfaces. 261 

Non-lattice-bound “invisible” gold in mineral deposits is commonly interpreted to be 262 

remobilized from exsolution of earlier formed minerals (e.g., Large et al., 2007; Sung et al., 2009; 263 

Cook et al., 2013). However, our work offers an alternative explanation in that this gold can be 264 

also introduced by later hydrothermal fluids during progressive mineralization. In addition, this 265 

study indicates that “invisible” gold nanoparticles in ore minerals, perhaps not solely in 266 

magnetite, may result from nano-scale permeability between nanopores developed from CDRR 267 

on earlier minerals. 268 
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FIGURE CAPTIONS 394 

FIGURE 1. (a) Simplified geological map of Southwest China. (b) Geological map of the Beiya 395 

deposit (after He et al., 2017) and locations of investigated samples and drill core. 396 

FIGURE 2. (a–c) BSE images showing porous low-Si magnetite (Mt) occurring as irregular 397 

domains within or penetrating euhedral, non-porous silician magnetite (Si-Mt). The former is of 398 

higher BSE intensities and rich in two types of nanoparticle clusters: 1) gold nanoparticles and 2) 399 

assemblages of gold, native bismuth (Bi) and bismuthinite (Bis). Note the oscillatory zonation in 400 

silician magnetite in (a). (d, e) HAADF images of a FIB foil (location marked in Fig. 2b) 401 

showing the association of gold and nanopores (NP) with low-Si magnetite. EDX line scan 402 

(white solid line) across the contact zone in (e) displaying large variations in Si contents. (f) BF 403 

image across the contact of two types of magnetite illustrating a topotactic reaction.  404 

FIGURE 3. (a) BSE image showing silician magnetite (Si-Mt) replaced by low-Si magnetite (Mt) 405 

that is rich in assemblages of gold, native bismuth (Bi) and Bi-Pb-S. (b) HAADF image and 406 

EDX spectra of two magnetite types in a FIB foil (location marked in Fig. 3a) showing abundant 407 
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nanoparticles of gold, native bismuth and galenobismutite (Gnb) in low-Si magnetite. (c) 408 

Representative EDX spectrum of the nanoparticles of the Au and Bi phases in low-Si magnetite. 409 

FIGURE 4. (a, b) BF images showing the (locally) high porosity in low-Si magnetite (Mt). Note 410 

that the mean size of nanopores (P) in the upper-left part in (a) is 5 nm (n = 1241) and some 411 

nanopores show negative crystals (NC) with rhombic shapes. Other abbreviations: Gnb = 412 

galenobismutite. (c) HAADF images of a FIB foil showing low-Si magnetite contacting with 413 

silician magnetite (Si-Mt). Note that there are few nanopores and no Au nanoparticle in low-Si 414 

magnetite. 415 

FIGURE 5. (a) SEM images of a cubic volume of gold-rich (the bright spots) low-Si magnetite 416 

that was FIB-sliced for 3D SEM tomography. (b) 3D rendering illustrating association of gold 417 

and nanopores in low-Si magnetite. (c) Examples of gold nanoparticles attached to 418 

interconnected nanopores. 419 

FIGURE 6. (a–d) HAADF images showing gold nanoparticles and nanopores (P) in low-Si 420 

magnetite (Mt). Note that the EDX spectra of the nanopores are showed at the top-right in (c) 421 

and (d). (e) BF image of nanopore-attached gold nanoparticles. (f, g) BF images showing 422 

elongate gold nanoparticles along the low-angle boundaries and spheroidal gold nanoparticles 423 

within magnetite sub-grains.  (h, i) HRTEM images showing interfaces of the elongate (h) and 424 

spheroidal (i) gold nanoparticles with low-Si magnetite. The FFT is inserted at the bottom-left. 425 

FIGURE 7. (a–c) HAADF images of nanometer-sized blebs of gold + native bismuth (Bi) and 426 

EDX spectrum of Bi-Pb-Ag sulfosalts. Note the overwhelming amounts of Bi-Pb-Ag sulfosalts 427 

in the low-Si magnetite and the sharp contacts between gold and native bismuth. (d) BF image of 428 

maldonite (Mld) + native bismuth bleb attached to a nanopore (P) and altered by galenobismutite 429 
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(Gnb) in low-Si magnetite (Mt). (e–g) HRTEM images and FFT of gold + native bismuth, 430 

maldonite and galenobismutite in low-Si magnetite. 431 

FIGURE 8. Binary Au-Bi phase diagram illustrating the solubility of Au in Bi melt as well as 432 

eutectics from Au-Bi system (after Okamoto and Massalski, 1983). 433 

FIGURE 9. Schematic illustration of gold nanoparticle formation at mineral-fluid interfaces. (a) 434 

Crystallization of silician magnetite from fluids that carried nano-sized Au-Bi melts. (b) CDRR 435 

on silician magnetite surfaces forming porous low-Si magnetite and causing the disequilibrium 436 

of Au-Bi melts that formed Au-supersaturated fluids at the pore-scale. (c) Heteroepitaxial and 437 

randomly-oriented growth of gold nanoparticles in nanopores of low-Si magnetite. 438 

VIDEO CAPTIONS 439 

VIDEO 1. 3D morphology of nanopores in low-Si magnetite. 440 

VIDEO 2. 3D morphology of gold nanoparticles in low-Si magnetite. 441 

VIDEO 3. 3D distribution of gold nanoparticles and nanopores in low-Si magnetite. 442 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2021-7696.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld




















	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9



