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Abstract 19 

Seafloor hydrothermal chimneys from back-arc basins are important hosts for metals such 20 

as Cu, Zn, Pb, Ag and Au. Although the general growth history of chimneys has been well 21 

documented, recent studies have revealed that the fine-scale mineralogy can be highly complex 22 

and reflects variable physicochemical conditions of formation. This study utilized a novel 23 

combination of scanning electron microscopy (SEM)-based electron backscattered diffraction 24 

(EBSD) and synchrotron x-ray fluorescence microscopy (SXFM) to uncover the detailed growth 25 

processes of multiple chalcopyrite-lined conduits within a modern chalcopyrite-sphalerite 26 

chimney from Manus Basin, and to assess the controls on native gold precipitation. On the basis 27 

of previous studies, the chimney conduit was thought to develop from an initial sulfate-28 

dominated wall, which was subsequently dissolved and replaced by sphalerite and chalcopyrite 29 

during gradual mixing of hydrothermal fluids and seawater. During this process, sphalerite was 30 

epitaxially overgrown by chalcopyrite. Accretionary growth of chalcopyrite onto this early 31 

formed substrate thickened the chimney walls by bi-directional growth inward and outward from 32 

the original tube wall, also enclosing the outgrown pyrite cluster. A group of similar conduits, 33 

with slightly different mineral assemblages, continued to form in the vicinity of the main conduit 34 

during the further fluid mixing process. Four types of distinct native gold-sulfide/sulfosalt 35 

associations were developed during the varying mixing of hydrothermal fluids and seawater. 36 

Previously unobserved chains of gold nanoparticles occur at the boundary of early sphalerite and 37 

chalcopyrite, distinct from gold observed in massive sphalerite as identified in other studies. 38 

These observations provide baseline data in a well-preserved modern system for studies of 39 

enrichment mechanisms of native gold in hydrothermal chimneys. Furthermore, native gold is 40 

relatively rarely observed in chalcopyrite-lined conduit walls. Our observations provide 41 
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significant implies that 1) native gold is closely associated with various sulfides/sulfosalts in 42 

chalcopyrite-lined conduit walls rather than limited to the association with tennantite, Bi-rich 43 

minerals and bornite as reported previously; 2) the broad spectrum of gold occurrence in 44 

chalcopyrite-line conduits is likely to be determined by the various mixing process between hot 45 

hydrothermal fluids with surrounding fluids or seawater.  Quantitative modelling of fluid mixing 46 

processes is recommended in the future to probe the precise gold deposition stages in order to 47 

efficiently locate gold in modern hydrothermal chimneys.  48 

 49 

Keywords:  seafloor hydrothermal chimneys; gold; sulfides; fluid mixing; EBSD; synchrotron 50 

XFM51 
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Introduction 52 

Modern hydrothermal sulfide chimneys, also known as “black smokers”, formed by 53 

rapid mixing between hot hydrothermal fluids and cold seawater, have been discovered on 54 

the seafloor in various tectonic settings, including oceanic spreading ridges of various 55 

spreading rates, arcs, back-arc basins, as well as hotspots (e.g. Haymon 1983; Rona et al. 56 

1986; Haymon et al. 1991; Koski et al. 1994; Binns et al. 1995; De Ronde et al. 2005; 57 

Hannington et al. 2005; Tao et al. 2012; German and Seyfried 2014; Petersen et al. 2018). 58 

Those sulfide chimneys have a characteristic mineral zonation from external walls dominated 59 

by sulfates and iron-oxyhydroxides to sulfide-rich interiors (e.g. Haymon 1983; Koski et al. 60 

1994; Butler and Nesbitt 1999; Berkenbosch et al. 2012). Extensive previous studies have 61 

demonstrated that a typical chimney grows with an initial sulfate (anhydrite, barite or gypsum) 62 

external wall which then segregates warm hydrothermal fluids from the cold seawater and 63 

enhances the further precipitation of sulfides into the pores of the wall and the interior orifice. 64 

The hot hydrothermal fluids migrate outwards through the wall causing the expansion of 65 

chimney structure laterally (e.g. Haymon and Kastner 1981; Haymon 1983; Koski et al. 1994; 66 

Nozaki et al. 2016). The model has been complemented by subsequent detailed descriptions 67 

of various chimney morphologies, mineral assemblages and trace element enrichment 68 

patterns (e.g. Kristall et al. 2006, 2011; Berkenbosch et al. 2012; Binns 2014; Dekov et al. 69 

2016).  70 

Sulfide chimneys from arcs and back-arc basins are important hosts for base metals, 71 

such as Cu, Zn and Pb, and precious metals (Au and Ag) (Binns and Scott 1993; Herzig et al. 72 

1993; Herzig and Hannington 1995; Moss and Scott 2001; De Ronde et al. 2003; Fuchs et al. 73 

2019) and some of those, such as the seafloor massive sulfides in the Manus Basin, have 74 

attracted interest as targets for deep sea mining (Gena 2013). Understanding the deportment 75 

of precious metals in sulfide chimneys can provide significant guidance for processing and 76 
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exploration of ancient VMS deposits and deep-sea mining (Petersen et al. 2018; Fuchs et al. 77 

2019). Previous studies have shown that native gold occurs with a wide range of minerals 78 

which includes, but is not limited to, chalcopyrite, Bi-telluride, sphalerite, pyrite, tennantite, 79 

bornite and covellite. Gold precipitation mechanisms have been attributed to various factors, 80 

including hydrothermal fluids mixing with seawater, conductive cooling, boiling, dissolution 81 

and re-precipitation from hydrothermal reworking; this topic has been reviewed in detail by 82 

Fuchs et al. (2019).  83 

In previous studies, conventional whole-rock geochemistry and optical and electron 84 

microscopy have been used to unravel the associations between Au and other elements within 85 

the hydrothermal chimneys (e.g. Herzig et al. 1993; Koski et al. 1994; Moss and Scott 2001). 86 

Detailed studies have revealed that the micron-scale mineralogy is highly complex, with 87 

individual minerals within the same zone presenting various morphologies and having 88 

formed under variable physicochemical conditions or having experienced recrystallization 89 

(Kristall et al. 2011; Berkenbosch et al. 2012, 2019; Wohlgemuth-Ueberwasser et al. 2015). 90 

The links between the fine-scale chimney growth process and local controls of gold 91 

precipitation have not hitherto been fully explored. The present study uses a novel 92 

combination of high-resolution analytical techniques, synchrotron x-ray fluorescence 93 

microscopy (SXFM) and scanning electron microscopy (SEM)-based electron backscattered 94 

diffraction (EBSD), to document the microenvironment within a complex chimney that 95 

contains several co-existing conduits and native gold. The prime objective is to provide a 96 

basis for understanding the local controls for gold precipitation during the deposition of 97 

sulfides and sulfosalt in chalcopyrite-lined conduits in a well-understood modern ore-forming 98 

setting.  99 

The SXFM is a cutting-edge technique that can provide high resolution (2 µm scale) 100 

maps showing the distribution of a wide range of major and trace elements over centimeter-101 
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scale geological samples without destroying samples (e.g. Fisher et al. 2015; Hu et al. 2016; 102 

Berkenbosch et al. 2019). Regions of interest are further analyzed via EBSD, a SEM-based 103 

technique that has been widely used to image crystal orientations (e.g. Freitag et al. 2004; 104 

Barrie et al. 2010; Pearce et al. 2013). The microstructural features of crystals can be used to 105 

interpret robust mineral growth sequences at micro- to nano-scale that cannot be observed 106 

with an optical microscopy and SEM. This technique has only been recently applied to study 107 

the microstructural features of sulfides in chimneys, which has delivered new insights into 108 

chimney growth history (Yeats et al. 2017; Hu et al. 2019; Glenn et al. 2020). In this study, 109 

we undertook the first detailed microstructural investigations of gold-rich chalcopyrite-lined 110 

conduits collected from the Manus Basin by applying a combination of SXFM, SEM-BSE, 111 

and EBSD imaging analysis to examine the mineralogical features of multiple conduits and 112 

native gold distribution. This study deciphers the mineral association and deposition sequence 113 

in the conduits, re-constructs the detailed growth processes of conduits and assesses the 114 

mechanisms of local native gold deposition. 115 

 116 

Geological background 117 

The Manus Basin is situated within the northeastern Bismarck Sea, Papua New Guinea, 118 

and comprises the Bismarck and Solomon microplates. It is located within a complex 119 

convergence zone between the Pacific and Australian Plates, including active extension 120 

regions, transform faults, and active volcanic centers ( Fig. 1; Martinez and Taylor 1996). 121 

The Manus Basin is an active back-arc basin with spreading rates up to 137 mm/year at the 122 

Manus spreading center (Tregoning 2002), resulting from the subduction of the Solomon 123 

microplate beneath the Bismarck microplate along the New Britain Trench (Taylor 1979; 124 

Davies et al. 1987; Martinez and Taylor 1996). The eastern Manus Basin (EMB) is an 125 

extensional transform zone bounded by the Djaul and Weitin faults and consists of 126 
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neovolcanic edifices (Martinez and Taylor 1996). The volcanic edifices range from 127 

rhyodacite and dacite to andesite and basalt which presents similar geochemical features to 128 

the arc volcanos of the New Britain islands (Kamenetsky et al. 2001). Three major 129 

hydrothermal vent fields have developed in the EMB, i.e. the PACMANUS (Papua New 130 

Guinea -Australia-Canada-Manus Basin), Desmos and SuSu Knolls (e.g. Binns et al. 1995, 131 

2007).  132 

The PACMANUS hydrothermal field is hosted by the neovolcanic Paul Ridge (Binns 133 

and Scott 1993). Paul Ridge is around 35 km long with a height of 500-700 m above the 134 

seafloor and is mainly composed of dacites-rhyodacites. Numerous small, distinct 135 

hydrothermal vent sites are developed within the PACMANUS hydrothermal field, including 136 

Roger’s Ruins, Roman Ruins, Snowcap, Tsukushi, Satanic Mills and Fenway vent sites. The 137 

Satanic Mills vent site, where the studied chimney was collected, is around 200 m in diameter 138 

and 1650 m below sea level. Venting fluids are high temperature (up to 295 °C), acidic with 139 

pH of 2 ~ 4, and are enriched in Fe, Mn, Cu, Zn and H2S (Reeves et al. 2011). The chimneys 140 

in this vent site are either single-spired or multiple-spired with multiple chalcopyrite-lined 141 

conduits and mainly consists of chalcopyrite, sphalerite, pyrite and barite with minor sulfosalt 142 

(Pašava et al. 2004; Reeves et al. 2014; Hu et al. 2019, 2020; Meier et al. 2019).  143 

144 

145 

Methods 146 

Sample information and preparation 147 

The analyzed sample is part of a polymetallic chimney fragment with multiple conduits 148 

(sample ID: 118584) (Fig. 2). The chimney fragment has been described in detail by Hu et al., 149 

(2019). The fragment representing a typical multiple-conduits sulfide chimney was obtained 150 

by dredging from the Satanic Mills hydrothermal vent site in 1993 (Hu et al., 2019) and has 151 
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been stored in rock store at Australian Resources Research Center at room temperature. This 152 

sample is characterized by multiple sub-parallel chalcopyrite-lined conduits that are 153 

surrounded by chalcopyrite-sphalerite transition zones that pass into a sphalerite-dominated 154 

outer zone with variable barite and then mantled by Fe-oxide surface (Fig. 2a) (Hu et al., 155 

2019). It was chosen as a well-characterized example of a typical PACMANUS chimney, 156 

based on extensive investigation of the area over ten years of investigation since the original 157 

discovery of the field by a CSIRO (Commonwealth Scientific and Industrial Research 158 

Organization)-led team since 1991.  159 

A sub-sample (118584-K5) was taken from a part of the chimney fragment and made into a 160 

thin section (Fig. 2b) and a corresponding polished mount. The sub-sample comprises 161 

multiple chalcopyrite-lined conduits ranging from elliptical to irregular shape, overgrown by 162 

sphalerite and a small amount of pyrite, which then grade into dendritic sphalerite dominated 163 

zones containing fine-grained chalcopyrite. Rosette-shaped barite is observed across the 164 

whole section, indicating pervasive seawater ingression. The mineralogical associations 165 

resemble the observations on the hand-specimen scale. The study focusses on the 166 

development of multiple native-gold-bearing micro-conduits at thin section scale; however, 167 

the gold-sulfide associations were also observed (based on SEM observations) in other 168 

regions of the same chimney, as well as other chimneys from different venting sites (Rogers 169 

Ruins and Suzette venting sites) in Manus Basin (Fig. S1, S2). Based on the broader set of 170 

investigations of the field, we are confident that the sample chosen for this study is typical 171 

and representative in the eastern Manus Basin.  172 

173 

SEM-EBSD 174 

Mineralogical observations were conducted using an optical microscope (Nikon 175 

LV100Pol) and a Phillips XL 40 Controlled Pressure SEM with an energy dispersive X-ray 176 
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spectrometer (SEM-EDS) at CSIRO Mineral Resources (Perth, Australia). The backscatter 177 

electron (BSE) images were collected at a 30 kV voltage with beam intensity of ~ 10 nA and 178 

working distance of 12.5 mm. Areas of interest were further mapped using EBSD detector 179 

(Oxford instrument symmetry) on a Zeiss Ultra Plus Field Emission SEM at CSIRO Mineral 180 

Resources and a TESCAN MIRA3 Variable Pressure Field Emission at Curtin University 181 

(Perth, Australia). Prior to the analysis, in order to remove the surface damage caused by 182 

mechanical polishing, the mount was re-polished with colloidal silica for one hour and then 183 

coated with a thin carbon layer (~ 5 nm). A 20 kV accelerating voltage and a 120 µm aperture 184 

with probe current of 12 nA were used during EBSD data collection. The sample was tilted to 185 

70° during the mapping. The maps contain 1,024 × 884 pixels, with a step size of 0.02 to 0.8 186 

μm.  187 

Electron Backscatter Diffraction mapping (EBSD) uses electron diffraction induced by 188 

an electron beam on polished mineral surfaces to map crystallographic orientation of the 189 

crystal lattice at micro-nano scale within individual grains over areas of several mm2 
190 

(Maitland and Sitzman 2007). Data are presented as a series of different types of maps. 191 

Pattern quality maps, showing the spatial distribution of intensity of diffraction patterns, can 192 

effectively display the distribution of crystal boundaries, microstructural features within 193 

crystals, such as deformation-induced sub-grains (Barrie et al. 2009, 2010). Phase maps can 194 

show the spatial distribution of minerals based on indexing of the EBSD patterns. During the 195 

analysis, EBSD patterns and energy dispersive x-ray spectroscopic (EDS) elemental maps 196 

were collected simultaneously. In studied samples, gold, chalcopyrite, pyrite and sphalerite 197 

have a similar crystal structure, i.e. cubic with similar unit cell parameters, such that 198 

elemental distribution maps of Au, Cu and Zn based on EDS analysis were needed to 199 

supplement the EBSD images to generate maps of phase distributions. This technique has 200 
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been described in numerous publications, including Maitland and Sitzman (2007), Barrie et al. 201 

(2010) and Hu et al. (2019). 202 

 203 

SXFM 204 

SXFM analysis was performed on the XRF microscopy beamline at the Australian 205 

Synchrotron (Clayton, Melbourne, Australia). This beamline is coupled with a Kirkpatrick–206 

Baez mirror microprobe end-station, providing a monochromatic 2 μm beam spot size for 207 

energies in the range of 4–20 keV, and equipped with a Maia 384 large solid angle detector 208 

array and an integrated real-time processor (Paterson et al. 2011; Ryan et al. 2013, 2014). The 209 

sample was scanned at a beam energy of 18.5 keV and a spot size of 2 µm from 384 detectors 210 

simultaneously over an area of 1 x 0.7 cm with count rates of ~ 4–10 M/s and an energy 211 

resolution of 300–400 eV (Ryan et al. 2014). Standard foils of Fe, Mn, Pt and YF3 (yttrium 212 

fluoride) were analyzed daily for calculation and calibration of the X-ray flux. The collected 213 

spectra were further processed using the GeoPIXE™ software. Spectra were fitted using yield 214 

files which are calculated based on the mineral assemblage present. Elemental maps were 215 

generated using the dynamic analysis methods which were described in detail in Ryan et 216 

al.(2010a, 2010b) and Fisher et al. (2015).   217 

 218 

Results: Petrographic Observations 219 

Overview of the sub-sample 220 

The sub-sample includes four sulfide-lined hollow tubes, referred to hereafter as 221 

conduits, that are ellipsoidal, sub-ellipsoidal and irregular (labelled as 1 to 4 in Fig. 3). The 222 

wall of each conduit is lined with coarse-grained chalcopyrite, entirely or partly overgrown 223 

by late-stage sphalerite. Conduits 1 and 2 are rimmed by fine-grained clustered pyrite and 224 

chalcopyrite growing into the interstitial space between the conduits (Fig. 3). In conduit 1, a 225 
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gap (indicated in Fig. 3a and directly visible in Fig. 3b) separates chalcopyrite into two 226 

groups, labelled as chalcopyrite 1 (Ccp 1) and 2 (Ccp 2). The gap is not observed in other 227 

conduits. The external walls of conduits 3 and 4 are characterized by chalcopyrite showing a 228 

transition from dendritic structure to clusters of coarse-grained and euhedral crystals from the 229 

exterior to the interior of the conduit (Fig. 4a-c). Minor pyrite is included in the dendritic 230 

texture (Fig. 4c). Accessory minerals in this sub-sample include galena, barite, tennantite and 231 

chalcocite (Fig. 3, 4). Native gold is observed in close associations with various sulfides and 232 

sulfosalts in the chalcopyrite-dominated wall (e.g. Fig. 4d-g), and this will be described in 233 

detail in the following text.  234 

 235 

Conduit 1  236 

This conduit is described in detail as it exemplifies the critical features found in all the 237 

conduits. For purposes of description, the conduit 1 is further divided into regions 1, 2, and 3 238 

(Fig. 3a) based on the occurrence of clustered pyrite and late-stage sphalerite. The conduit is 239 

also divided into four distinguishable zones from the interior to the exterior; these zones and 240 

the relationship between them are exemplified in the specific regions illustrated in Fig. 5. The 241 

term “region” refers to a specific area of conduit 1 as delineated in Fig. 3a, while the term 242 

“zone” denotes concentric, mineralogical features that can be recognized in multiple conduits 243 

(Fig. 5). The main characteristics and associations between regions and zones are 244 

summarized in Table 1.  245 

From interior to exterior, zone 1 is the closest to the interior conduit void and mainly 246 

consists of coarse-grained Ccp 1; zone 2 is relatively porous and corresponds to the narrow 247 

gap between Ccp 1 and Ccp 2 in Fig. 3; zone 3 includes pyrite that is overgrown by coarse-248 

grained Ccp 2, and zone 4 consists of dispersed pyrite overgrown by Ccp 2 and then 249 

sometimes further rimmed by late-stage sphalerite (as Sp 2). Region 1 (Fig. 5a) includes 250 
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zones 1, 2 and 3, while region 2 (Fig. 5b) includes zones 1, 2, 3 and 4 without late-stage Sp 2; 251 

and region 3 (Fig. 5c) includes zones 1, 2, 3 and 4 with late-stage Sp 2. Region 1 and 3 252 

representing two end-members of petrographic features are described in detail, with region 2 253 

being gradational between them.   254 

The main difference between regions 1 and 3 is the proportion of various sulfides and 255 

porosity in zones 2 and 3. In region 1, zone 2 is dominated by sphalerite (as Sp 1), 256 

sandwiched by both Ccp 1 and 2. In BSE images, Sp 1 occurs as homogeneous patches and 257 

contains some voids (Fig. 5d, e, f). Euhedral pyrite occurs on the boundary of zone 2 and 3 258 

and is overgrown by Ccp 2 in zone 3 (Fig. 5d, g). By contrast, zone 2 in region 3 is more 259 

porous, and contains approximately 10% Sp 1 that is unevenly distributed in smaller patches 260 

(up to 30 µm) that rim voids (Fig. 5h, i). The thickness (from interior to exterior) of zone 3 261 

varies from more than 100 µm in region 1 to 50-100 µm in region 3.  262 

 263 

Native gold  264 

Four types of associations between gold and sulfide/sulfosalt are observed within the 265 

conduits. Individual gold grains are generally sub-rounded and less than 1 µm. Gold particles 266 

occur on the surface of triangular tennantite within Ccp 1, which is observed in all the 267 

conduits, and is defined as Tt-associated gold (Fig. 4g). Gold that exclusively follows the 268 

boundary between Sp 1 and Ccp is denoted by Sp-associated gold and occurs as continuous 269 

chains (Fig. 5e, f) or as discrete grains (Fig. 5g). Similar observations are also made in other 270 

chimneys where sphalerite is sandwiched between chalcopyrite (Fig. S1). Py-associated gold 271 

occurs on the boundaries of, or within, the euhedral pyrite (Fig. 5g). The cluster of gold 272 

nanoparticles that occurs in chalcopyrite without the presence of Sp 1 in porous zone 2 (Fig. 273 

5h, i) is defined as Ccp-associated gold. This association is common in other chalcopyrite-274 

only conduits in other chimneys (e.g. Fig. S2).  275 
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Results: Microstructural Features 276 

Pattern quality maps are grey-scale maps showing variations in diffraction pattern 277 

contrasts. Grain boundaries and sub-grain boundaries appear as grey lines because they are 278 

poorly crystalline and therefore do not produce distinct diffraction patterns, whereas uniform 279 

areas indicate interiors of uniform crystals. Coupled with the coincident EDS measurements, 280 

the maps show grain size, shape and distribution of phases even where it is difficult to tell 281 

crystal structures apart. The maps, therefore, provide a better understanding of the 282 

paragenesis, which cannot be easily recognized via other microscopic techniques. The pattern 283 

quality maps within region 1 and 3 are herewith described to highlight the microstructural 284 

features of conduit 1.  285 

 286 

Region 1  287 

Zones 1 and 3 consist of coarse-grained chalcopyrite grains that, in contrast to the 288 

homogenous crystals shown in the BSE image (Fig. 6a), range in size and morphology. Ccp 1 289 

and 2 vary from ~ 10 µm anhedral crystals close to zone 2 to elongated crystals (~ 100s µm) 290 

that extend both toward the conduit axis in zone 1 and outwards into the inter-conduit space 291 

in zone 3, respectively (Fig. 6b). Both morphologic varieties of crystals lack preferred growth 292 

orientations (Fig. S3). By contrast, zone 2 is formed mainly by smaller grained crystals, 293 

compositionally dominated by Sp 1. The crystal grains are fine (< l µm), where Sp-associated 294 

gold is distributed as discrete grains (Fig. 5f, Fig. 6b-d). Sphalerite that is coated by a gold 295 

nanoparticle chain contains larger sphalerite crystal grains (> 2 µm) (Fig. 5g, h, Fig. 7, Fig. 296 

S4). It is notable that the phase change from Sp 1 to Ccp 1 occurs in a single crystal with gold 297 

nanoparticles precipitated on the chemical boundary rather than on the crystal boundary (Fig. 298 

7, Fig. 8). Fine-grained (< l µm ) chalcopyrite crystals are sometimes observed within or 299 

surrounding Sp 1 (Fig. 7c, Fig. 9b). Pyrite grains appear either euhedral or polycrystalline 300 
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(Fig. 6b, 9). Py-associated gold nanoparticles occur on the surface of, or within, pyrite (Fig. 301 

9).  302 

 303 

Region 3  304 

Ccp 1 in zone 1 and Ccp 2 in zone 3 show similar features to those in region 1 (Fig. 10). 305 

However, zone 2 is more porous than that in region 1 and is shown as a gap in the large-scale 306 

pattern quality map. This zone contains mainly chalcopyrite with minor sphalerite and pyrite 307 

(Fig. 11). Pyrite occurs continuously from fine-grained (several µm) on the boundary of zone 308 

2-3 to larger euhedral grains (~ 30 µm) in zone 3, which are then overgrown by euhedral to 309 

anhedral Ccp 2 grains and further rimmed by Sp 2 (Fig. 10c). On the zones 1-2 and zone 2-3 310 

contacts, Ccp show smooth boundaries where small chalcopyrite grains are present (Fig. 11c). 311 

Native gold is associated with the cavities along those boundaries (Fig. 4e,f, Fig. 11b). Such 312 

gold-ccp association is not observed in region 1.  313 

  314 

Discussion 315 

Growth of conduit 1 316 

The chimney fragment containing the studied area presents the common zonation 317 

features of chalcopyrite-sphalerite rich chimneys reported in previous studies (e.g. Haymon 318 

1983; Koski et al. 1994; Berkenbosch et al. 2012), and the general growth history of the 319 

fragment is consistent with the previous models as described in the Introduction. While most 320 

previous studies focused on the single-stemmed chimneys, this study reveals the detailed 321 

growth process of the multiple sub-parallel conduits occurring within the chimney fragment, 322 

as well as the local controls of native gold enrichment.  323 

In the studied subsample, the textural features of conduit 1 are common to most of the 324 

other conduits. Hence, its growth history provides a good model for the development process 325 
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of other conduits. The shape of conduit 1 is ellipsoidal, which suggests a focused flow of 326 

hydrothermal fluids (Turner and Campbell 1987; Koski et al. 1994). The microstructural 327 

maps, optically appearing as homogenous chalcopyrite, show that the wall actually consists 328 

of coarse-grained chalcopyrite that varies from anhedral crystals, close to zone 2 (10s of µm) 329 

to elongated crystals (~ 100s of µm) towards the void in zone 1 and outwards into the inter-330 

conduit space in zone 3, respectively (Fig. 6, 10). This increase of crystal size away from 331 

zone 2 is indicative of the bi-directional growth of chalcopyrite, which grows towards and 332 

away from the conduit channel as Ccp 1 and 2. During the initial mixing between hot 333 

hydrothermal fluids and seawater, sulfates, such as anhydrite and barite, are the early 334 

minerals forming the conduit wall while segregating the hot hydrothermal fluids with 335 

seawater, and are then dissolved and replaced by sulfides when hydrothermal fluids flow 336 

away from the channel (Haymon 1983). The bi-directional growth of chalcopyrite, Sp 1-337 

dominated layer and the outgrown pyrite are most likely to develop from this early substrate. 338 

In detail, conduit 1 comprises three regions with different proportions of clustered 339 

pyrite, late-stage Sp 2, various thickness of Ccp 2 and porosity in zone 2 (Fig. 5, Table 1). 340 

This sequence is likely to develop through multiple stages with variable degrees of mixing 341 

between high-temperature fluids with seawater or the relatively low temperature surrounding 342 

fluids. Region 1 is characteristic of thicker Ccp 2 with large crystals, less clustered pyrite, 343 

porous zone 2 and lacks later stage Sp 2 compared to the other regions. Sp 1 that is 344 

sandwiched between Ccp 1 and 2 contains fine grains which occur either on the smooth 345 

surface of chalcopyrite (Fig. 6d) or are enclosed by fine chalcopyrite grains (Fig. 9b). This 346 

observation resembles the coupled dissolution-reprecipitation (CDR) products that fine-347 

grained product phases are present on the sharp interference of the parent phases (Putnis 2009; 348 

Etschmann et al. 2014; Altree-Williams et al. 2015). If CDR occurs, chalcopyrite is supposed 349 

to be replaced by sphalerite. However, in the seafloor hydrothermal systems, such chemical 350 
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reaction is less likely to occur. The dissolution of chalcopyrite requires a hot (T > 260 °C) 351 

hydrothermal fluid passing through, which reduces the pH simultaneously and prevents the 352 

precipitation of sphalerite (Fig. 14 in Franklin et al. 2005). Therefore, the replacement of 353 

chalcopyrite by sphalerite is not thermodynamically favorable. As such, the CDR mechanism 354 

is ruled out. Alternatively, our observations can be explained by the dissolution of 355 

chalcopyrite when a hot fluid flows in at the first step and fine-grained sphalerite and 356 

chalcopyrite are precipitated during the conductive cooling or the mixing of the hydrothermal 357 

fluid with remaining fluids.  358 

It is notable there is an epitaxial relationship between adjoining sphalerite and 359 

chalcopyrite grains; i.e. both minerals share the same lattice orientation. Gold nanoparticles 360 

precipitate on the phase boundary in zone 2 (Fig. 7, 8; Fig. S4). This novel finding can only 361 

be revealed using EBSD and has not been reported by previous studies which used only SEM 362 

and optical microscopy. Two mechanisms, i.e. mineral replacement and overgrowth, can 363 

account for the phase change. Sphalerite is replaced by chalcopyrite during metasomatic 364 

reactions, which has been usually applied to interpret the “chalcopyrite disease” in massive 365 

sulfide deposits and hydrothermal vents (Barton and Bethke 1987; Kojima and Sugaki 1987; 366 

Keith et al. 2014). If the metasomatic reaction occurs, chalcopyrite as the product phase is 367 

supposed to be fine-grained compared to the parent phase, i.e. sphalerite in our study (Putnis 368 

2009; Altree-Williams et al. 2015). By contrast, there are no size variations between 369 

chalcopyrite and sphalerite (Fig. 7; Fig. S4). As such, this mechanism is not supported by our 370 

observations. The epitaxial growth of chalcopyrite on sphalerite is alternatively plausible due 371 

to the similar lattice spacings of both minerals. This is a common mineral overgrowth 372 

mechanism, for example, the epitaxial growth of arsenian pyrite over As-free pyrite (Deditius 373 

et al. 2008). The smooth transition from Sp 1 to Ccp 1 can be formed during the progressive 374 

mixing of hydrothermal fluids into seawater when the sulfate wall is dissolved, and the 375 
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sulfide interior wall is built. Instead, the fine-grained chalcopyrite within Sp 1 (Fig. 7c) can 376 

be best explained by the coupled dissolution of sphalerite and re-precipitation of chalcopyrite 377 

by new hot hydrothermal fluids. Pyrite occurs as euhedral or clusters of fine-grained crystals 378 

confined within the similar frame of the euhedral pyrite cluster (Fig. 6a; Fig. 9). Those fine-379 

grained crystals are likely to be a consequence of the similar early dissolution and late 380 

precipitation process. Our observations imply that the development of conduit 1 involves 381 

complex processes which include initial epitaxial overgrowth of chalcopyrite over sphalerite, 382 

and dissolution and precipitation of sulfides by new pulses of hydrothermal fluids.   383 

Region 3 includes a narrow Ccp 2, more clustered pyrite, late-stage Sp 1, and porous 384 

zone 2. Pyrite grows from fine-grained particles in zone 2 to euhedral crystals in zone 3, 385 

which is similar to the distribution in region 1; however, in region 3, pyrite is more abundant 386 

in zone 3, and continues growing into zone 4, then is overgrown by chalcopyrite and late-387 

stage Sp 2 (Fig. 10). Another distinct feature is that on the boundaries of zone 1 and 2, small 388 

chalcopyrite grains occur on the smooth edges of large chalcopyrite grains (Fig. 11c). This is 389 

similar to the early dissolution and late precipitation mechanism mentioned above; however, 390 

if the processes are coupled is unknown. The smooth edge of large chalcopyrite is interpreted 391 

to be the result of the influx of hotter Cu-rich hydrothermal fluids. Subsequently, the new 392 

fine-grained chalcopyrite is precipitated in supersaturated conditions when the hot 393 

hydrothermal fluids contact surrounding fluids. Furthermore, there are no large Sp 1 patches 394 

preserved in region 3. Instead, Sp 1 is less visible in optical observations and only presents as 395 

small particles or rimming the cavities in zone 2 (Fig. 5i); these have probably experienced 396 

extensive dissolution due to consistent discharging of the hotter fluids.  397 

398 

Other chimney conduits 399 



18 
 

Rather than the ellipsoidal shape of the conduit 1, conduit 2 shows less ellipsoidal 400 

shape and conduits 3 and 4 present irregular shape, indicative of forming from a less focused 401 

venting fluids. Additionally, the boundaries of conduits 3 and 4 are characterized by dendritic 402 

chalcopyrite that coalesces into euhedral crystals towards the conduit (Fig. 4a-c). The 403 

dendritic features can only be visualized by SXFM; they are not apparent in optical 404 

microscopic images as chalcopyrite appears as fine-grained particles in sphalerite and resin. 405 

Such features are the best examples showing the supersaturated conditions during the initial 406 

fluid mixing (e.g. Hu et al., 2019). The euhedral crystals can be consequences of either the 407 

deposition from saturated venting fluids (e.g. Hu et al., 2019) or recrystallization of immature 408 

dendritic textures to compact massive texture (Wohlgemuth-Ueberwasser et al. 2015). 409 

Further, the growth direction of dendritic chalcopyrite into larger grains is consistent with 410 

that of fine-grained chalcopyrite and pyrite close by, which grow away from the channel of 411 

conduit 1 (Fig. 3b). Therefore, conduits 3 and 4 are possibly formed due to the diffusing of 412 

hydrothermal fluids during the expansion of conduit 1, while there is no obvious evidence 413 

showing the timing relationship between conduits 1 and 2.  414 

The fine-grained sphalerite (Sp 1) layer is not observed in conduit 2-4. The primary 415 

wall of conduit 2 only contains fine-grained pyrite clusters which grow away from the 416 

channel as well. This resembles the pyrite clusters rimming conduit 1. It is possible, but not 417 

conclusive, that the pyrite wall of conduit 2 form simultaneously with pyrite clusters that 418 

grow on the initial sulfate layer in conduit 1 when diffused hydrothermal fluids mixed with 419 

lower temperature surrounding fluids. Chalcopyrite continuously grows towards the conduit 420 

channel from the pyrite wall that gradually isolates hydrothermal fluids from the surrounding 421 

fluids. In contrast to conduits 1 and 2, no such pyrite clusters are observed in conduit 3 and 4. 422 

The absence of pyrite clusters and the occurrence of dendritic chalcopyrite are likely to be the 423 

result of high formation temperatures, for example, caused by the diffused hydrothermal 424 
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fluids mixing with only a small amount of low temperature surrounding fluid, causing 425 

chalcopyrite only to precipitate. The occurrence of later stage Sp 2, barite and chalcocite (Fig. 426 

3) within the conduits suggests a waning stage of chimney growth, e.g. the weakening of 427 

hydrothermal fluid flow and the influx of seawater (Janecky and Seyfried 1984; Halbach et al. 428 

1998). Therefore, based on the above discussion, the group of various conduits is developed 429 

through multiple stages of mixing between focused/diffused warm hydrothermal fluids and 430 

the surrounding fluids.  431 

 432 

The deposition mechanisms of native gold  433 

In the studied subsample, four types of gold-sulfide/sulfosalt associations are presented. 434 

Gold has been proposed to be transported as Au-bisulfide, Au-chloride complexes or 435 

colloidal nanoparticles in hydrothermal fluids (Benning and Seward 1996; Stefánsson and 436 

Seward 2003, 2004; Williams-Jones et al. 2009; Gartman et al. 2018; Fuchs et al. 2019). The 437 

concentrations of Au in venting fluids are extremely low; however, the fluids will become 438 

saturated in Au due to the dramatic physicochemical changes within the chimney, resulting in 439 

the co-existence of native gold and sulfides in black smokers (Hannington et al. 1991; Herzig 440 

et al. 1993; Murphy and Meyer 1998; Moss and Scott 2001; Iizasa et al. 2018). Native gold in 441 

hydrothermal chimneys has been observed in association with sphalerite, with Cu-rich 442 

minerals such as chalcopyrite, tennantite and bornite, and with Bi-rich minerals, such as 443 

maldonite (Au2Bi) (Murphy and Meyer 1998; Moss and Scott 2001; Törmänen and Koski 444 

2005; De Ronde et al. 2011; Berkenbosch et al. 2019). The direct precipitation of primary 445 

gold occurs as a result of changes in the physical and chemical properties of hydrothermal 446 

fluids, such as temperature drops, pH increases, and oxidation due to seawater-fluid mixing 447 

(Hannington et al. 1986; Herzig et al. 1993; Murphy and Meyer 1998; Moss and Scott 2001). 448 

Alternatively, gold has been suggested to be scavenged by liquid bismuth from the 449 
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hydrothermal fluids at later stages of the mineralization (Törmänen and Koski 2005; 450 

Berkenbosch et al. 2012). Secondary remobilization of Au can occur due to the later stage 451 

processes by oxidation of chalcopyrite, and hydrothermal recrystallization and replacement, 452 

resulting in the occurrence of native gold in grain boundaries of Cu-rich sulfides (Hannington 453 

et al. 1995). Finally, recent studies showed that the boiling in the subsurface can generate 454 

native gold which is transported as the colloidal form in vent fluids (Gartman et al. 2018; 455 

Fuchs et al. 2019; Falkenberg et al. 2021). This mechanism can make a significant 456 

contribution to native gold enrichment in hydrothermal chimneys.  457 

In the eastern Manus Basin, six Au complexes, including Au-bisulfide, Au-chloride and 458 

Au-OH complexes, from the venting fluids of the Satanic Mill hydrothermal vent site were 459 

evaluated via thermodynamic modelling by Moss and Scott (2001). In their study, Au(HS)0 
460 

was suggested to be the most stable Au carrier when the temperature of venting fluids is less 461 

than 300° and pH is no more than 4. Moss and Scott (2001) further suggested that multiple 462 

factors can contribute to the reduction of Au(HS)0 and consequent gold precipitation, 463 

including decreased sulfur activity and increased pH and fO2 (via sulfide oxidation).  464 

The Tt-associated gold observed in this study is common in the chalcopyrite-lined conduits 465 

(Moss and Scott 2001; Wohlgemuth-Ueberwasser et al. 2015). Tennantite has been proposed 466 

to precipitate from high αS2 conditions, which are also favorable for transporting Au 467 

(Hannington and Scott 1989; Vassileva et al. 2014). Since fO2 increases and αS2 decreases 468 

with the increasing degree of mixing between seawater and hydrothermal fluids (Haymon 469 

1983), the Tt-associated gold is likely to be precipitated when αS2 dropped during seawater 470 

ingression and the Au-bisulfide complex was destabilized with the precipitation of tennantite 471 

(Moss and Scott, 2001). The Py-associated gold has been rarely observed in other seafloor 472 

hydrothermal sulfide precipitates (e.g. Ye et al. 2012) and is thought to precipitate during the 473 
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mixing of high and low-temperature hydrothermal fluids when both pH and fO2 increase, 474 

leading to H2S oxidation.  475 

Gold has commonly been observed in massive sphalerite (> 20 µm) in sulfide chimneys 476 

and the precipitation has been attributed to conductive cooling and mixing with seawater 477 

(Herzig et al. 1993; Hannington et al. 1995; Ye et al. 2012; Wu et al. 2016; Fuchs et al. 2019). 478 

Such gold occurs with anhedral shape randomly in sphalerite, while, in our study, the Sp-479 

associated gold occurs exclusively on the boundaries, forming chains of grains, at the 480 

epitaxial boundary from sphalerite to chalcopyrite, but is not observed in the late-stage 481 

massive sphalerite. Therefore, the Sp-associated gold is considered as a new type of gold 482 

occurrence in modern seafloor hydrothermal chimneys, distinct from previous occurrence in 483 

massive sphalerite. As discussed above, the particular phase transition is most likely to result 484 

from the overgrowth of chalcopyrite on sphalerite during the progressive mixing of 485 

hydrothermal fluid into seawater with temperature increasing. Such fluids mixing process has 486 

been simulated by geochemical modelling with PACMANUS hydrothermal fluids in Fuchs et 487 

al. (2019). Modelling results show that the infiltration of hydrothermal fluids into seawater 488 

results in mineral precipitation in the following sequence: sphalerite  gold  chalcopyrite 489 

with temperature increasing, which is consistent with our observations. The discontinuous 490 

gold occurrence on the Sp 1 and chalcopyrite boundaries probably results from the partial 491 

dissolution of early sulfide and gold by the new pulses of hot hydrothermal fluids. 492 

The last type, Ccp-associated gold, exclusively occurs within cavities close to the 493 

interpreted dissolution and precipitation boundaries between Ccp 1 and 2 (Fig. 11). Although 494 

the occurrence of native gold in primary chalcopyrite has been frequently reported (e.g. 495 

Hannington et al. 1995; Herzig and Hannington 1995; Wu et al. 2016; Firstova et al. 2019; 496 

Fuchs et al. 2019), the gold-chalcopyrite association in this study has not been noticed before 497 

but is commonly observed in chimneys in PACMANUS hydrothermal field (Fig. S2). Gold 498 
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occurs alongside fine-grained chalcopyrite within cavities located on the smooth boundaries 499 

of larger chalcopyrite grains (Fig. 11) and is interpreted to precipitate from fluid mixing when 500 

Au-rich fluids passing through the fractures of chalcopyrite.  501 

However, the occurrence of nano-scale native gold observed in this study can be 502 

alternatively precipitated directly of colloidal gold transportation in venting fluids (Gartman 503 

et al. 2018; Falkenberg et al. 2021). Gold precipitated via colloidal transportation occurs as 504 

angular shapes filling in fractures or cavities in various minerals which include chalcopyrite, 505 

pyrite, sphalerite and barite, whereas gold in this study presents unique spatial associations 506 

with various sulfides. Therefore, the colloidal transport mechanism is possibly responsible for 507 

the occurrence of native gold; however, fluid-seawater mixing mechanisms are more 508 

plausible on the basis of the textural evidence, as illustrated in this study. To probe the 509 

precise fluid mixing stages that lead to gold precipitation, further quantification by modelling 510 

is recommended. 511 

 512 

Growth model of the multiple conduits  513 

Based on these new observations in conjunction with published research on chimney 514 

growth (Haymon 1983; Koski et al. 1984; Butler and Nesbitt 1999; Berkenbosch et al. 2012), 515 

a detailed five-stage model accounting for the growth history of the observed multiple 516 

conduits, together with native gold precipitation, within a larger chimney structure, is 517 

proposed as follows (Fig. 12). Stage 1 includes the initially formed sulfate wall as soon as 518 

hydrothermal fluids got in contact with seawater, which, however, was dissolved during the 519 

continuing hydrothermal fluid flow. Sphalerite, gold and chalcopyrite were gradually 520 

precipitated during further fluid-seawater mixing at Stage 2. During this process, sphalerite 521 

was overgrown by chalcopyrite epitaxially with gold nanoparticles deposited on the 522 

boundaries (Fig. 12a). As Stage 3, the pyrite clusters, together with fine-grained gold, were 523 
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precipitated when fluids flowed outwards through the porous wall (Fig. 12b, c). Hot 524 

hydrothermal fluids passing through the wall caused the dissolution of sphalerite and 525 

precipitation of fine-grained chalcopyrite and sphalerite as well as the discontinuous 526 

occurrence of gold on the early sphalerite-chalcopyrite boundary. Chalcopyrite started to 527 

grow on the primary substrate outwards, overgrowing pyrite clusters and thickening the wall. 528 

The pyrite-only wall of conduit 2 was precipitated in the nearby empty space (Fig. 12d), 529 

either from the diffused hydrothermal fluids forming conduit 1 or from a new pulse of 530 

venting fluid. The conduit walls of conduit 1 became less porous during Stage 4, and more 531 

chalcopyrite grew towards and away from the channel (Fig. 12f). The hydrothermal fluids 532 

also diffused to other empty space and mixed with low temperature surrounding fluids, 533 

resulting in the precipitation of the chalcopyrite-only wall of the conduits 3 and 4. At the 534 

instant where two fluids met each other, the supersaturated conditions resulted in the 535 

formation of dendritic chalcopyrite (Fig. 12e). The fluxing of hot hydrothermal fluids is 536 

likely to dissolve the pre-existing chalcopyrite and sphalerite, and precipitate fine sulfide 537 

grains on the dissolved boundaries in region 3 of conduit 1. Native gold is precipitated 538 

exclusively in the cavities of chalcopyrite. Tennantite, together with native gold, were 539 

precipitated during the growth of the chalcopyrite wall. At the waning stage, as Stage 5, low-540 

temperature galena, sphalerite, barite and sometimes chalcocite were precipitated when the 541 

flux of hydrothermal fluids became weak and seawater entered (Fig. 12g, h).   542 

 543 

Implications 544 

Seafloor hydrothermal chimneys from arcs and back-arc basins are enriched in Au with 545 

up to 56 ppm in bulk composition, but native gold is rarely observed, particularly in 546 

chalcopyrite-lined conduit walls (Moss and Scott 2001; Fuchs et al. 2019). In the eastern 547 

Manus Basin, a total of 303 native gold grains have been examined in four representative 548 
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hydrothermal chimneys and their occurrences were summarized in Moss and Scott (2001). 549 

The primary gold occurs as inclusions in tennantite and chalcopyrite and has been interpreted 550 

to precipitate due to the decreased sulfur activity caused by fluid mixing or boiling. Gold is 551 

also observed to co-exist with Bi-minerals (e.g. Bi telluride) in conduit walls of chimneys 552 

from Brothers volcanoes due to the involvement of magmatic fluids (Berkenbosch et al. 2012, 553 

2019). Our study demonstrates that gold occurrence in the chalcopyrite-lined conduit walls is 554 

more variable than previously reported as it presents distinct associations with various 555 

sulfides, including chalcopyrite, sphalerite and pyrite.  556 

Furthermore, the Ccp-associated and Sp-associated gold (Fig. 5, 7) were not reported 557 

before, although the chemical deposition mechanisms are similar to the published studies. 558 

Either Ccp-associated or Sp-associated gold were also exclusively observed within other 559 

chimneys. For example, the outer boundaries of chalcopyrite-lined conduit from another 560 

chimney contain Ccp-associated gold only where early-stage sphalerite is absent (Fig. S2). As 561 

interpreted above, both gold-sulfide associations form at different stages of the fluid mixing 562 

process. This implies that the broad spectrum of gold-sulfide associations can be variable 563 

among different chimneys, which are likely to be controlled by the various mixing process 564 

when hot hydrothermal fluids come in contact with surrounding fluids, together with 565 

magmatic contributions. The surrounding fluids can be either seawater or cooled 566 

hydrothermal fluids. This can be a new direction of searching for native gold in other modern 567 

and fossil chimneys, as well as ancient VMS deposits.  568 

In the end, the combination of SXFM and EBSD analysis is demonstrated to be useful 569 

approaches to unravel the paragenesis by mapping µm- to nm-scale mineralogical and 570 

microstructural features in regions of interest.  571 

572 

573 
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 845 

Figure captions 846 

Figure 1 (a) Geologic setting of the eastern Manus Basin. (b) Sampling location, distribution 847 

of hydrothermal vent fields and sites and volcanic edifices ranging from basalt to rhyodacite. 848 

Figures are modified from Binns and Scott (1993).   849 
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850 

Figure 2 (a) Optical photograph of the studied polymetallic chimney fragment. (b) Optical 851 

photomicrograph (reflected light) of the studied thin section from the fragment, displaying 852 

the distribution of multiple chalcopyrite (Ccp)-lined conduits, coarse-grained and dendritic 853 

sphalerite (Sp) with dispersed pyrite (Py) and barite (Brt).   854 

855 

Figure 3 (a) Optical microscopic image (reflected light) of multiple conduits (left half of Fig. 856 

2b) and (b) The corresponding SXFM red (Fe)-green (Cu)-blue (Zn) composite image 857 

showing the distribution of sulfides (chalcopyrite, pyrite, sphalerite and chalcocite) and barite. 858 

The conduits are lined with chalcopyrite which is displayed as yellow in (a), bright yellow in 859 

(b). There is a gap separating two generations of chalcopyrite (as Ccp 1 and 2), indicated by 860 

the dashed line in (a) and directly visible in (b). Some chalcopyrite conduits are rimmed by 861 

clustered pyrite which is present as white color in (a), red in (b). Late-stage sphalerite (as Sp 862 

2) and barite overgrow pre-existing sulfides. Sphalerite is displayed as grey in (a), blue in (b).863 

Barite is transparent in (a), but not visible in (b). Chalcocite is shown as bright green in 864 

conduits 2 and 3 in (b). The conduit 1 is further divided into regions 1, 2, and 3 with the 865 

boundaries highlighted with yellow dashed lines in (a) (lower left). Abbreviations: ccp 866 

(chalcopyrite), py (pyrite), sp (sphalerite), brt (barite), cc (chalcocite).  867 

868 

Figure 4 (a-c) Chalcopyrite varying from dendrite to euhedral and overgrown by sphalerite. 869 

(a) Optical microscopic image in reflected light. (b) The corresponding SXFM image870 

showing the dendrite structure not visible in (a), without (left part) and with (right part) 871 

overgrowth by sphalerite. Due to the depth penetration of synchrotron x-ray, the features are 872 

present clearly in three dimensions. (c) Higher magnification observation of the dendrite from 873 

(b) showing pyrite grains are enclosed within the dendritic structure. (d-f) SXFM elemental874 

maps showing the distribution of gold. (d) Clustered pyrite rims chalcopyrite boundaries. (e) 875 

Gold in chalcopyrite conduits and galena within later stage sphalerite from the box in (d); (f) 876 

Higher magnification observation of gold from (e); (g) Native gold is associated with 877 

tennantite from Fig. 3(b). Abbreviations: Ccp: chalcopyrite; Sp: sphalerite; Py: pyrite; Gn: 878 

galena; Tnt: tennantite.   879 

880 
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Figure 5 (a-c) SXFM elemental maps of region 1-3, showing the distribution of chalcopyrite 881 

(Ccp, in yellow), pyrite (Py, in red) and sphalerite (Sp, in blue) and defining the concentric 882 

zones that are identifiable in each region. Region 1 is dominated by chalcopyrite with a few 883 

sphalerite and pyrite grains. Region 2 is characterized by chalcopyrite overgrown by 884 

disseminated pyrite. Region 3 contains similar features to those in region 2 and also shows 885 

overgrowth by a late-stage sphalerite. (d-g) SEM-BSE images of region 1, including zones 1-886 

3. Zone 1 consists of chalcopyrite (Ccp 1). Zone 2 features a thin layer of sphalerite (Sp 1). In887 

zone 3, pyrite (Py) grows within chalcopyrite (Ccp 2).  (d) Region 1 containing zones 1-3. (e) 888 

Gold chains delineating the boundary of Sp 1 and Ccp 1. (f) High magnification observation 889 

from (e). (g) Euhedral pyrite growing into Ccp 2 from Sp 1. The insert shows gold 890 

distribution over the pyrite. (h-i) SEM-BSE images of region 3. (h) Region 3 containing 891 

zones 1-4. Zone 1 and 3 share similar features to those in region 1. Zone 2 is more porous and 892 

a late-stage sphalerite forms zone 4. (i) High magnification observation of zone 2, showing 893 

this zone contains voids rimmed by Sp 1 (delineated by orange dashed lines) and 894 

chalcopyrite-associated gold. Insert: Ccp-associated gold. Gold grains are circled with yellow 895 

dashed lines. 896 

897 

Figure 6 Microstructural features of region 1. (a) BSE image, (b) pattern quality map, and (c) 898 

the pattern quality map overlain with the EDS elemental map, showing the distribution of 899 

sphalerite (Sp, bright green), pyrite (Py, sky blue) and chalcopyrite (Ccp, light pink). In the 900 

pattern quality maps, the straight and sharp dark lines are scratches introduced by the 901 

mechanical polishing during sample preparation. The grey lines indicate grain boundaries, 902 

with an example shown in (b). (d) High magnification image of zone 2. The images show that 903 

a thin layer of sphalerite separates chalcopyrite into two groups. The sphalerite layer consists 904 

of multiple fine-grained crystals, while chalcopyrite varies from fine-grained close to zone 2 905 

to coarse-grained into zone 1 and zone 3, respectively. Euhedral pyrite occurs within 906 

chalcopyrite in zone 3.  907 

908 

Figure 7 Microstructural features of sphalerite patches and the associated gold in region 1. (a) 909 

BSE image, (b) pattern quality map; and (c) the pattern quality map overlain with the EDS 910 

elemental maps, showing the distribution of sphalerite (Sp 1, yellow), chalcopyrite (Ccp 1, 911 

blue) and native gold (bright in a and red in c). The sphalerite patch is homogenous in BSD 912 

observation; however, it consists of multiple fine-grained crystals that become larger radially 913 
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from the center to the boundary. (d) from (c) is the pattern quality map of gold nanoparticles 914 

(less than 500 nm, highlighted by yellow circles). The images show that sphalerite (Sp 1) is 915 

overgrown by chalcopyrite (Ccp 1), and gold is located on the phase boundary of the two 916 

minerals. It is noteworthy that the boundary is indicated by gold distribution and chemical 917 

variations rather than by crystal boundaries.   918 

 919 

Figure 8 (a) The pattern quality map overlain with the EDS elemental maps, showing the 920 

distribution of sphalerite (Sp 1, yellow), chalcopyrite (Ccp 1, blue) and native gold (red) and 921 

(b) Inverse pole figure (IPF_Z) showing crystal lattice orientation in the same area as Fig. 7d. 922 

The crystal orientations are from points a, b and c in (b). In the IPF_Z map, the orientations 923 

parallel to Z direction (the direction normal to the plane of the image) correspond to the 924 

crystallographic directions indicated by the color scheme. All the large crystals are yellowish-925 

green, which means the poles to the (101) plane of those crystals are nearly parallel to the Z 926 

direction, orthogonal to the page. The inverse pole figures in the X and Y directions show 927 

similar features. The boundary between chalcopyrite and sphalerite are delineated with a red 928 

dashed line. The image shows that the sphalerite and chalcopyrite grains are epitaxial (i.e. 929 

share the same crystal lattice orientation) as there are no grain boundaries between the 930 

chemical transition and the lattice orientations of both minerals (point b and c) are the same. 931 

There is a slight orientation change across a sub-grain boundary between point a and b, 932 

extending through the sphalerite-chalcopyrite phase boundary. Gold (as a red spot) is situated 933 

on the boundary.  934 

 935 

Figure 9 Microstructural features of pyrite and the associated gold in region 1. (a-c) BSE 936 

image, pattern quality map and Fe distribution map showing that pyrite grows from small 937 

crystals (< 1 µm) in zone 2 to larger (~ 2 µm) in zone 3 of region 1. (d-f) BSE image, pattern 938 

quality map and Au distribution map showing that gold is located within and/or at the 939 

boundaries of pyrite grains.  940 

 941 

Figure 10 Microstructural features of region 3. (a) BSE image, (b) pattern quality map, and 942 

(c) the pattern quality map overlain with the EDS elemental maps, showing the distribution of 943 

pyrite (Py, sky blue), chalcopyrite (Ccp, light pink) and late-stage sphalerite (Sp2, bright 944 

green). Similarly to region 1, chalcopyrite varies from fine-grained close to zone 2 to coarse-945 

grained into zone 1 and zone 3, respectively. However, zone 2 in region 3 is more porous, 946 
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present as a dark gap in the large-scale pattern quality map. Pyrite is disseminated within Ccp 947 

2, however, grain size variation from fine close to zone 2 to coarse in zone 3 can be observed. 948 

Late-stage sphalerite mantles the pre-existing chalcopyrite and pyrite.  949 

950 

Figure 11 High magnification observations of zone 2 in region 3. (a) pattern quality map and 951 

(b) the pattern quality map overlain with the EDS elemental maps, showing the distribution952 

of gold (in red), sphalerite (in yellow), pyrite (Py) in bright blue and chalcopyrite (Ccp 1&2) 953 

in light blue. Zone 2 consists of fine-grained sphalerite and chalcopyrite crystals. (c) 954 

enlargement of pattern quality map in the indicated area of (a) showing the sharp boundaries 955 

of chalcopyrite. (d) Enlargement of pattern quality map in (a) showing the smooth boundaries 956 

of chalcopyrite. Cavities along the boundaries are filled by small (less than 2 µm) particles, 957 

including gold. Gold particles in this image are too fine to be revealed via EBSD, but the 958 

EDS map has confirmed their presence.  959 

960 

Figure 12 Proposed model of chimney growth. Stage 1: formation of a sulfate-dominated 961 

wall during the initial mixing of hydrothermal fluids and seawater. Stage 2: Sulfate was 962 

dissolved and replaced by sulfides, such as sphalerite (Sp 1) and chalcopyrite, during further 963 

fluids mixing. Sphalerite was overgrown epitaxially by chalcopyrite, corresponding to the 964 

BSE image showing that gold nanoparticles occurred as chains on the mineral boundaries (a). 965 

Stage 3: Hydrothermal fluids flowed away from the channel, resulting in the outgrowth of 966 

chalcopyrite and pyrite clusters in conduit 1, shown in (b). Gold nanoparticles are also 967 

precipitated along with pyrite (c). The pluses of hydrothermal fluids caused the dissolution of 968 

chalcopyrite and precipitation of finer grained chalcopyrite, sphalerite and pyrite. Additional 969 

fluids flowed to the nearby empty space and formed a new conduit (conduit 2) with pyrite 970 

wall, as indicated in (d). Stage 4: More hydrothermal fluids diffused to empty space and 971 

formed other conduits (3 and 4) with chalcopyrite-dominated wall, shown in (e). The 972 

chalcopyrite wall of conduit 1 became thicker or more chalcopyrite overgrew pyrite clusters 973 

(f). During the development of the chalcopyrite wall, gold is deposited with tennantite. 974 

Chalcopyrite close to the porous Sp 1 layer in conduit 1 was dissolved and precipitated as 975 

fine-grained, during which Ccp-associated gold was precipitated. Stage 5:  late-stage 976 

sphalerite (Sp 2) and barite (Brt) overgrew those chimneys, indicated by observations of (g, h) 977 

SXFM elemental map showing the late-stage sphalerite in (h) and barite in (i) overgrowing 978 

chalcopyrite and pyrite.  979 
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Table 1  

A summary of mineralogical associations in all the zones and regions. The regions refer to 

the specific areas with various occurrences of clustered pyrite and late-stage sphalerite as 

delineated in conduit 1 (Fig. 3). The zones represent the concentric mineralogical variations 

from chimney interior to the exterior (e.g. Fig. 5). Regions including the corresponding zones 

are highlighted with light green color and the additional unique features of zones are 

described in each Region column. Abbreviations: Ccp, chalcopyrite; Py, pyrite; Sp, 

sphalerite. 

Zoned 
Dominated mineralogy and 

porosity 
Region 1 Region 2 Region 3 

Zone 1 Coarse-grained Ccp 1 

Zone 2 ± Sp 1, gold-rich, porous 

Less 

porous 

More porous and 

with Sp 1 

occasionally 

observed 

Zone 3 
Euhedral Py overgrown by 

Ccp 2 

> 100 µm

thick 
50-100 µm thick

Zone 4 

Disseminated Py 

overgrown by Ccp 2 and ± 

late-stage Sp 2 

Without 

late-stage 

Sp 2 

With late-stage Sp 

2 
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