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Abstract: The Okinawa Trough is characterized by enrichment of Ag in hydrothermal precipitates; however, the distribution 

of this enrichment remains poorly constrained. This study presents the results of a field-emission scanning electron 

microscopy and electron-microprobe analysis based mineralogical and geochemical investigation of the spatial distribution of 

Ag within Ag-rich sulfide samples from the Okinawa Trough. The tetrahedrite, covellite, and galena in these samples contain 

high concentrations of Ag (average values of 1.60, 0.78, and 0.23 wt.%, respectively) and also various Ag sulfosalts. 

Examination of the Ag budget of these samples indicates that most of the Ag is hosted by tetrahedrite followed by galena. 

The Ag within tetrahedrite is incorporated by substitution into the Cu site, whereas galena becomes Ag-enriched by the 

coupled incorporation of monovalent Ag, Tl, and Cu, and trivalent Sb and Bi into Pb lattice sites. Tetrahedrite and galena 

containing higher concentrations of Sb favor increased Ag substitution. Four sets of Ag host minerals are identified with 

distinct ore formation temperatures. Tetrahedrite and galena concentrate the majority of Ag at medium temperatures (150–

300°C). Other Ag host minerals concentrate only minor or trace amounts of Ag, including massive sphalerite, chalcopyrite, 

and pyrite at high temperatures (>300°C), colloform pyrite and sphalerite at low temperatures (<150°C), and Ag-sulfosalts at 

even lower temperatures (<100°C). 
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1 Introduction 
 
The Okinawa Trough is a tectonically active intra-continental back-arc basin formed by the subduction of the 

Philippine Plate under the Eurasian continent. Being in the nascent stage of back-arc evolution at a continental 
margin (Lee et al., 1980; Sibuet et al., 1998; Shang et al., 2017), the Okinawa Trough exhibits unique 
hydrothermal mineralization relative to intra-oceanic back-arc basins (e.g., Glasby and Notsu, 2003; Yeats et al., 
2017). For example, Okinawa Trough polymetallic sulfides are enriched in Pb, As, Sb, Hg, Tl, and Bi, which is 
attributed to contributions from silicic basement and sediments, as well as magmatic sources (Halbach et al., 
1989, 1993; Hou et al., 1999; Zeng et al., 2002, 2010; Gena et al., 2013). Another particular feature of the 
Okinawa Trough sulfide deposits that has not received extensive attention in the past is their high Ag 
concentrations (average of 2.410

3
 ppm; Fig. 1), which are an order of magnitude or more higher than in other 

back-arc basins. 
In contrast to relatively well-studied ancient onland volcanogenic massive sulfide (VMS) deposits (Amcoff, 

1984; Cabri et al., 1985; Zierenberg and Schiffman, 1990; Huston et al., 1996; Shalaby et al., 2004), the 
distribution pattern of Ag in modern hydrothermal sulfide systems is poorly constrained (Moss and Scott, 1996; 
Wu et al., 2016). In addition to separate phases of Ag-minerals, Ag in hydrothermal sulfide deposits generally 
occurs as a minor or trace element within a wide range of primary and secondary sulfide minerals (Huston et al., 
1996; Moss and Scott, 1996). These silver-bearing minerals commonly contain Ag at concentrations of several 
hundred to several thousand ppm. For example, galena can contain Ag at contents of thousands of ppm, while 
chalcopyrite, isocubanite, sphalerite and pyrite are known to contain tens to hundreds of ppm Ag in the EPR 
21°N and 13°N hydrothermal fields (Moss and Scott, 1996). Secondary digenite from the TAG vent field also 
contains up to 152 ppm Ag (Hannington et al., 1988). Colloform minerals can contain high concentrations of Ag, 
as exemplified by colloform pyrite within hydrothermal sulfides from the Edmond field of Central Indian Ridge 
that contain up to 0.54 wt.% Ag (Wang et al., 2011). In addition, Ag can be incorporated into tennantite-
tetrahedrite at a wt.% level, even forming Ag-rich tetrahedrite/tennantite, freibergite, and argentotennantite. 
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Examples of this include tennantite–tetrahedrite containing up to 2.64 wt.% Ag from the Minami–Ensei Knoll in 
the Okinawa Trough (Nedachi et al., 1992), tetrahedrite containing up to 16.6 wt.% Ag from the Iheya Ridge in 
the Okinawa Trough (Ueno et al., 2003), and tennantite containing up to 6.66 wt.% Ag from the Edmond 
hydrothermal field on the Central Indian Ridge (Wu et al., 2011, 2016).  

To provide a detailed assessment of the distribution pattern of Ag in modern seafloor hydrothermal sulfides 
from the Okinawa Trough, we conducted a detailed mineralogical and geochemical study, using field-emission 
scanning electron microscopy (FESEM) and electron microprobe analyses (EMPA), on Ag-rich sulfide samples 
from the middle and southern Okinawa Trough. The aims of this study are to: (1) identify the main host minerals 
of Ag and the spatial distribution patterns of Ag; (2) investigate the incorporation mechanism of Ag into the 
main Ag host minerals; and (3) discuss the control of temperature on Ag distribution. 

 

 

Fig. 1. Average Ag contents of modern seafloor polymetallic sulfides. 
Data are shown for deposits from back-arc basin and arc settings, on mid-ocean ridges, and in sedimented environments. Data are compiled from the 

JAMSTEC GODAC Data Site (www.godac.jamstec.go.jp) and the International Seabed Authority (www.isa.org.jm). The numbers in parentheses refer 

to the number of analyses. SWIR, Southwest Indian Ridge; CIR, Central Indian Ridge; EPR, East Pacific Rise; JdF Ridge, Juan de Fuca Ridge. 

 
2 Geological Setting 
 

In response to variations in the angle and rate of subduction of the Philippine Plate, the Okinawa Trough has 
undergone various stages of back-arc evolution, from continental extension in its northern segment through 
rifting in the middle segment to a potential seafloor spreading stage in the southern segment (Ma et al., 2004; 
Huang et al., 2006; Yan and Shi, 2014; Shang et al., 2017). The northern segment of the Okinawa Trough is 
characterized by thick crust (~25 km) and sedimentary cover (8 km), as well as sporadic magmatism (Sibuet et 
al., 1987). In the middle and southern segments, the magmatism is enhanced and focused primarily in graben and 
half-graben. Notably, the strongest magmatism within the trough is focused in the volcanic arc–rift migration 
phenomenon (VAMP) area, and in the southernmost part of the Okinawa Trough (SPOT) (Fig. 2). This is due to 
the subduction of the Daito and Gagua ridges beneath the Ryukyu Arc (Sibuet et al., 1998). These areas are 
highly faulted and show a high heat flow and extensive hydrothermal activity. More than ten hydrothermal fields 
have been recognized in the Okinawa Trough over the past 30 years (Halbach et al., 1989; Nakashima et al., 
1995; Watanabe et al., 1995, 2006; Zhao et al., 1997; Watanabe, 2001; Zhai et al., 2001; Okamoto et al., 2002; 
Ueno et al., 2003; Suzuki et al., 2008; Ishibashi et al., 2015). 

The samples used in this study were collected from the Iheya North Knoll (in middle Okinawa Trough) and 
the Yonaguni Knoll IV (insouthern Okinawa Trough) in the VAMP and SPOT areas, respectively. The Iheya 
North Knoll hydrothermal field (2747.50N, 12653.80E) is located at ~1000 m below sea level (mbsl) on the 
eastern slope of a small knoll formed by a volcanic complex (Ishibashi et al., 2015). Active fluid venting and 
sulfide/sulfate mineralization are common in this area. Ore samples of both active and inactive chimneys exhibit 
various types of high- to low-temperature mineralization, including Cu-rich, Zn–Pb-rich and Si–Ba–Fe types. 
The samples from this area consist mainly of sphalerite, wurtzite, galena, pyrite, marcasite, chalcopyrite, and 
fahlore, as well as gangue sulfates consisting mainly of barite, gypsum, and anhydrite (Ueno et al., 2003). A 
range of hydrothermal fluid chemistries (especially in terms of Cl

–
 concentration, which ranges from 16 to 585 

mmol/kg) and temperatures (70–311°C) have been measured within the hydrothermal field (Kawagucci et al., 
2011). The Yonaguni Knoll IV hydrothermal field (2451N, 12242E) is situated near the western edge of the 
southern Okinawa Trough at 1370–1385 mbsl. High- and medium-temperature hydrothermal fluid vents (e.g., 
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Tiger, Lion, Swallow, and Crystal) and associated chimney-mound structures and hydrothermal precipitates are 
widely distributed throughout the hydrothermal field (Inagaki et al., 2006; Konno et al., 2006; Suzuki et al., 
2008). A wide range of hydrothermal fluid chemistries (Cl

–
 concentrations of 376–635 mmol/kg) and 

hydrothermal precipitates have been recognized, including anhydrite-rich chimneys, massive Zn–Pb–Cu sulfides, 
Ba–As chimneys, Mn-rich chimneys, and silicified pavement precipitates (Suzuki et al., 2008). 

 

 
Fig. 2. Tectonic setting of the Okinawa Trough back-arc basin. 

Sample localities (red stars), major tectonic features, and main hydrothermal fields (red circles) are shown. NOT, MOT, and SOT represent the 

northern, middle, and southern segments of the Okinawa Trough, respectively. The two pink shaded areas delineate the volcanic arc migration 

phenomenon (VAMP) area and southernmost part of the Okinawa Trough (SPOT). 

 
3 Materials and Methods 
 
3.1 Sampling information 

The samples used in this study were collected from the middle and southern Okinawa Trough by R/V Science 
One in 2013 using a TV-guided grab sampler and remotely operated vehicle (ROV). The samples include 
fragments of relict hydrothermal mounds and oxidized sulfide debris (Table 1). Preliminary petrographic 
classification sorted the samples into Zn–Fe–Cu-rich (sample R1), Zn–Pb–Ba–Cu-rich (samples T9-1 and T9-2, 
collectively called sample T9), and Si–Ba–Fe-rich (sample T4) subtypes (Fig. 3). The Zn–Fe–Cu-rich sample is 
dominated by euhedral, coarse-grained sphalerite along with abundant euhedral pyrite and minor amounts of 
chalcopyrite. The Zn–Pb–Ba–Cu-rich sample contains mainly mixed assemblages of sphalerite, galena, minor 
tetrahedrite, and trace chalcopyrite, along with abundant barite and minor amounts of amorphous silica. The Si–
Ba–Fe-rich sample is dominated by amorphous silica and barite laths and minor amounts of colloform pyrite and 
intergrown sulfide. 

 

Fig. 3. Hand specimen photographs of representative hydrothermal precipitates from the middle and southern Okinawa 

Trough. 
(a, b) Zn–Pb–Ba–Cu-rich sulfide samples (samples T9-1 and T9-2); (c) a Zn–Fe–Cu-rich sulfide sample (sample R1); (d) Si–Ba–Fe-rich hydrothermal 

precipitates (sample T4). 
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Table 1 Basic information of sulfide samples from middle and southern Okinawa Trough 

Sample No. Longitude Latitude Depth (m) Sample description 

T9-1, T9-2 12241.90’ E 2450.99’ N 1356 Zn–Pb–Ba–Cu-rich sulfide sample 

R1 12653.82’ E 2747.45’ N 999.6 Zn–Fe–Cu-rich sulfide sample 

T4 12653.81’ E 2747.42’ N 1028 Si–Ba–Fe-rich ore samples 

 
3.2 Analytical techniques 

Polished thin sections of sulfide samples were studied using a Zeiss Ultra 55 FESEM equipped with an INCA 
MAX 20 electron dispersive spectrometry (EDS) system at the Key Laboratory of Submarine Geosciences 
(KLSG), China, using an accelerating voltage of 20 kV. The compositions of the sulfide and sulfosalt minerals 
within these thin sections were determined by EMPA using a JEOL JXA-8100 electron microprobe at the KLSG, 
employing an accelerating voltage of 20 kV, a beam current of 1 nA, and an electron beam diameter of 1 μm. 
Elemental mapping to image the spatial distribution of elements within Ag-bearing minerals was undertaken 
using a 10 m diameter electron beam. EMPA used pure metal Ag, Co, Ni, Cd, Sb, Bi, and Mn; and pyrite 
(FeS2), chalcopyrite (CuFeS2), galena (PbS), sphalerite (ZnS), gallium arsenide (GaAs), and thallium 
bromide/iodide (Tl(Br, I)) mineral standards for measurement and calibration. 
 
4 Results 
 
4.1 Mineralogy and mineral paragenesis 
 
4.1.1 Sample R1 

The massive Zn–Fe–Cu-rich sulfide sample R1 consists mainly of sphalerite (~70 vol.%), pyrite (~15 vol.%), 
and chalcopyrite (~10 vol.%), along with trace anglesite, covellite, and galena. The sphalerite grains are anhedral, 
pyrite subhedral to euhedral, and chalcopyrite anhedral (Fig. 4a). Tiny chalcopyrite grains occur as inclusions 
within sphalerite and tiny galena grains occur along the sphalerite–chalcopyrite crystal boundaries (Fig. 4b). 
Anglesite appears as square or irregular crystals, filling interstitial space between the main sulfide minerals (Fig. 
4b). Tiny irregular covellite is also occasionally present along boundaries and within interstitial spaces between 
the main sulfide minerals, and most likely formed during the supergene alteration of other Cu minerals within 
this sample. 
 
4.1.2 Sample T9 

The Zn–Pb–Ba–Cu-rich hydrothermal sample T9 primarily consist of intergrowths (~45 vol.%) of sphalerite, 
galena, minor tetrahedrite, and occasional chalcopyrite, together with gangue minerals barite (~20 vol.%) and 
amorphous silica (~10 vol.%). Minor amounts of anglesite (~8 vol.%) and colloform pyrite (~5 vol.%) are also 
present, as well as trace amounts of orpiment, Ag-sulfosalts, covellite, and stibnite. Non-sulfide phases 
precipitated both before and after the sulfide minerals. Barite occurs as laths and shows two generations of 
growth. The first generation (barite I) precipitated as large laths that provided a framework for subsequent 
deposition of sulfide minerals. Barite II is present as smaller laths that formed after sulfide precipitation and 
partially filled the remaining voids in the sample (Fig. 4c). Parts of the sample contain amorphous silica that 
surrounds all other minerals. In a few cases, anglesite rims amorphous silica and other earlier-formed minerals. 
Anglesite probably precipitated by replacing galena, as evidenced by the presence of occasional tiny, scattered 
relict galena. 

Sphalerite was the first sulfide phase to precipitate, followed by galena, tetrahedrite, and sometimes 
chalcopyrite that replaced the earlier-formed sphalerite along microfractures and cleavages (Fig. 4d). All of these 
sulfide minerals formed as intergrowths with voids in the earlier-formed barite aggregates. In some cases, galena 
and tetrahedrite crystallized together to form intergrowths (Fig. 4e) and acicular stibnite and skeletal Zn sulfide 
(Fig. 4f) sometimes fill voids between more abundant sulfides. Colloform pyrite is generally enclosed by 
amorphous silica, but sometimes occurs with other sulfide minerals (Fig. 4g). Orpiment occurs as both tabular 
euhedral crystals and concentric spheres, with the latter containing two generations of orpiment in the form of 
outer Sb-poor rims and inner Sb-rich cores (Fig. 4h). Fibrous Ag sulfosalts also crystallized on sphalerite–
galena–tetrahedrite–chalcopyrite intergrowths, filling void spaces between barite aggregates. Covellite occurs 
along boundaries and within cavities between more abundant sulfide minerals. 

 
4.1.3 Sample T4 

The Si–Ba–Fe-rich hydrothermal sample T4 is composed of abundant amorphous silica (~50 vol.%) and barite 
(~30 vol.%), along with minor amounts of colloform pyrite (~10 vol.%) and intergrown colloform sphalerite and 
galena (~8 vol.%). Trace amounts of covellite, stibnite, and orpiment are also present. Barite laths precipitated 
first, providing nucleation surfaces for sulfide deposition. Colloform sphalerite replaced earlier euhedral to 
subhedral galena, forming intergrowths and subhedral to anhedral and irregular relict galena rimmed by palmate 
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sphalerite (Fig. 4i). Radiating stibnite within amorphous silica is also present. Colloform pyrite appears mainly 
as numerous tiny, concentric multi-layered spheres at the edges of barite laths or enclosed by later amorphous 
silica (Fig. 4j, k). A preserved fluid-flow conduit within the sample is lined with concentric pyrite and filled with 
intergrown sphalerite and galena (Fig. 4l). Amorphous silica encloses all sulfide and gangue minerals within the 
sample. 

 

Fig. 4. Optical and FESEM photomicrographs of typical mineral assemblages in the three types of hydrothermal sample. 
(a) Subhedral to euhedral pyrite grains associated with anhedral sphalerite and chalcopyrite, and sphalerite containing tiny chalcopyrite inclusions, in 

Zn–Fe–Cu-rich sample R1; (b) tiny galena crystals at boundaries between sphalerite and chalcopyrite, and anglesite filling voids between major 

sulfides, in Zn–Fe–Cu-rich sample R1; (c) second-generation barite laths filling voids between sulfide minerals in Zn–Pb–Ba–Cu-rich sample T9; (d) 

intergrowths of sphalerite, galena, tetrahedrite, and chalcopyrite in Zn–Pb–Ba–Cu-rich sample T9; (e) intergrowths of galena and tetrahedrite 

associated with void-filling sphalerite in barite lath aggregates, all surrounded by amorphous silica, in Zn–Pb–Ba–Cu-rich sample T9; (f) skeletal Zn 

sulfides filling voids among tennantite, galena, and sphalerite in Zn–Pb–Ba–Cu-rich sample T9; (g) colloform pyrite surrounded by silica and pyrite 

together with sphalerite–galena–tetrahedrite–chalcopyrite in Zn–Pb–Ba–Cu-rich sample T9; (h) concentric orpiment spheres recording the generation 

of an Sb-poor orpiment rim after the formation of Sb-rich orpiment in voids between first-generation barite laths, in Zn–Pb–Ba–Cu-rich sample T9; (i) 

replacement of euhedral galena by anhedral sphalerite in Si–Ba–Fe-rich sample T4; (j) large, euhedral, platy barite crystals associated with tiny, 

interstitial, concentric pyrite spheres in Si–Ba–Fe-rich sample T4; (k) multi-layered, concentrically zoned pyrite in an amorphous silica matrix in Si–

Ba–Fe-rich sample T4; (l) fluid-flow conduit composed of multi-layered concentric pyrite lining and filled with intergrowths of sphalerite and galena 

in Si–Ba–Fe-rich sample T4. Ang, anglesite; Brt, barite; Ccp, chalcopyrite; Gn, galena; Orp, orpiment; Py, pyrite; Sp, sphalerite; Ttr, tetrahedrite; Tnt, 

tennantite. 

 

 

 
This article is protected by copyright. All rights reserved. 



 

 

4.1.4 Mineral paragenesis  
The paragenesis of the minerals within all three types of sample is shown in Fig. 5 and summarized here. The 

Zn–Fe–Cu-rich sample records the initial formation of sphalerite followed by chalcopyrite, pyrite, and finally 
galena. Chalcopyrite filled channels and voids between earlier-formed sphalerite, and the covellite and anglesite 
in the sample most likely formed as a result of supergene processes. The Si–Ba–Fe-rich sample records the 
initial formation of barite, which generated nucleation surfaces for subsequent sulfide precipitation. Sulfide 
precipitation began with galena followed by colloform sphalerite, colloform pyrite, orpiment, and rare stibnite. 
The covellite in this sample again was most likely formed by supergene processes, with amorphous silica being 
the final mineral to precipitate. 

The Zn–Pb–Ba–Cu-rich sample records the initial precipitation of barite I, providing a framework for 
subsequent sulfide precipitation. The earliest sulfide to form was granular sphalerite, followed by chalcopyrite, 
galena, and tetrahedrite, all of which form sulfide intergrowths that fill spaces between barite aggregates. Local 
precipitation of stibnite and skeletal Zn sulfide followed precipitation of the more abundant sulfide minerals and 
partially filled the remaining voids before the precipitation of colloform pyrite, orpiment, and Ag sulfosalts filled 
these voids even further. A second stage of barite precipitation (forming barite II) post-dated all of the sulfide 
minerals, and the last phase to precipitate was amorphous silica, although in places this is post-dated by the 
precipitation of anglesite. 

 

Fig. 5. Mineralogy and paragenetic sequence of the Okinawa Trough hydrothermal samples. 

 
4.2 Mineral chemistry and major Ag host minerals 

The results of EMPA of sphalerite, pyrite, chalcopyrite, galena, tetrahedrite, and covellite are given in Tables 
2–4. Pyrite and sphalerite are common in all three types of sample. Pyrite occurs as subhedral to euhedral 
crystals in the Zn–Fe–Cu-rich sample, and shows a colloform in the Zn–Pb–Ba–Cu-rich and Si–Ba–Fe-rich 
samples. Massive pyrite has nearly stoichiometric chemical compositions (average values of 46.51 wt.% Fe and 
52.61 wt.% S) whereas the colloform pyrite contains more Pb, As, Sb, and Ag (Table 2). Sphalerite is anhedral 
within the Zn–Fe–Cu-rich and Zn–Pb–Ba–Cu-rich samples but is colloform in the Si–Ba–Fe-rich sample, with 
the latter containing more Pb, As, Ag, and Sb than the former (Table 2). Chalcopyrite is present only within the 
Zn–Fe–Cu-rich and Zn–Pb–Ba–Cu-rich samples and contains variable amounts of Zn, Pb, and Ag as well as 
trace amounts of Co (Table 3). 

Galena in the samples contains high concentrations of Ag (up to 0.78 wt.%) with an average of 0.31 wt.% Ag 
in galena from the Zn–Pb–Ba–Cu-rich sample and 0.14 wt.% Ag in that from the Si–Ba–Fe-rich sample (Table 
4). Electron-microprobe mapping indicates that the concentrations of Ag in galena are positively correlated with 
concentrations of other trace elements such as Sb, Bi, and Tl (Fig. 6). Tetrahedrite is present only within the Zn–
Pb–Ba–Cu-rich sample, is compositionally close to the Sb-rich end-member of the mineral, and is enriched in Zn 
but contains low concentrations of Fe (Table 3). This tetrahedrite is also enriched in Ag (average of 1.60 wt.%) 
and electron-microprobe mapping indicates that the Ag concentrations within this mineral are negatively 
correlated with Cu concentrations (Fig. 7). Covellite is present in all samples and contains elevated 
concentrations of Ag (average of 0.78 wt.%). The electron-microprobe mapping of this covellite indicates that 
Ag is concentrated within this mineral rather than in associated Zn sulfides or Cu–Fe sulfides (Fig. 8). This can 
be attributed to supergene enrichment whereby Ag is first released from primary sulfides and enriched by 
chemical migration, then redeposited into secondary sulfides.  
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The EMPA undertaken during this study indicates that a range of host minerals in the study area contain 
considerable amounts of Ag (Fig. 9), including tetrahedrite (average of 1.60 wt.%; n = 11), covellite (average of 
0.78 wt.%; n = 18), galena (average of 0.23 wt.%; n = 30), colloform pyrite (average of 0.17 wt.%; n = 29), and 
colloform sphalerite (average of 0.13 wt.%; n = 11). The massive pyrite, chalcopyrite, and sphalerite in the study 
area contain low concentrations of Ag. In addition, SEM–EDS analysis identified late-stage Ag sulfosalts that 
contain very high concentrations of Ag (up to 87.06 wt.%) but have very low modal abundances.  

 
Table 2 Summary of EMPA results of pyrite and sphalerite in hydrothermal precipitate samples from the Okinawa 

Trough 

Elements (wt.%) S Fe Cu Zn Pb As Sb Co Ni Cd Mn Ag Total 

Massive pyrite (8) Sample R1 (Zn–Fe–Cu–rich sample) 

Average 52.61 46.51 0.02 0.13 0.02 0.01 BDL 0.05 BDL BDL BDL BDL 99.34 

Maximum 53.75 46.81 0.06 0.53 0.03 0.04 BDL 0.06 0.04 BDL BDL BDL  

Minimum 50.17 45.95 BDL BDL BDL BDL BDL 0.05 BDL BDL BDL BDL  

Colloform pyrite (13) Sample T9 (Zn–Pb–Ba–Cu-rich sample) 

Average 53.02 45.35 0.28 0.55 0.08 0.01 0.02 0.05 BDL BDL BDL BDL 99.35 

Maximum 55.27 46.48 0.67 1.22 0.13 0.07 0.13 0.06 BDL BDL 0.01 0.01  

Minimum 50.72 43.64 0.03 0.09 BDL BDL BDL 0.04 BDL BDL BDL BDL  

Colloform pyrite (29) Sample T4 (Si–Ba–Fe-rich sample) 

Average 51.80 43.28 0.28 0.27 1.40 0.24 0.24 0.05 BDL BDL 0.08 0.17 97.80 

Maximum 54.28 46.28 1.56 2.60 6.79 0.60 1.46 0.06 0.06 0.02 0.27 0.87  

Minimum 48.28 37.47 BDL 0.01 0.04 0.02 BDL 0.04 BDL BDL BDL BDL  

Massive sphalerite (19) Sample R1 (Zn–Fe–Cu–rich sample) 

Average 32.96 1.58 0.13 65.33 0.01 BDL BDL BDL BDL 0.23 0.15 BDL 100.40 

Maximum 33.50 2.63 0.92 66.41 0.07 BDL BDL BDL BDL 0.34 0.35 BDL  

Minimum 32.36 0.39 BDL 63.91 BDL BDL BDL BDL BDL 0.16 0.03 BDL  

Massive sphalerite (10) Sample T9 (Zn–Pb–Ba–Cu-rich sample) 

Average 32.93 0.76 0.22 65.42 0.02 BDL 0.04 BDL BDL 0.20 0.30 BDL 99.90 

Maximum 33.09 1.20 0.70 66.47 0.09 0.03 0.33 BDL BDL 0.28 1.10 0.02  

Minimum 32.77 0.33 0.02 64.07 BDL BDL BDL BDL BDL 0.13 0.12 BDL  

Colloform sphalerite (11) Sample T4 (Si–Ba–Fe-rich sample) 

Average 32.45 1.28 0.63 63.08 0.80 0.06 0.38 BDL BDL 0.19 0.02 0.13 98.89 

Maximum 33.22 5.42 1.41 66.16 2.98 0.21 1.21 BDL BDL 0.57 0.07 0.35  

Minimum 31.48 0.10 BDL 59.95 BDL BDL BDL BDL BDL 0.02 BDL BDL  

BDL: below detection limit. Zero values were used for statistical calculations of samples with values below detection limit. Numbers in parentheses 

refer to number of analyses. 

 

Table 3 Summary of EMPA results of chalcopyrite, tetrahedrite and covellite in hydrothermal precipitate samples 

from the Okinawa Trough 

Elements (wt.%) S Fe Cu Zn Pb As Sb Co Ni Cd Mn Ag Total 

Chalcopyrite 

(11) 
Sample R1 (Zn–Fe–Cu–rich sulfide ore sample) 

Average 34.53 30.17 34.27 0.27 0.01 BDL BDL 0.03 BDL BDL BDL 0.05 99.35 

Maximum 35.28 30.57 34.43 1.26 0.03 BDL BDL 0.04 BDL BDL 0.02 0.13  

Minimum 33.97 29.82 34.00 0.02 BDL BDL BDL 0.03 BDL BDL BDL 0.02  

Chalcopyrite (6) Sample T9 (Zn–Pb–Ba–Cu-rich ore sample) 

Average 34.27 29.53 33.98 0.82 0.04 BDL 0.05 0.03 BDL BDL BDL 0.03 98.75 

Maximum 34.87 30.16 34.18 1.06 0.09 0.03 0.14 0.04 BDL BDL 0.03 0.12  

Minimum 33.98 28.51 33.77 0.36 0.02 BDL BDL 0.03 BDL BDL BDL BDL  

Tetrahedrite (11) Sample T9 (Zn–Pb–Ba–Cu-rich ore sample) 

Average 23.25 0.92 35.58 7.61 0.03 1.38 25.69 BDL BDL 0.05 0.25 1.60 96.35 

Maximum 25.35 1.19 38.49 8.88 0.14 4.53 27.94 BDL BDL 0.07 1.62 2.42  

Minimum 19.04 0.42 32.09 5.86 BDL 0.66 22.61 BDL BDL 0.02 0.02 0.08  

Covellite (14) Sample R1 (Zn–Fe–Cu–rich sulfide ore sample) 

Average 32.32 0.35 60.65 0.84 1.07 BDL 0.04 BDL BDL BDL BDL 0.40 95.27 

Maximum 33.92 1.57 64.04 2.01 2.81 0.02 0.18 BDL BDL 0.05 0.01 1.00  

Minimum 30.58 0.01 54.33 BDL BDL BDL BDL BDL BDL BDL BDL 0.13  

Covellite (4) Sample T9 (Zn–Pb–Ba–Cu-rich ore sample), Sample T4 (Si–Ba–Fe-rich ore sample) 

Average 28.58 0.10 52.80 1.12 4.26 0.50 2.95 BDL BDL 0.02 BDL 2.09 90.30 

Maximum 30.69 0.27 56.53 2.88 10.79 1.66 9.01 BDL BDL 0.03 0.01 4.42  

Minimum 24.96 0.02 45.21 0.11 0.54 BDL 0.09 BDL BDL 0.01 BDL 1.00  

BDL: below detection limit. Zero values were used for statistical calculations of samples with values below detection limit. Numbers in parentheses 

refer to number of analyses. 
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Table 4 Summary of EMPA results of galena in hydrothermal precipitate samples from the Okinawa Trough 

Elements (wt.%) S Pb Sb Cu Tl Bi Ag Total 

Galena (15) Sample T9 (Zn–Pb–Ba–Cu-rich ore sample) 

Average 13.09 85.91 0.48 0.15 0.08 0.03 0.31 100.05 

Maximum 13.33 87.43 1.02 0.59 0.11 0.05 0.78  

Minimum 12.08 82.47 0.14 BDL 0.04 0.02 0.12  

Galena (15) Sample T4 (Si–Ba–Fe-rich ore sample) 

Average 13.10 86.03 0.30 0.02 0.08 0.04 0.14 99.71 

Maximum 13.41 88.17 0.54 0.15 0.11 0.08 0.25  

Minimum 12.91 84.55 0.06 BDL 0.05 0.02 0.04  

BDL: below detection limit. Zero values were used for statistical calculations of samples with values below detection limit. Numbers in parentheses 

refer to number of analyses. 

 

 

Fig. 6. Element spatial-distribution patterns obtained by electron microprobe element mapping of galena in a Si–Ba–Fe-rich 

sample from the Okinawa Trough. 

The images show a positive correlation between Ag, Sb, Bi, and Tl concentrations in galena. Gn, galena; Sp, sphalerite. 
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Fig. 7. Element spatial-distribution patterns obtained by electron microprobe element mapping in tetrahedrite in a Zn–Pb–Ba–

Cu-rich ore sample from the Okinawa Trough. 

The images show that increased Ag content is accompanied by decreased Cu content in tetrahedrite. Gn, galena; Sp, sphalerite; Ttr, tetrahedrite. 

 

 

Fig. 8. Element spatial-distribution patterns obtained by electron microprobe element mapping of covellite and associated 

Cu–Fe- and Zn-sulfides in a Zn–Fe–Cu-rich ore sample from the Okinawa Trough. 

The images show that the Ag is concentrated within the covellite rather than the associated Zn or Cu–Fe sulfides. Ccp, chalcopyrite; Cv, Covellite; Sp, 

sphalerite. 
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Fig. 9. Ag contents in host minerals in Okinawa Trough hydrothermal samples based on EMPA and FESEM–EDS results. 

Triangles and labels show the average Ag contents, and the horizontal black lines indicate ranges of Ag contents. 

 

5 Discussion 
 
5.1 Distribution of Ag in hydrothermal sulfides 

The contribution of individual Ag-hosting minerals to the overall Ag budget of a given sulfide sample can be 
estimated using the Ag contents and modal abundances of the Ag-hosting minerals within the sample. The 
former was determined using average Ag concentrations obtained by EMPA. Mineral modal abundances were 
determined using mineral formulae and the concentrations of major metals within individual sulfide samples. 
The latter were determined by X-ray fluorescence (XRF) analysis (Table 5) undertaken at the KLSG. This study 
also used standard galena (PbS), sphalerite (ZnS), chalcopyrite (CuFeS2), pyrite (FeS2), and covellite (CuS) 
formulae with the tetrahedrite formula used during this study based on average EMPA results (Table 3). Our 
approach also used simplifications based on mineralogical observations; for example, the Zn within the Zn–Fe–
Cu–rich sample was assumed to be entirely present as sphalerite, with Cu assumed to be hosted entirely by 
chalcopyrite and covellite (at an estimated proportion of 3:1), and Fe assumed to be hosted by pyrite and 
chalcopyrite. In comparison, the Zn, Fe, Cu, and Pb within the Si–Ba–Fe-rich sample were assumed to be hosted 
entirely by colloform sphalerite, colloform pyrite, covellite, and galena, respectively. Finally, the Sb in the Zn–
Pb–Ba–Cu-rich sample was assumed to be hosted entirely by tetrahedrite, with As hosted by tetrahedrite and 
orpiment and Pb hosted by galena, ignoring the very minor contribution of As and Sb from Ag sulfosalts and Cu 
from chalcopyrite as a result of the very low abundances of these minerals. The covellite in the Zn–Pb–Ba–Cu-
rich sample has an average Ag content and a modal abundance similar to the covellite present in the Si–Ba–Fe-
rich sample, so we assumed that the covellite contribution to the Ag budget of the former was the same as in the 
latter.  

The resulting estimates of Ag budget (Table 6) show that the Zn–Pb–Ba–Cu-rich sample are most enriched in 
Ag (up to 0.28 wt.%), far exceeding the Ag contents of the Zn–Fe–Cu–rich sample (0.02 wt.%) and Si–Ba–Fe-
rich sample (0.05 wt.%). The contribution of individual Ag-hosting minerals to the total Ag budget of the 
samples varies from high to low as follows: tetrahedrite > galena > covellite ≈ colloform pyrite ≈ colloform 
sphalerite > chalcopyrite. Tetrahedrite and galena are the most and second-most important contributors of Ag to 
the Ag budget of the Okinawa Trough sulfide samples, hosting 72.8% and 21.4% of the total Ag budget within 
the Zn–Pb–Ba–Cu-rich sample, respectively. The other Ag-hosting minerals contribute relatively minor amounts 
of Ag to the sample budgets, lower by one to two orders of magnitude than the contributions of tetrahedrite and 
galena. 

 
Table 5 Whole-rock geochemical compositions (determined by XRF) of hydrothermal precipitate samples from the 

Okinawa Trough 

Element content 

(wt. %) 

Zn–Fe–Cu–rich 

sample 

Zn–Pb–Ba–Cu-rich 

sample 

Si–Ba–Fe-rich 

sample 

ZnO 48.70 31.40 7.21 

PbO 7.10 17.90 5.32 

Fe2O3 14.70 3.30 5.19 

CuO 7.13 5.23 0.76 

Sb <0.01 3.51 0.09 

As 0.02 0.87 0.09 

BaO 0.01 12.20 18.40 

SiO2 2.26 6.02 45.20 
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Table 6 Estimated contributions of Ag host minerals to the total Ag budget of sulfide samples from the Okinawa 

Trough 

Contribution to Ag budget 

(wt.%) 

Zn–Pb–Ba–Cu-rich 

sample 

Zn–Fe–Cu–rich 

sample 

Si–Ba–Fe-rich 

sample 

Tetrahdrite 0.201 – – 

Galena 0.059 – 0.008 

Covellite 0.016 0.011 0.016 

Colloform sphalerite – – 0.011 

Colloform pyrite – – 0.013 

Chalcopyrite – 0.005 – 

Total 0.276 0.016 0.048 

Black short lines represent negligible Ag contribution, due to rare abundance of mineral or Ag contents below detection limit in mineral. 

 
5.2 Incorporation of Ag into major host minerals 
 
5.2.1 Incorporation of Ag into tetrahedrite 

The structure of tetrahedrite–tennantite is known to incorporate numerous transition metals, including Cu, Ag, 
Zn, Fe, and to a lesser extent Mn, Cd, Pb, and Tl, all of which are incorporated into the sphalerite-derived crystal 
structure of tetrahedrite–tennantite by lattice substitution. The tetrahedrite isotypic series can be expressed by the 
general formula A6(B,C)6X4Y12Z, where A = Cu or Ag in triangular coordination, B = Cu or Ag in tetrahedral 
coordination, C = Fe or Zn, or more rarely Pb, Cd, Mn, Hg, or Tl in tetrahedral coordination, X = Sb, As, or 
more rarely Bi or Te in trigonal pyramidal coordination, Y = S or Se in tetrahedral coordination, and Z = S or Se 
in a special octahedral coordination (Moëlo et al., 2008; George et al., 2017). 

 
Fig. 10. Compositional trends of tetrahedrite–tennantite in Zn–Pb–Ba–Cu-rich sample from the Okinawa Trough (this study), 

modern submarine hydrothermal sulfide deposits in the Okinawa Trough and the Manus Basin, and ancient hydrothermal 

deposits. 

(a) Negative correlation between Sb and As (atomic percent); (b) negative correlation between Cu and (Ag + Zn + Fe) (atomic percent); (c) plot of Ag 

vs. (Fe + Zn), in which most samples from modern seafloor hydrothermal deposits fall below the 1:1 line; (d) negative correlation between Ag and As 

(atomic percent). Data are from: Basu et al., 1984; Sato and Ono, 1988; Lynch, 1989; Shimizu and Stanley, 1991; Nedachi et al., 1992; Bortnikov et 

al., 1993; Halbach et al., 1993; Gregurek and Raith, 1997; Zeng et al. 2000; Kitazono and Ueno, 2003; Ueno et al., 2003; Warmada et al., 2003; 

Yakushi and Enjoji, 2004; Simanenko, 2006; Kharbish et al., 2007; Craddock, 2009; Kemkin and Kemkina, 2013; Vassileva et al., 2014; Watanabe 

and Hayashi, 2014; Buzatu et al., 2015; Wohlgemuth-Ueberwasser et al., 2015 (see Supplement for references). 
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Substitution between As and Sb yields a complete solid-solution series from the tetrahedrite Sb end-member 
to the tennantite As end-member, as evidenced by the negative correlation between the atomic percentage values 
of Sb and As within tetrahedrite–tennantite (Fig. 10a). Only Sb-rich tetrahedrite is present in the Okinawa 
Trough samples analyzed during this study, whereas samples of tetrahedrite–tennantite from the Manus Basin 
are all As-rich tennantite, although both Sb-rich and As-rich tetrahedrite–tennantite have previously been 
reported in the Okinawa Trough (Fig. 10a). The tetrahedrite group is generally Cu-dominated, although Zn, Fe, 
and Ag can all substitute for Cu, forming a perfect negative correlation between Cu and (Ag + Zn + Fe) in 
atomic percentage terms (Fig. 10b). Modern seafloor hydrothermal sulfides contain tetrahedrite where Cu is 
substituted for less Ag than (Fe + Zn), as indicated by the fact that almost all modern seafloor hydrothermal 
sulfide samples plot below the 1:1 line in a Ag–(Fe + Zn) diagram (Fig. 10c). In addition, Ag substitution into 
the tetrahedrite crystal structure tends to be hindered by high As concentrations (Johnson and Burnham, 1985; 
Johnson et al., 1986; Ebel and Sack, 1991), as indicated by the negative correlation between tetrahedrite Ag and 
As concentrations (Fig. 10d). This incompatibility of Ag and As occurs despite their different site occupancies in 
the tetrahedrite structure, and is attributed to the extra room within the lattice that is needed for the replacement 
of Cu by the larger Ag ion and the decreased amount of space available for Ag in the Cu

III
 site resulting from the 

presence of As in the Sb site (Shannon, 1981). This means that the elevated concentrations of Ag within the 
tetrahedrite in hydrothermal samples from the Okinawa Trough relative to samples from the Manus Basin (inset 
in Fig. 10d) were probably resulted from the higher Sb contents of the tetrahedrite. 
 
5.2.2 Incorporation of Ag into galena 

The cubic crystal structure of galena can incorporate numerous minor and trace elements, including Ag, Sb, 
Bi, Tl, and Cu (Table 4; Foord and Shawe, 1989; Lueth et al., 2000; Renock and Becker, 2011; George et al., 
2015). However, the simple substitution of 2Ag

+
 ↔ Pb

2+
 is structurally unfavorable because one half of the Ag 

atoms involved are forced into interstitial sites in the galena lattice (the maximum solubility of Ag2S in PbS is 
~0.4 mol.% at 615°C; Van Hook, 1960). Coupled substitution aided by Sb

3+
 and/or Bi

3+
 is more favorable, and 

means that significant quantities of Ag can be added into the galena structure (up to 9 wt.% Ag at 350–400°C; 
Foord et al., 1988; Foord and Shawe, 1989; Costagliola et al., 2003). This exchange can be expressed as Ag

+
 + 

(Bi, Sb)
3+

 ↔ 2Pb
2+

. Galena can also incorporate monovalent Cu and Tl, extending this coupled substitution 
further to yield (Ag, Cu, Tl)

+
 + (Bi, Sb)

3+
 ↔ 2Pb

2+
 (George et al., 2015). 

The positive correlations between Ag and Sb, Tl, and Bi in galena identified by electron-microprobe elemental 
mapping of the Si–Ba–Fe-rich sample (Fig. 6) reflect this coupled substitution. EMPA data for the galena 
present within the hydrothermal ore samples yield a strongly negative correlation (r = 0.859) between the molar 
percentages of (Ag + Cu + Tl) + (Sb + Bi) and Pb (Fig. 11a), reflecting substitution of the former into Pb sites 
within the galena structure. The Ag–(Sb + Bi) plot yields a strong positive correlation (r = 0.697) and an Ag/(Sb 
+ Bi) ratio < 1 (Fig. 11b). Adding Cu and Tl to Ag increases the strength of the correlation with (Bi + Sb) to r = 
0.845 and moves the (Ag + Cu + Tl)/(Sb + Bi) molar ratio closer to 1 (Fig. 11c). These lines of evidence support 
the view that Ag is incorporated into the galena by the coupled substitution of (Ag, Cu, Tl)

+
 + (Bi, Sb)

3+
 ↔ 2Pb

2+
. 

The incorporation of additional Ag
+
 into the galena structure is also facilitated by the presence of increased 

concentrations of trivalent elements (predominantly Sb
3+

 in the samples from the study area). The galena from 
the study area also yields a strongly positive correlation between Ag and Sb (r = 0.699; Fig. 11d), supporting this 
relationship where elevated Sb concentrations increase the amount of Ag that is incorporated into the galena in 
hydrothermal samples from the Okinawa Trough. 

 

 
This article is protected by copyright. All rights reserved. 



 

 

 
Fig. 11. Variation trends between Ag and associated elements in galena (n = 30) in hydrothermal samples from the Okinawa 

Trough. 

(a) Strong negative correlation between (Ag + Cu + Tl) + (Sb + Bi) and Pb; (b) strong positive correlation between Ag and (Sb + Bi), defining a trend 

that lies below the 1:1 line; (c) plot of (Ag + Cu + Tl) vs. (Sb + Bi), showing that the addition of Cu and Tl to Ag moves the molar ratio closer to the 

1:1 line relative to Ag alone; (d) strong positive correlation between Ag and Sb. 

 
5.3 Occurrence of Ag-sulfosalts and -sulfides 

The Zn–Pb–Ba–Cu-rich sample contains a series of Ag-sulfosalts and -sulfides identified by FESEM–EDS 
that coexist with late-stage barite. These phases include pyrargyrite–proustite (Ag3SbS3–Ag3AsS3), 
arsenmiargyrite–miargyrite (AgAsS2–AgSbS2), acanthite (Ag2S), andorite VI (AgPbSb3S6), and laffittite 
(AgHgAsS3), as well as Ag-rich tetrahedrite, Ag-rich tennantite, freibergite, and argentotennantite (Fig. 12). 
These Ag sulfosalts contain extremely high concentrations of Ag (up to 87.06 wt.%) but are present in very low 
modal abundances, indicating they are accessory Ag contributors. 

The majority of the Ag-sulfosalts and Ag-sulfides, namely pyrargyrite–proustite, arsenmiargyrite–miargyrite, 
and occasionally andorite VI and laffittite, occur in voids between aggregates of barite laths (Fig. 12a–e). In 
some cases, columnar arsenmiargyrite–miargyrite and bladed acanthite also surround earlier-deposited sulfide 
minerals (e.g., orpiment, Ag-rich tetrahedrite, and galena; Fig. 12f–h). To a lesser extent, Ag occurs as tiny 
grains of pyrargyrite–proustite and arsenmiargyrite–miargyrite deposited along the boundaries between two 
different barite generations within single barite laths (Fig. 12i). The Ag sulfosalts in the samples can be classified 
as either As-rich or Sb-rich end-members, where As-rich sulfosalts are more common and tend to form elongate 
filiform, fibrous, or columnar crystals. In contrast, the Sb-rich sulfosalts are less abundant and relatively massive 
in their morphology (Figs. 12b–d, g–h). In addition, the less abundant and more massive Sb-rich sulfosalts (Fig. 
12b–d, g, h) are hosted by mineral assemblages containing tetrahedrite, whereas the As-rich sulfosalts are 
frequently associated with earlier-formed assemblages of galena, sphalerite, tetrahedrite, and Sb-rich sulfosalts 
(Fig. 12b, c, h). 

The Ag-sulfosalts in the study area formed under lower temperature conditions after the main stage of ore 
formation. The changing physico-chemical conditions in response to the influx of ambient oxidized seawater 
resulted in increases in pH and oxygen fugacity, which were likely responsible for the development of Ag 
mineralization. The gradual but increasingly extensive mixing of hydrothermal fluids with cold seawater caused 
the efficient precipitation of sphalerite and galena. Both Sb and As are soluble at low temperatures and most 
likely precipitated as sulfosalts after the earlier precipitation of base metal sulfides, a process that removed these 
metals from the mineralizing fluids within the system. The incorporation of most of the Sb within these fluids in 
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the tetrahedrite that precipitated during the main stage of mineralization caused later-formed Ag sulfosalts to be 
As- rather than Sb-rich, indicating that the As-rich sulfosalts formed later and from lower-temperature 
hydrothermal fluids than the Sb-rich sulfosalts. This is consistent with the presence of orpiment with inner Sb-
rich and outer Sb-poor zones within sample T9 (Fig. 4h). This decrease in the Sb:As ratio of the evolving 
hydrothermal fluids with time is consistent with the precipitation of Sb-bearing minerals before As-bearing 
minerals, reflecting the more strongly metallic character of Sb. 

 

 
Fig. 12. FESEM photomicrographs of Ag-sulfosalts and -sulfides in Zn–Pb–Ba–Cu-rich sulfide ore (sample T9) from the 

Okinawa Trough. 

(a) Bladed grains of acanthite (Ag2S) filling interstices among aggregates of platy barite crystals; (b) fibrous arsenmiargyrite and associated Ag-rich 

tennantite in voids among aggregates of barite laths and all surrounded by amorphous silica; (c) filiform arsenmiargyrite associated with skeletal Zn 

sulfide, and Ag-rich tetrahedrite and galena, filling voids among aggregates of barite laths; (d) long columnar laffittite (AgHgAsS3) and fibrous 

arsenmiargyrite filling interstices among aggregates of barite laths and all surrounded by amorphous silica; (e) irregular long columnar andorite VI 

(AgPbSb3S6) in voids among aggregates of barite laths; (f) bladed and irregular grains of Ag2S (acanthite) surrounding orpiment and occurring in vugs 

among amorphous silica; (g) filiform and fibrous arsenmiargyrite and massive miargyrite surrounding earlier-formed mineral assemblages, all filling 

void space among barite laths; (h) filiform and fibrous arsenmiargyrite surrounding galena and Ag-rich tetrahedrite; (i) tiny pyrargyrite–proustite and 

miargyrite deposited between two generations of barite within a single, columnar barite crystal. 

 
5.4 Temperature control on Ag distribution 

Temperature is a key control on precious metal enrichments within sulfide minerals. Although no direct 
measurement of hydrothermal vent fluid temperatures is possible in the study area, pyrite trace-element 
compositions and mineral morphologies and assemblages allow the estimation of temperatures during the 
formation of different mineral assemblages. The Zn–Fe–Cu-rich sulfide sample contains high-Co pyrite, 
suggesting that this sample formed under high-temperature conditions (>300°C; e.g., Metz and Trefry, 2000; 
Maslennikov et al., 2009; Fig. 13a). The presence of abundant sphalerite and common chalcopyrite, and the 
euhedral to subhedral nature of the pyrite within this sample are also indicative of formation under medium- to 
high-temperature conditions (Crerar and Barnes, 1976; Janecky and Seyfried, 1984; Ruaya and Seward, 1986). 
The Zn–Fe–Cu-rich sample shows low Ag concentrations in massive sulfides (i.e., chalcopyrite, pyrite, and 
sphalerite), suggesting this sample underwent processes analogous to the precious-metal pre-concentration 
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processes recorded within high-temperature sulfides (Hannington et al., 1986). The Si–Ba–Fe-rich sample 
formed under low-temperature conditions (<150°C) as evidenced by the presence of abundant amorphous silica 
and barite (Janecky and Seyfried, 1984) and pyrite enriched in Ag, Pb, Sb, and As (Fig. 13b), all of which reflect 
low-temperature conditions (e.g., Herzig and Hannington, 1995; Zeng et al., 2009; Keith et al., 2016). After the 
deposition of the main sulfides, only minor amounts of Ag were concentrated in galena, colloform pyrite, and 
colloform sphalerite during the late-stage, low-temperature period of ore formation. The Zn–Pb–Ba–Cu-rich 
sample contains variable amounts of fine-grained and intergrown sphalerite–tetrahedrite–galena–chalcopyrite, 
indicating that this sample formed at medium temperatures (150–300°C; Ueno et al., 2003). However, the 
colloform pyrite, orpiment, and Ag sulfosalt assemblage in this sample is suggestive of low temperature 
conditions from 150°C to <100°C (Halbach et al., 1989, 1993; Lüders et al., 2001). The Zn–Pb–Ba–Cu-rich 
sample is particularly enriched in Ag, most of which is hosted by tetrahedrite with lesser amounts in galena and 
smaller amounts in subordinate Ag sulfosalts. A medium to low ore-formation temperature of 300–150°C is 
favorable for the precipitation of these Ag host minerals. 

To summarize, the Ag within the samples is concentrated in different sets of host minerals that reflect 
variations in temperature during their deposition. At high temperatures (>300°C), crystallized sulfide minerals 
such as sphalerite, chalcopyrite, and pyrite incorporated trace amounts of Ag. At medium temperatures (150–
300°C), tetrahedrite and galena incorporated large amounts of Ag, and at low temperatures (<150°C), colloform 
pyrite and sphalerite concentrated minor amounts of Ag. As the ore-forming fluids cooled even further (<100°C), 
rare Ag-sulfosalts precipitated, making them subsidiary contributors to the Ag budget. Covellite can also 
reconcentrate Ag, which is remobilized during supergene processes. 

 

Fig. 13. Variations between minor and trace elements in pyrite (Py) in sulfide samples from the Okinawa Trough. 

 
6 Conclusions 
 

(1) A detailed mineralogical and geochemical study of Ag-rich sulfide samples from the middle and southern 
Okinawa Trough was undertaken using FESEM–EDS and EMPA. These analyses enabled the determination of 
the key Ag-hosting minerals within the Ag-enriched sulfides present in this region. Tetrahedrite, covellite and 
galena contain elevated concentrations of Ag (average values of 1.60, 0.78, and 0.23 wt.%, respectively) in 
addition to a suite of late-stage Ag sulfosalts and sulfides that contain up to 87.06 wt.% Ag but have very low 
modal abundances. Based on Ag budget estimates, tetrahedrite is the most important Ag host in the study area 
followed by galena, with these two minerals hosting most of the Ag present in the Ag-enriched hydrothermal 
sulfide assemblages present in the Okinawa Trough. 

(2) Lattice substitution was the main mechanism of Ag incorporation into the major host minerals. Silver was 
incorporated into tetrahedrite by substitution into the Cu site, and into galena via coupled substitution of (Ag

+
 + 

Tl
+
 + Cu

+
) and (Sb

3+
 + Bi

3+
) into the Pb site. In tetrahedrite and galena, the higher Sb concentrations were 

favorable for Ag substitution, probably explaining the high Ag contents of the hydrothermal sulfides within the 
Okinawa Trough relative to other back-arc basins. 

(3) Four sets of Ag host minerals are described along with the corresponding temperatures of ore formation. 
The most important Ag host minerals, tetrahedrite and galena, concentrated the majority of Ag at medium 
temperatures (150–300°C). Other Ag host minerals concentrated only minor or trace amounts of Ag, including 
massive sphalerite, chalcopyrite, and pyrite at high temperatures (>300°C), colloform pyrite and sphalerite at 
low temperatures (<150°C), and Ag-sulfosalts at even lower temperatures (<100°C ). 
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