

  minerals-12-01626




minerals-12-01626







Minerals 2022, 12(12), 1626; doi:10.3390/min12121626




Article



The Heavy-Metal Fingerprint of the Irinovskoe Hydrothermal Sulfide Field, 13°20′ N, Mid-Atlantic Ridge



Irina Melekestseva 1,*, Vasiliy Kotlyarov 1, Gennadiy Tret’yakov 1, Vladimir Shilovskikh 2[image: Orcid], Pavel Khvorov 1, Elena Belogub 1, Victor Beltenev 3, Kseniya Filippova 1 and Sergey Sadykov 1





1



Institute of Mineralogy, South Urals Federal Research Center of Mineralogy and Geoecology UB RAS, 456317 Miass, Russia






2



Resource Center “Geomodel”, St. Petersburg State University, ul. Ul’yanovskaya 1, Petergof, 198504 St. Petersburg, Russia






3



VNIIOkeangeologiya, Angliysky pr. 1, 190121 St. Petersburg, Russia









*



Correspondence: melekestseva-irina@yandex.ru; Tel.: +7-950-744-7301







Academic Editor: Pierfranco Lattanzi



Received: 2 November 2022 / Accepted: 15 December 2022 / Published: 16 December 2022



Abstract

:

A number of Cd-, Pb-, Ag- and Sb(±As)-bearing minerals are found in the Zn-rich smoker chimneys of the Irinovskoe hydrothermal sulfide field, 13°20′ N, Mid-Atlantic Ridge. Sulfide samples were studied using optical microscopy, SEM/EDS, XRD, EBDS, ICP-MS and thermodynamic approaches. The chimneys consist of major sphalerite (including Cd-bearing type with up to 41.38 wt% Cd) and wurtzite, subordinate opal, pyrite, chalcopyrite and Fe-oxyhydroxides, as well as accessory native sulfur, baryte, secondary copper sulfides, galena, CdS phase (most likely hawleyite), pyrrhotite, isocubanite, acanthite, Ag–Cu–Sb(±As)-bearing minerals, native gold, anglesite, gypsum, smectites, naumannite and lollingite. The main source of metals for the formation of Zn-rich sulfides was mafic rocks, with a subordinate role from ultramafic rocks. Crystallization of most accessory minerals at low temperatures (<120 °C) under acidic/reducing conditions and low S activity could be initiated by a magmatic input, which is supported by a negative S isotopic composition of bulk sulfide samples. The finding of Cd-rich sphalerite and a CdS phase in low-temperature mineral assemblage significantly expands the temperature limits of their possible formation. The high Cd contents of easily soluble sphalerite and the presence of the CdS phase should be taken into account in possible future mining and processing of seafloor hydrothermal sulfide fields.
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1. Introduction


A specific association of “low-temperature” [1] heavy metals (Cd, Pb, Ag, Sb±As) is typical of Zn-rich ores of various deposit types, including seafloor hydrothermal sulfide fields (HSFs). Although Zn-rich massive sulfides occur in most HSFs, a considerable enrichment in Cd, Pb, Ag and Sb±As is generally characteristic of felsic-dominated island-arc environments, which locally exhibit an epithermal style of mineralization [2,3,4,5,6,7,8,9].



In the Mid-Atlantic Ridge (MAR), seafloor HSFs occur within mafic- or ultramafic-related ridge segments and their Zn-rich massive sulfides can locally be enriched in (average) Pb (2%) (Rainbow-2 HSF), Sb (229 ppm) (TAG HSF), Ag (489 ppm) (Semenov-2 HSF), Cd (700 ppm) and As (522 ppm) (Logatchev-2 HSF) [3,10]. Minerals of Zn and above heavy metals in the MAR HSFs are dominated by sphalerite and wurtzite (main hosts of Zn), galena (main host of Pb) and acanthite/native silver (main hosts of Ag) [3]. Rare Sb and As minerals mainly include As-bearing species: tennantite (Menez Gwen, Lucky Strike, Snake Pit, Rainbow, Logatchev-2, Ashadze-1 HSFs), luzonite (Logatchev-2 HSF), jordanite (Broken Spur, Snake Pit HSFs), cobaltite (Logatchev-2, Ashadze-1, Ashadze-2, Semenov-2 HSFs), skutterudite (Ashadze-1 HSF) and realgar (Broken Spur HSF) [3,11,12,13,14,15]. Extremely rare Sb-bearing minerals are found in massive sulfides of the Logatchev-2 (tetrahedrite and a Cu3Pb2(Sb,As)S4 phase), Semenov-2 (aurostibite) and Ashadze-1 (stibnite, boulangerite) HSFs [3,11,14,15].



Among the above heavy metals, Cd is of great interest because of its high toxicity [16]. About 20 Cd minerals are known to date; they are rare in nature as they are found in 1–3 type localities [17]. The main Cd source is related to sphalerite, but its Cd content rarely exceeds >1 wt% even in Cd-rich deposits [18,19,20]. Greenockite CdS is the most abundant Cd mineral. In seafloor environments, trace greenockite was described in the greenish tuffs of the Myojinsho submarine caldera, Izu-Ogasawara Arc, northwestern Pacific [21]. Two grains of native cadmium were reported from the Rainbow HSF [11]. The latter finding, however, is suspicious in our opinion, because one grain occurs in an unknown black substance (epoxy resin?) and another one exhibits an evident relief relative to the host sphalerite indicating its possible origin as a result of laboratory pollution. Therefore, the enormous Cd content (up to 41.38 wt%) of sphalerite and the presence of a CdS phase and associated heavy-metal-bearing minerals in Zn-rich smoker chimneys of the Irinovskoe HSF (MAR) are unexpected and require consideration. This paper documents the main peculiarities of the Zn-rich smoker chimneys of the Irinovskoe HSF and discusses the origin of heavy-metal-bearing minerals, as well as possible sources of heavy metals.




2. Geological Background


The first sulfide chimneys at 13°20´ N, MAR, were dredged in 2007 during the cruise of R/V James Cook [22]. The Irinovskoe HSF (13°20’0″ N, 44°55′6″ W) was discovered in 2011 during the 34th cruise of R/V Professor Logatchev by the Polar Marine Geosurvey Expedition (PMGE, St. Petersburg, Russia) in collaboration with VNIIOkeangeologia (St. Petersburg, Russia) [23]. The field is located between the Marathon and 15°20′ fracture zones in a summit area of the southeastern slope of seamount 13°20′ N at a water depth of 2700–2850 m (Figure 1). The seamount 13°20′ N is an oceanic core complex (OCC) in the form of a smooth dome more elevated to the west representing a large detachment fault, which extends for 11 km parallel to the MAR, with a heave of 9 km [22]. The dome has prominent spreading-parallel topographic corrugations. It is characterized by a dominant in situ lithology of serpentinized peridotite, partially covered by basaltic scree with minor amounts of greenschist facies dolerite dikes. The rugged and elevated western part of the OCC is dominated by basalt, greenschist dolerite and minor amounts of gabbro.



According to TV observations of 2011, the Irinovskoe HSF 350 × 380 m in size includes two massive sulfide bodies 3–5 m high, which consist of sulfide edifices with smoker chimneys and products of their erosion surrounded by metalliferrous sediments (Figure 1) [23]. Only strongly chloritized basalts with sulfide dissemination were collected together with massive sulfides in the area of the Irinovskoe HSF. The 230Th/U age of massive sulfides is 58,000–8000 ka [24].



In 2013, the Irinovskoe HSF was explored with an automatic underwater vehicle (AUV) and a remotely operated vehicle (ROV) during the ODEMAR cruise on the R/V “Pourquoi Pas?” [25,26]. Two sites of high-temperature black smoker venting, Active Pot and Pinnacle Ridge, were surveyed with the ROV. Both show black smoker fluids venting at ~365 °C from 1 to 2 m high cauldron-shaped structures with large exit orifices (several decimeters in diameter). Each site consisted of a single, vigorously venting short chimney at the top of a small, elongated sulfide mound. Very little diffuse flow was observed, and no mussel beds were present. Shrimp and bacterial mats were located on or directly next to the active chimneys. Abundant inactive and toppled sulfide chimneys occur in the region surrounding the two active sites, indicating more widespread venting at this site in the past.




3. Materials and Methods


Samples from the Irinovskoe HSF were collected during the 34th cruise of the R/V Professor Logatchev on August 31, 2011 from a water depth of 2791 m using a TV-grab station 34L241 (hereinafter, st. 241; 13°19,957’ N, 44°54,679’ W) (unpublished PMGE report, 2011) positioned in the NW part of ore body I (Figure 1). The station grabbed a large fragment of an extinct sulfide structure weighing more than 100 kg. The bottom of the sulfide fragment measured 65 × 25 cm and the height reached 75 cm.



The textures, structures and preliminary mineralogy of sulfide samples were first examined on-board. The laboratory studies, excluding electron back-scattered diffractometry (EBSD), were carried out at the Institute of Mineralogy (IMin), South Urals Federal Research Center of Mineralogy and Geoecology UB RAS, Miass, Russia. The samples were studied on an Axiolab (Carl Zeiss) optical microscope and a REMMA-202M scanning electron microscope (SEM) equipped with a LZ-5 Link ED-System at a 1-µm electron beam, a 0.6-nA beam current, a 20-kV accelerating voltage (30 kV accelerating voltage in case of native gold) and a counting time of 120 s for peak (standard MINM-25-53, ASTIMEX Scientific Limited, mineral mount no. 01-044). The detection limit for elements was 0.20%. The using of SEM/EDS analysis in studies of Zn-rich chimneys of the Irinovskoe HSF with complex textures involving fine-grained aggregates was warranted by the high SEM/EDS detection efficiency, which permits analysis at a low current and an easier study of minerals unstable in the case of electron bombardment [27]. The possible overlappings (Pb and S or As and Pb) were avoided by using different analytical lines, for example, the As content of As-bearing galena was analyzed using As Lα line because of the overlapping Pb Lα and As Kα lines. The chemical composition of minerals, which are shown in Figures 3–10 and Supplementary Figures S1-1–-54, is presented in Tables 2–7 and Supplementary Tables S1–S9, respectively.



The bulk mineral composition of four samples drilled from Zn-rich chimneys was refined on a SHIMADZU XRD-6000 diffractometer with a Cu anode and a graphite monochromator. The mineral contents were recalculated by the SIROQUANT V4 software with the Rietveld method.



The Fe content of bulk sulfide samples was analyzed using titrimetry and the Cu, Zn, Cd, Pb, Co, Ni, Au and Ag contents were analyzed using atomic absorption analysis (AAA) in air-acetylene flame on a Perkin Elmer 3110 spectrometer. Quality control of the analytical procedure was performed by analysis of State Standard Samples of water metal solutions (7256-96 Zn, 7252-96 Pb, 7472-98 Cd, 7265-96 Ni, 7268-96 Co, 7255-96 Cu, and 8402-2002 Ag) and flotation concentrate of Au-bearing ore CZK-3 (2739-83 Au) (Russian Federation). The analytical titrimetry and AAA uncertainties are shown in Table S8.



Selected trace elements (Ti, V, Cr, Mn, Co, Ni, As, Se, Sr, Mo, Cd, Sn, Sb, Te, Ba, Tl, Pb, Bi and U) of bulk sulfide samples were analyzed on an Agilent 7700× quadrupole inductively coupled plasma mass spectrometer (ICP-MS). The spectrometer was calibrated using multielement calibrated solutions (INORGANIC VENTURES, USA, and GSO, Russian Federation) for the entire set of analyzing elements. The metrological control of the analytical quality was supported by using a standard SGD-2a (Russian Federation). Samples were digested in Teflon autoclaves using a mixture of HF, HCl and HNO3 in a SpeedWave microwave digestion system (Berghof, Germany) during a two-stage heating up to 180 °C for 40 min. After digestion, the fluorine complexes were decomposed by a double evaporation of the dry residual with concentrated HNO3 at 110 °C in glassy carbon crucibles. The precipitates were further dissolved in hot 0.5 N HNO3 and reduced to a 100-mL aliquot. All the pure acids used for digestion were additionally purified in a BSB-939-IR apparatus (Berghof, Germany). The ultrapure water (resistivity 18.2 MΩ*cm compensated at 25 °C) used for dilution was deionized in a Simplicity Water Purification System (Millipore, Molshiem, France). The analytical uncertainties on individual-trace elements are ≤5 rel. %. The analytical ICP-MS uncertainties are shown in Table S9.



EBSD studies of Zn-rich sample 241-2/1-11 were conducted at the Resource Center “Geomodel” (St. Petersburg State University (SPbSU), St. Petersburg, Russia) on a HITACHI S-3400N SEM equipped with an OxfordHKL NordLys Nano EBSD detection system. The EBSD mapping was performed at an accelerating voltage of 30 kV, a beam current of 1.5 nA, an exposition of 0.5 s per pattern, averaging two images (when mapping) or 20 images (to obtain individual patterns) and their subsequent processing using a software package Oxford AZtecHKL. To obtain a mechanically undistorted surface, the sample for the EBSD analysis was treated with a direct beam of Ar plasma using an Oxford IonFab 300 etcher at an exposition of 10 min, an angle of 45°, an accelerating voltage 500 V, a current 200 mA and a beam diameter of 4 inches (Nanophotonics Resource Center, Scientific Park, SPbSU).



For S isotopic analysis, the bulk samples from central and marginal parts of Zn-rich chimneys were drilled with a diamond microdrill. The S isotopic composition (δ34S, ‰; Canyon Diablo Troilite) was determined on a Delta+ Advantage, Thermo Finnigan mass spectrometer equipped with an EAFlash 1112 elemental analyzer and ConFloIII interface using NBS-123 (sphalerite, US National Bureau of Standards) as a standard. The analytical error is ±0.12‰. The results were processed in the ISODAT-2.0 program.



To estimate the possible formation conditions of mineral assemblages and the role of various factors affecting the mineral composition (host rocks and magmatic input), we simulated the process of crystallization of mineral assemblages of Zn-rich sulfides of the Irinovskoe HSF by Gibbs energy minimization and local equilibrium in the Selektor software. Because the initial parameters of modeling and their results are closely related, the details of modeling are provided in Section 4.4.




4. Results


4.1. Textures of Massive Sulfides


The sulfide edifice consisted of coalesced Cu-rich chimneys in the central part/basement and Zn-rich chimneys at the margins/top (Figure 2a). The Cu-rich chimneys contain numerous channels filled with opal sinters. The sulfide edifice was oxidized from the surface and covered by up to 0.5 cm thick crusts of ochreous and brown aggregates of Fe- and Mn-oxyhydroxides, locally with minerals of the atacamite group. The diameter of Zn-rich chimneys varied from a few centimeters to 10–15 cm (Figure 2b). The Zn-rich samples were light, sooty, porous and friable (Figure 2c,d). They locally contain small (1 cm max) unsealed channels (Figure 2c), but most Zn-rich chimneys exhibit no channels or clear zonation (Figure 2d). Some chimney fragments that are up to 10 cm across exhibit: (i) A central more porous zone ~1 cm thick (a former channel?); (ii) A surrounding more compact opal–Zn sulfide zone up to 1.5 cm thick rimmed by an almost continuous dense opal–Zn sulfide layer up to 1 mm thick; (iii) A zone of porous opal–Zn sulfide aggregates up to 4 cm thick with a small amount of granular pyrite. More massive Zn-rich sulfide samples are characterized by a higher amount of opal (Figure 2d).




4.2. Mineralogy of Massive Sulfides


The mineral composition of Zn-rich sulfides varies depending on the sampling area, closer to the margins or the central part of the edifice. Macroscopically, only Zn sulfides (~65%), silica (~20%), Fe-oxyhydroxides (~10%) and, locally, pyrite and chalcopyrite (~5% in total) can be recognized in samples. Rare crystals of baryte and secondary copper sulfides are observed under a binocular microscope. According to the X-ray diffractometry (XRD), the mineral composition is dominated by wurtzite (from 3 to 65 wt%) and sphalerite (from 5 to 30 wt%), which are accompanied by pyrite, chalcopyrite, amorphous silica and, locally, native sulfur (Table 1). SEM studies revealed the presence of accessory galena, CdS phase, pyrrhotite, isocubanite, acanthite, various Ag–Cu–Sb(±As)-bearing minerals, covellite, yarrowite, native gold, native sulfur, anglesite, gypsum, smectites, naumannite and lollingite.



4.2.1. Zn Sulfides


Sphalerite and wurtzite were distinguished on the basis of morphology of their aggregates. All Zn sulfides are intensely replaced by Fe-oxyhydroxides locally mixed with smectites and by Cu sulfides.



The walls of unsealed channels are incrusted by tabular and pyramidal, most likely wurtzite, crystals up to ~0.1 mm in size with striation on edges (Figure 3a and Figure S1-1). These crystals locally overgrow the former tube worms, the interior of which is filled with a mixture of Fe-oxyhydroxides and smectites (Figure 3b). In polished specimens, the wurtzite crystals exhibit hexagonal sections (Figure 3c) and a zoned–sectorial structure with higher (11.75–18.75 wt%) and lower (2.97–7.64 wt%) Fe contents in the cores and rims, respectively (Figure 3c; Table 2 and Table S1). Wurtzite is locally replaced by low-Fe (2.97 wt%) Cd-bearing (up to 5.50 wt% Cd) most likely sphalerite with darker color and lower reflectivity (Figure 3d,e and Figures S1-2,-3; Table 2 and Table S1).



Abundant dendrites, which grow toward the margins of the chimneys, are most likely made up of sphalerite (Figure 4a and Figure S1-4). Closer to the margins of the chimneys, sphalerite and opal compose zoned spherulitic aggregates with several alternated zones and interstitial galena (Figure 4b and Figures S1-5–S1-7). The central and marginal zones are made up of opal, whereas sphalerite occupies an intermediate position. The sphalerite zones, a few micrometers thick in the central and intermediate parts, are composed of chains of the tiniest grains. A penultimate zone 20–30 µm thick consists of radial sphalerite intergrowths locally with reniform morphology (Figure 4c and Figure S1-8). The reniform aggregates are composed of two sphalerite types: a core of up to 40 µm across enriched in Pb (8.57–9.55 wt%) and Ag (1.83–2.56 wt%) and a rim of up to 5 µm thick depleted in Pb (up to 1.37 wt%) and Ag (0.37–0.48 wt%) (Table 2 and Table S1).



Sphalerite is also observed as microcrystals and their aggregates or loosely/densely packed framboids 10 µm in diameter surrounded by opal (Figure 4d and Figure S1-9). The microcrystals and framboids can contain Pb, Ag and Cu (Table 2 and Table S1). The framboidal aggregates are characterized by a Pb-rich core (up to 6.66 wt%) and a Pb-free margin (Table 2 and Table S1).



Acicular sphalerite crystals 1–2-µm thick form dendrites or skeletal aggregates, which replace radial aggregates of acicular native sulfur (Figure 4e). Acicular sphalerite is overgrown by fine-crystalline sphalerite and acicular galena (Figure 4e) and contains the high amounts of Fe, Cd, Co and Pb (Table 2).



Anhedral sphalerite aggregates of up to 50 µm in size within opal are made up of isometric grains max 5 µm in size (Figure 4f and Figure S1-10–-12). This low-Fe (<4.48 wt%) sphalerite contains 13.85–17.48 wt% Cd and is surrounded by rims or is cut by the finest veinlets of Cd-rich sphalerite (20.09–41.38 wt%) (Figure 4g) (Table 2 and Table S1).



The Zn sulfides of different morphology exhibit different correlation coefficients between the main chemical elements (Table S2). Wurtzite, framboidal and microcrystalline sphalerite have the highest negative Zn–Fe correlations. In contrast, Cd-poor and Cd-rich reniform and anhedral sphalerite is characterized by the highest negative Zn–Cd correlations. The negative Fe–Cd correlation is characteristic of anhedral sphalerite, whereas the reniform one exhibits negative Fe–Ag and Fe–Pb and positive Ag–Pb correlations.



The EBSD studies of dendritic sphalerite revealed its polycrystalline structure (Figure S2-1a–-1c). According to pole figures, these aggregates are chaotically oriented (Figure S2-1d). The maps in Euler colors show that the aggregates are composed of chaotically oriented smaller crystals in the central parts and larger crystals in the margins (Figure S2-2a–-2c). The inclusions of galena and wurtzite in sphalerite exhibit the same orientation as sphalerite (Figure S2-1c). The Kikuchi patterns of some Cd-rich Zn sulfide grains correspond to sphalerite at the coincidence level of 9 to 12 bands out of 12 with a mean angle deviation (MAD) less than 1° (minimum 0.48°) (Figure S2-3).




4.2.2. Cd Sulfides


The Cd sulfide occurs as several morphological and geochemical types (Figure 5). The smallest (<1–10 µm) anhedral grains, subhedral crystals or microcrystalline intergrowths are found on top of sphalerite or opal aggregates (Figure 5a,b, Figures S1-3, S1-10 and S1-13–-15). This CdS type contains a low amount of Zn (0.81–2.25 wt%) and Fe (max 2.05 wt%), but a significant amount of Cu (0.42–6.73 wt%) and Ag (2.09–21.01 wt%) (Table 3 and Table S3).



In samples with native sulfur, the CdS phase pseudomorphically replaces acicular pyrrhotite and granular sphalerite (Figure 5c and Figure S1-16). It has higher Zn contents (13.76–23.07 wt%) and a variable amount of Fe (0.00–10.81 wt%), but is free from Cu and Ag (Table 3 and Table S3). The CdS phase locally forms spongy aggregates, which replace sphalerite and are associated with an Ag sulfide (Figure 5d). This CdS phase exhibits the highest Zn (21.24–25.27 wt%)/Ag (0.00–7.04 wt%) and lowest Fe (0.47–1.47 wt%) contents (Table 3). The spongy aggregates are locally characterized by higher S contents possibly originating from host sphalerite (Table 3).




4.2.3. Fe Sulfides and Fe Arsenide


The Fe sulfides include pyrite, marcasite and pyrrhotite. Pyrite most often forms small (~50 µm) crystals and their intergrowths around Zn sulfides, locally, in assemblage with chalcopyrite (Figure 3b). The amount of pyrite increases toward the margins of chimneys, where its fine-crystalline, laminar, dendritic or reniform aggregates mostly occur in opal (Figure 6a). Rare crystalline pyrite–marcasite aggregates (~150–200 µm) are rimmed by marcasite crystals (Figure 6b). Pyrite framboids ~5 µm across are observed on top of radial baryte aggregates (Figure 6b). At the margins of chimneys, fragments of tube worms up to 150 µm long and ~50 µm across are partly replaced with opal and mantled by fine-crystalline pyrite. Another type of most likely biosignatures includes filaments max 50 µm long and a few micrometers thick, which are composed of opal and are overgrown by fine pyrite crystals (Figure 6c).



Pyrrhotite was found in samples with native sulfur, where it forms lattice aggregates of acicular crystals ~2 µm thick or anhedral inclusions in pyrite crystals (Figure 6d).



Two platy lollingite grains 5 × 2 µm in size were found aroundy a platy As-bearing galena crystal between opal coatings on sulfides (Figure S1-17). Lollingite contains 1.89 wt% Zn and 0.84 wt% S; its formula, based on an anion sum of two, is (Fe0.95Zn0.06)1.01(As1.94S0.06)2.00.




4.2.4. Cu–Fe and Cu Sulfides


The Cu–Fe sulfides include isocubanite and chalcopyrite. Isocubanite occurs as euhedral to subhedral crystals up to 50 µm in size, which are arranged along the unsealed channels and overgrown by pyrite and wurtzite crystals (Figure 7a). Isocubanite crystals contain a lattice of chalcopyrite lamella about 1 µm thick. Chalcopyrite also forms subhedral crystalline aggregates up to 50 µm in size, which either overgrow Zn sulfides or are surrounded by them (Figure 3b, Figure 6b and Figure 7a,b). Locally, chalcopyrite is observed as filaments of up to 50 µm long and 5 µm thick (pseudomorphoses after tubular microorganisms?) (Figure S1-18). Both isocubanite and chalcopyrite contain Zn and are characterized by a Cu deficit and a Fe + Zn excess (Table S4).



Several morphological and chemical types are recognized for Cu sulfides. According to the metal/sulfur ratio, they mostly consist of covellite. Radial-shaped bunches of acicular covellite crystals a few micrometers thick replace Zn and Cu–Fe sulfides and Fe-oxyhydroxides (Figure 6b, Figure 7b and Figure S1-19,-20). This covellite is nearly stoichiometric and contains Fe (5.75–9.36 wt%) and a minor amount of Zn (0.64–1.08 wt%) and Ag (0.58–0.92 wt%) (Table 4 and Table S4). Extremely small (~5 µm) spherical covellite grains in assemblage with acanthite and CdS phase occur on top of opal, locally, forming spherules with alternating zones of these minerals (Figure 7c and Figure S1-21). This covellite contains 8.02–14.33 wt% Ag, 2.60–4.26 wt% Fe and, locally, 2.91 wt% Cd (Table 4).



Another type of spherical aggregate is also found on opal and is composed of covellite and Cu–Ag–Sb sulfosalts, which overgrow and replace covellite (Figure 7d and Figures S1-22–-25). This covellite contains a higher amount of Ag (4.80–20.50 wt%), as well as Sb (2.89–5.92 wt%) and Zn (0.00–1.96 wt%) (Table 4). Iron (0.46 wt%) and Cd (0.47 wt%) were detected in single analyses. Both Ag-rich covellite types locally exhibit deficit in metals.



Some interstitial granular aggregates between opal or veinlets 10 µm thick and 50 µm long in opal are also made up of Cu sulfides and are locally replaced by Cu–Ag–Sb sulfosalts (Figure 7f and Figure S1-24,-38). These Cu sulfides exhibit a lower S content (21.53–26.97 wt%) in comparison with covellite and extremely high Ag contents (33.00–40.67 wt%) and also contain Sb (2.63–17.45 wt%) (Table 4 and Table S4). Two analyses are well recalculated to the formula of yarrowite Cu9S8 (Table 4).




4.2.5. Pb Sulfides


The Pb sulfides include galena and its As-bearing variety. Galena forms small euhedral to subhedral crystals and their aggregates around Zn sulfides, inclusions in opal and anhedral aggregates with sphalerite (Figure 3e, Figure 4b,c,f and Figure S1-26,-27). In samples with native sulfur, galena pseudomorphically replaces acicular CdS crystals (Figure 4e). Galena is characterized by a stoichiometric composition (Table S4).



The As-bearing galena forms spongy anhedral grains, which occur in opal, and locally replaces As-free galena or sphalerite (Figure 8a and Figure S1-28–-31). The As content reaches 8.20 wt% (Table 5) and exhibits a negative correlation with Pb content (r = –0.99). These galena grains are replaced by an As2O3 phase from the rims (Figure 8b and Figure S1-28–-31).




4.2.6. Noble Metal Mineralization


The noble metal mineralization includes Ag–Sb–Cu sulfosalts, Ag sulfides, naumannite and native gold. The Ag–Sb–Cu sulfosalts occur as interstitial aggregates or veinlets in opal and anhedral grains, euhedral crystals or spherulitic aggregates 20 µm max on top of opal (Figure 7d–f, Figure 8 and Figure S1-33–-39). In most cases, these minerals replace covellite. The zoned spherulitic aggregates exhibit atoll-like structure with a Ag-rich Sb-bearing covellite in the central zones and Ag–Sb–Cu sulfosalts in the rims. The Ag–Sb–Cu sulfosalts demonstrate a variety of nonstoichiometric compositions (Table 6 and Table S5). Their composition is dominated by Ag, which is followed by Sb and then Cu. Some analyses can approximately be recalculated to formulas of miargyrite, pyrargyrite, stephanite and argentotetrahedrite-Zn (Table 6).



Acanthite is observed between opal, sulfides or Fe-oxyhydroxides as: (i) Anhedral knobby aggregates, which are locally associated with Ag-bearing covellite and replace sphalerite together with covellite; (ii) Crystalline aggregates; (iii) Spherulitic aggregates together with Ag- and Cd-bearing covellite and CdS phase; (iv) Spherulitic aggregates and fine-acicular crystals in assemblage with interstitial Ag- and Sb-bearing covellite (Figure 7c, Figure 9a–d and Figure S1-40–-42). Two geochemical types of acanthite are recognized: (i) Cu-, Zn- and Fe-bearing associated with Ag-bearing covellite and (ii) Sb-, Cu- and Zn-bearing associated with Ag- and Sb-bearing covellite (Table 7).



The composition of some Ag-rich Cu–Sb-bearing grains cannot adequately be recalculated to a particular mineral species, most likely because of the extremely fine mixtures of associated Cu sulfides, Cu-bearing Ag–Sb sulfosalts and acanthite (Table S7). These phases also occur as the smallest (max 5 µm) grains on top of opal, or are also associated with Ag–Sb-bearing covellite in reniform aggregates, where they replace covellite (Figure 9d).



One small (max 3 µm) naumannite grain was found on top of covellite and opal around sulfides (Figure 9d). The mineral contains S, Fe, Zn and Cu, which are probably acquired from the adjacent covellite. Abundant small (2 µm) native gold grains occur: (i) In/on opal (Figure 9d); (ii) At the contact of opal and fine-crystalline pyrite or sphalerite; (iii) In Fe-oxyhydroxides; (iv) In smectites, which overgrow Zn sulfides and are replaced by Fe-oxyhydroxides. Native gold has a high Ag content varying from 15.00 to 48.43 wt%.




4.2.7. Non-Sulfide Minerals


The non-sulfide minerals include major opal, abundant Fe-oxyhydroxides and subordinate to rare baryte, native sulfur, anglesite, gypsum, smectites and Mn-oxyhydroxides. Opal occurs as: (i) Rare elongated bunchy needles up to 4–5 mm long, which are directed toward the center of the unsealed channels (Figure 10a), and (ii) More abundant spherical aggregates or thin films and crusts on sulfides or interstitial massive aggregates between sulfides (Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10b and Figure S1). Opal contains SO3 (0.26–1.64 wt%), FeO (0.24–1.67 wt%), ZnO (0.43 wt%) and Al2O3 (up to 11.99 wt%).



The Fe-oxyhydroxides form thin crusts on the sulfide edifice (Figure 2a,d–f) and replace all sulfides (Figure 4c,d, Figure 5a, Figure 6c, Figure 7b, Figure 9b and Figure S1-43,-44). The chemical composition of Fe-oxyhydroxides depends on the replaced minerals. All Fe-oxyhydroxides contain SiO2, Al2O3, ZnO, SO3 and Cl (Table S6). The Fe-oxyhydroxides after opal are enriched in SiO2 (15–18 wt%) (Table S6). Those developed after sulfides can contain a higher amount of SO3, ZnO, CuO and Ag2O (Table S6). The Fe-oxyhydroxides from the outer crusts also contain MgO (up to 1.10 wt%), P2O5 (up to 2.08 wt%), CaO (up to 0.64 wt%) and PbO (up to 0.79 wt%). The Fe-oxyhydroxides intergrown with Mn-oxyhydroxides in the outermost areas of the crusts also contain MnO (up to 8.20 wt%), K2O (up to 0.34 wt%), V2O5 (up to 0.73 wt%), CoO (up to 0.42 wt%) and TiO2 (up to 0.42 wt%) (Table S6).



The Mn-oxyhydroxides replace Fe-oxyhydroxides at the margins (Figure S1-45,-46). Based on XRD studies, todorokite is the most likely Mn-bearing phase. The composition of Mn-oxyhydroxides reflects a fine mixture with Fe-oxyhydroxides (Table S6). These aggregates also contain ZnO (up to 11.52 wt%), SO3 (up to 6.87 wt%), SiO2 (up to 7.19 wt%), Al2O3 (up to 1.74 wt%), NiO (up to 0.32 wt%) and K2O (up to 0.66 wt%). The latter has a positive correlation with SO3 (r = 0.95).



Baryte is abundant in the outermost Fe-oxyhydroxide crusts, where it forms radial aggregates ~100–150 µm across (Figure 10c and Figure S1-47,-48). It also occurs as radial aggregates on sulfides (Figure 6b) or single platy crystals, 20 µm long and ~5 µm wide, on top of opal rims around sulfides (Figure S1-49). Baryte contains SrO (5.32–6.04 wt%), FeO (0.59–1.06 wt%) and CaO (0.35–0.75 wt%) (Table S7).



Native sulfur forms radial aggregates of acicular crystals, ~10 µm long and ~2 µm wide, that are surrounded by opal and replaced by pyrrhotite, sphalerite (including Cd-bearing variety) and galena (Figure 6f and Figure S1-50–-52). The acicular morphology is indicative of its monoclinic state. Anglesite was found as small anhedral porous aggregates, which replace galena crystals (Figure 10d; Table S7).



The Al-rich smectites form anhedral aggregates around sulfides and are overgrown by opal or replaced by Fe-oxyhydroxides (Figure 3d). Their chemical composition is dominated by SiO2 (50.42–53.71 wt%) and Al2O3 (23.85–28.17 wt%) with a subordinate amount of FeO (4.33–5.42 wt%) and a minor content of K2O (0.32–0.75 wt%), CaO (0.24–0.46 wt%), ZnO (0.65–1.22 wt%) and SO3 (0.43–0.65 wt%) and correspond to a mixed-layered kaolinite–smectite clay mineral.





4.3. Chemical and S Isotopic Composition of Zn-Rich Massive Sulfides


Depending on the position of the samples (closer to the margin or the center of the sulfide edifice), the contents both of main and trace chemical elements significantly vary (Table 8 and Table 9). The Zn-richer samples (241-2/2, 241-2/3) are characterized by the highest Cd, Pb, Co, Au, Ag, As, Sn, Sb, Ba and Tl contents, whereas the Cu-richer sample (241-1/1) has the highest Co, Ge, Se, Te and Bi contents.



The S isotopic composition of bulk Zn-rich samples is negative and varies from –0.04 to –1.59‰ with an average value of –0.59‰ (Table 10).




4.4. Physicochemical Modeling


In physicochemical modeling, we used a multisystem, which was previously applied for the calculations of basalt/seawater and peridotite/seawater (rock/seawater = R/SW) interaction [10,31,32] including Ag, Al, As, Au, B, Ba, Bi, Br, C, Ca, Cd, Cl, Co, Cr, Cu, F, Fe, H, I, K, Mg, Mn, N, Na, Ni, O, P, Pb, S, Sb, Se, Si, Te, Ti, Tl and Zn. The system was expanded by thermodynamic data of miargyrite, pyrargyrite [33,34] and enargite [35]. The coefficients of the heat capacity equation for enargite (Cp (cal·mol−1·K−1) = 48.334 − 1.921 × 10 × T−0.5 + 0.069 × 103 × T−1) were calculated in the Selektor software. Pyrolusite, bixbyite and hausmannite were excluded from calculations because the Mn concentration in the solution under oxidized conditions depends on the presence of Mn-oxyhydroxides Mn(OH)2 and MnOOH. Because the thermodynamic data on hawleyite are unavailable, only greenockite was present in calculations. Both sphalerite and greenockite were included as mineral phases rather than solid solutions.



Two scenarios of R/SW interaction were calculated. Scenario I includes the change in the chemical composition of the multisystem depending on the R/SW ratio (ξ), following a scheme of Helgeson [36], in which the R/SW ratio was given by the addition of a variable amount of a solid matter to 1 L seawater according to a logarithmic law (log10) with a step of 0.01. Scenario II uses a flow reactor model, where the fluid, which reacted with solid phases, moves to the next reservoir in the same multicomponent system [37,38]. Seawater and reactant rock compositions [39,40,41,42] are reported in Table S10. To estimate a possible magmatic input, magmatic gas (10 g) of the Erta Ale basaltic volcano was added to the initial composition of basalt and peridotite that corresponds to the concentration of H2O saturation of 1% of the fluid concentration in basaltic magma [43].



In calculations, we first modeled an interaction of basalt and peridotite with seawater at temperatures of 350 and 400 °C (typical of high-temperature black smokers [44]) and a pressure of 50 MPa (below the critical point of seawater) [45]. These conditions correspond to ~5000 m of a water column pressure, which is 2200 m below the seafloor in the area of the Irinovskoe HSF. These conditions result from the heating of watered rocks in a temperature field above a magmatic chamber [46]. To model the mineral assemblages most close to natural ones, the ξ value varied from –5 to 1. It was found that these mineral assemblages match the alteration of basalts at a ξ value of 0.2. Further modeling was conducted according to scenario II with conductive cooling of the fluid from 350 and 400 to 2 °C (a temperature of ambient seawater) and a step of 10 °C without interaction with any solid phases, which imitates the process of penetration of fluid in a free porous space of the smoker chimney. The Bi, Cr, Mo, P and Ti minerals (apatite, bismuthinite, magnesiochromite, ilmenite, rutile, titanite, molybdenite and chromite), which are present in solutions, were removed from consideration because their presence has a minor effect on the geochemical properties of the system.



Our calculations showed that a hematite + anhydrite + brucite + chrysotile + chlorite assemblage of secondary minerals is typical of both rock types at the lower ξ values (= a strong “washing” by heated seawater) (Figure S3). With the increasing ξ values, the oxidation conditions change by reducing conditions at the ξ values of –3.24 and –3.0 for peridotite and basalt, respectively, which is clearly registered in each case by a drop in Eh values of the system (Figure S3a,a’).



In a range of the intermediate ξ values (−3 < ξ < −1.7), the altered basalt is host to an anhydrite + quartz + amesite ± talc ± smectite assemblage. Anhydrite precipitates from seawater during its heating. The increase in the ξ values at high negative Eh values leads to the disappearance of anhydrite, quartz, talc and hematite and the stability of magnetite, montmorillonite, actinolite, sodic plagioclase, smectites, epidote and sulfides (pyrite, pyrrhotite, chalcopyrite, sphalerite, greenockite, kullerudite, clausthalite, linnaeite–polydymite and cattierite).



The peridotite/seawater system at the ξ values of <−3 typically contains anhydrite + hematite + chrysotile + chlorite (Figure S3). An anhydrite + chrysotile + chlorite + hematite ± magnetite ± talc ± linnaeite–polydymite ± cattierite ± vaesite assemblage is typical of a range of −3.0 < ξ < −1.5. At the ξ values of >−1.5, the system contains chrysotile, chlorite, actinolite, diopside, magnetite ± phlogopite and sulfides (Figure S3d’), but is free from anhydrite, hematite and talc. The ξ values of >0 are favorable for the formation of phlogopite, biotite, tetra-auricupride, auricupride, native silver and chalcocite. These mineral assemblages are generally consistent with those in naturally altered basalts and peridotites and with the results of experiments and thermodynamic modeling of R/SW interaction (e.g., [47,48,49,50,51]).



We also monitored the extraction and behavior of elements in the fluid (Figure S3b,b’) depending on the ξ values. The concentration of nearly all elements decreases with the formation of the solid phases in the reaction products: see, e.g., a gradual decrease in Zn and Cd contents at the corresponding precipitation of sphalerite and greenockite. The maximal contents of Cd (2.89 × 10−6 moles) for ξ = 0.34 and Zn (2.18 × 10−3 moles) for ξ = 0.18 are observed in the basalt-related system. Note that the Fe content of the solution is constant under oxidation conditions and strongly increases at a decreasing Eh. The maximal Fe content (8.65 × 10−4 moles) is achieved in the basalt-related system at ξ = −2.13, then gradually decreases to ~(2.5–4.8) × 10−5 moles. Chloride complexes are predominant for Cd and Zn in the entire range of ξ values: CdCl20 and ZnCl3−, respectively. A similar behavior of Cd, Zn and Fe is observed in the peridotite-related system.



The modeling of conductive cooling of the solution, which is a result of the above basalt/seawater reaction, imitates the penetration of ore-forming fluid through a wall of a smoker chimney (Figure 11). The first minerals to precipitate at high temperatures in the basalt-related system (Figure 11a) are chalcopyrite and pyrite. Further cooling to 310 °C leads to the precipitation of dominant sphalerite, amorphous silica (<270 °C) and covellite, which replace chalcopyrite. The low temperatures (<70°) are favorable for the precipitation of native sulfur. The temperature of precipitation of Cd, Pb, Sb, Ag, As and Se sulfides is proportional to their content in the initial composition of reacting substances (the total amount of the mineral can be estimated from the plot). Greenockite can precipitate in a range of 210–100 °C (Figure 11a). Its minimal amount (n × 10−8 moles) precipitates at temperatures of 30–50 °C during the cooling of the fluid reacted with basalt for ξ = −1.15 (R/SW = 0.07). All calculations contain montmorillonite. The behavior of the basalt-related system with the involvement of magmatic gas is generally similar to the above described, but is terminated by the precipitation of baryte and orpiment (Figure 11b,d). The formation of greenockite is shifted toward the higher temperatures due to the addition of Cd from magmatic gas.



The behavior of the peridotite-related system is similar to that of the basalt-related system (Figure 11), but amorphous silica starts to precipitate below 210 °C and montmorillonite at 350 °C is accompanied by talc, chrysotile and chlorite (Figure 11a’). The Ag–Sb sulfosalts are precipitated only in the peridotite-related system below 180 °C (miargyrite and pyargyrite with and without magmatic gas, respectively) (Figure 11b’,d’). Greenockite forms at 180–130 °C that is 30 °C lower than in the basalt-related system and at 80 °C at the same minimal ξ values. The low-temperature area (<110 °C) in both systems is characterized by the formation of native sulfur.





5. Discussion


5.1. Sequence of Mineral Formation and Mineralogical Curiosities


The studied Zn-rich smokers of the Irinovskoe HSF with poorly discernable conduits (or their absence) and porous structures are similar to many Zn-rich chimneys from other seafloor HSFs. These morphological features indicate a comparatively lower flow velocity of circulating lower-temperature fluids when the channel-ways are easily clogged by mineral precipitates during sluggish flow [2,9,52]. The samples also exhibit a number of mineralogical curiosities, which indicate the abundance of different local formation conditions leading to the crystallization of diverse accessory mineralization.



The schematic paragenetic sequence of mineral formation of Zn-rich chimneys can tentatively be divided into four temperature-related stages: high (>300 °C), moderate (<300 °C), low (<120 °C), and very low (=oxidation) (ambient temperatures) (Figure 12). The temperature boundaries generally follow a commonly accepted classification of seafloor hydrothermal processes [44,53] and are explained in detail below.



5.1.1. High-Temperature Stage


The presence of this stage at the beginning of the formation of Zn-rich chimneys is indicated by relict isocubanite crystals in the central parts of some chimneys, which are overgrown and replaced by wurtzite. The early isocubanite/wurtzite assemblage points to the starting formation temperature of ~350 °C [44]. This is in accordance with the measured temperatures of 365 °C at two venting sites of the Irinovskoe HSF (see Section 2).




5.1.2. Moderate-Temperature Stage


The outward chimney growth providing a temperature gradient due to conductive cooling is favorable for the crystallization of sphalerite at temperatures of <300 °C [44]. Various morphological types of sphalerite reflect the varying conditions of its formation. The dendritic aggregates are similar to those, e.g., from the Zn-rich samples of the Pipe Organ and Table vent sites, Juan-de-Fuca Ridge, Pacific Ocean, which formed upon quench crystallization at 261 °C [52]. The chaotic orientation of sphalerite domains within the crystalline aggregates (Figure S3-1d) indicates the random growth of crystals when the nucleation rate was greater than the growth rate [54].



The finding of framboidal sphalerite is noteworthy since it is rare in nature in contrast to the abundant pyrite framboids. Framboidal sphalerite was found below the base of the supergene oxidation zone in the Carlin-type Mike gold deposit, Nevada [55], and in the massive sulfides of the Edmond HSF, Central-Indian Ridge [56]. Polyframboids consisting of pyrite and sphalerite were detected in the metapelites of the Otago Schist, New Zealand [57]. Various sphalerite globules consisting of nanoscaled (2–5 nm) sphalerite crystals are known from natural biofilms of a flooded tunnel within carbonate rocks that host the Piquette Pb-Zn deposit, United States [58], and from the polymeric resinous material of Lake Kivu, East Africa [59]. In all cases, except for the Edmond HSF, the formation of sphalerite framboids/globules is attributed to bacterially mediated precipitation.



In spite of the presence of various filamentous structures and relict tube worms in the Zn-rich chimneys of the Irinovskoe HSF, no arguments exist in favor of the biogenically mediated crystallization of sphalerite framboids. Their scarcity most likely indicates an abiotic formation similar to that of pyrite framboids, e.g., due to rapid nucleation in the environments, where the fluid is strongly supersaturated with respect to a particular mineral [60,61] (sphalerite in this case). It was shown that oversaturation and precipitation of sphalerite may occur in the hydrothermal fluid only as it cools to ≤150 °C entering the ambient seawater [62]. The possible local nanoparticulate (actually, colloidal-sized) state of ZnS in the hydrothermal fluid is also very plausible: ZnS nanoparticles were identified in the hydrothermal vents from eastern Lau spreading center, Pacific Ocean [62]. The colloidal-sized particles can also survive in high-temperature (250–352 °C) hydrothermal fluids, which is documented, for example, in the Niua South HSF, Lau Basin, with boiling-induced colloidal-sized (<50 nm to 2 μm) native gold [63].



FeS Content of Zn Sulfides


The FeS content of Zn sulfides (at least, sphalerite) is considered indicative of their formation conditions [64]: the relatively high/low FeS contents are a result of relatively low/high S activity and/or high/low temperatures, respectively. The strongly variable FeS content of Zn sulfides from the Irinovskoe HSF (0.73–17.07 mol%, Table 2 and Table S2-1) points to disequilibrium and nonbuffered precipitation under strongly fluctuating physicochemical conditions [65].



The higher (10.09–15.77 mol %) FeS content of the inner zones and much lower FeS content of the outer zones (2.66–6.76 mol %) of wurtzite crystals (Table 2) indicate an increasing S activity and/or decreasing temperature [7,64,66] as the wurtzite crystals grow. This is generally consistent with a higher-to-lower temperature crystallization trend in smoker chimneys [44]. The zoned reniform sphalerite, however, is characterized by a less pronounced opposite FeS zonation with lower and higher FeS contents in the core and the rims, respectively (Table 2).



Framboidal sphalerite exhibit decreasing center-to-margin FeS contents similar to wurtzite (Table 2) or slightly increasing center-to-margin FeS contents similar to the reniform sphalerite (Table S1). The FeS content of adjacent framboids and microcrystals ranges from 1.74 to 17.07 mol % (Table 2) and this strong difference is achieved at a distance of only 25 µm (Figure 4d, SEM/EDS points d and e). These facts can hardly be explained by highly variable activities of chemical elements and temperature on a micrometer scale. The most plausible explanation is related to the microcrystalline structure of framboids with colloidal-sized microcrystals at the beginning, their larger surface area, the fast growth rate (similar to pyrite framboids [61,67]) and, therefore, an uneven uptake of trace elements. It is known, for example, that pyrite framboids are often characterized by a highly variable trace element composition [30,68,69,70,71], which can be due to over-competition for adsorption sites on the growing Fe sulfides [71].




Fe vs. Cd Competition in Zn Sulfides


Sphalerite is considered a sink for numerous trace elements [19]. Iron and Cd replace Zn via simple substitution mechanisms Zn2+ ↔ Fe2+ and Zn2+ ↔ Cd2+, respectively, which means negative correlations between elements. The correlation coefficients between chemical elements in Zn sulfides from the Irinovskoe HSF could indicate more complex interrelations. For instance, Zn and Fe in the low-Cd wurtzite have the highest correlation coefficient in contrast to the highest Zn–Cd correlation in the low-Cd reniform sphalerite (as well as low-to-high-Cd acicular and anhedral sphalerite) (Table 3). Among six morphological types of Zn sulfides, the crystalline forms (except for the pseudomorphic acicular sphalerite) “prefer” Fe instead of Cd, whereas the reniform, anhedral and pseudomorphic acicular forms favor Cd (even if the Cd contents are lower than the Fe contents as in the reniform and partly anhedral sphalerite). It can, thus, be speculated that the crystalline sphalerite with high Zn–Fe correlation has an α-ZnS sphalerite-type structure, whereas the reniform, anhedral and pseudomorphic sphalerite has a γ-ZnS NaCl-type structure [72]. The latter can possibly be more favorable for the uptake of Cd due to similarity with a NaCl-type structure of a β-CdS phase (hawleyite) [73].



The reniform sphalerite also contains positively correlated Pb and Ag suggesting their coupled substitution (Table 3). In addition to the Zn–Fe correlation, Fe in reniform sphalerite is also correlated with Ag and Pb. This indicates that part of Fe directly substitutes Zn, whereas another part is involved in Ag + Pb substitution probably of the following type: 3Zn2+ ↔ Ag+ + Pb+ + 2Fe2+. Similar “assistance” of Fe in substitution of other trace elements (e.g., Ge) was suggested for sphalerite from the Tres Marias Zn–Pb deposit, Mexico [19].





5.1.3. Low-Temperature Stage


An upper-temperature boundary of 120 °C for this stage is set by the instability of a solid form of native sulfur above 120 °C [74]. This stage was characterized by a reduced activity of S and an enhanced activity of other easily volatilized elements (Cd, Sb, As, Se), leading to the formation of S-deficient mineral assemlages including pyrrhotite, Cd-bearing sphalerite, CdS phase, As-bearing galena, acanthite, naumannite, lollingite, Ag–Sb–Cd-bearing covellite and various Ag–Sb–Cu sulfosalts (Figure 12). The presence of Ag–Sb–Cu sulfosalts, acanthite, Ag-rich native gold, naumannite, baryte, Al-rich opal, native sulfur and mixed-layered kaolinite–smectite phase exhibit certain similarities both with continental and oceanic epithermal-style mineralization (e.g., [6,7,8,75,76]).



Native Sulfur


Although the presence of native sulfur in seafloor environments is ordinary, its known findings (or description) in the MAR HSFs are limited. Native sulfur is reported from the Snake Pit HSF, where it replaces pyrrhotite [2,77], the Azhadze-1 HSF, where it occurs between sphalerite crystals [78], the interior of the TAG mound [79], the Rainbow HSF [3] and hydrothermal precipitates of the Three Sisters volcanic complex in the Bransfield Strait, South Atlantic [7].



In all the above cases, native sulfur forms mainly massive aggregates and its formation is related to oxidation processes. In the Zn-rich chimneys of the Irinovskoe HSF, the native sulfur crystals exhibit acicular morphology as those deposited in open spaces from fumarolic volcanic gases (e.g., [74,80]). In the chimneys studied, native sulfur is hypogene formed prior to a number of minerals, including pseudomorphic acicular pyrrhotite and associated relatively Fe-rich (9–15 mol % FeS) Cd-bearing sphalerite. A possible genetic significance of native sulfur is also considered in Section 5.2.




Cd-Bearing Minerals


The Cd contents of sphalerite from most seafloor HSFs do not generally exceed 1 wt% [7,10,66,81,82,83,84,85,86,87,88,89,90]. Relatively higher Cd contents (>1 wt%) are detected in sphalerite from massive sulfides of the island-arc Palinuro Volcano, Tyrrhenian Sea (up to 1.44 wt%) [8], E-MORB-associated Menez Gwen HSF, MAR (up to 1.73 wt%) [91], basalt-hosted Mt. Jourdanne, Southwest Indian Ridge (up to 1.48 wt%) [92], basalt-hosted MESO HSF, Central Indian Ocean (up to 1.3 wt%) [93] and basalt–andesite-hosted Tinakula HSF, New Hebrids back arc, Pacific Ocean (up to 2.04 wt%) [94]. The highest Cd content (up to 14.04 wt%) in seafloor sphalerite to date is known from the hot-spot-related Loihi volcano, Hawaii [95]. In continental settings, the least Cd content of sphalerite is typical of volcanic-hosted massive sulfide (VHMS) deposits, whereas Mississippi-valley-type (MVT) deposits exhibit a high Cd content of ores and contain Cd-rich sphalerite [19,20,96,97]. In the Uralian VHMS deposits, for example, the Cd content of sphalerite from paleosmoker chimneys increases twice in a range from mafic- to felsic-hosted deposits (from 0.22 to 0.44 ppm Cd, on average, respectively) [71,98].



The extremely high Cd content of sphalerite from the Irinovskoe HSF (up to 41.38 wt%, Table 2) and the finding of the CdS phase are undoubtable evidence that the hydrothermal fluid locally achieved saturation with respect to Cd-bearing minerals. There is a question, however: is this saturation related to the primary enrichment (and why), is it a result of specific formation conditions or is it a combination of both?



The average Cd content of bulk sulfide samples of Zn-rich chimneys studied (445 ppm, Table 8) is lower, for example, than that of Zn-rich chimneys of the TAG active mound (1652 ppm Cd) (our calculations are based on Table 3 from [44]), Logatchev-2 (700 ppm Cd) [3] or Semenov-2 (584 ppm Cd) [10] MAR HSFs. No Cd sulfides, however, have been reported yet from these HSFs, and the highest Cd content of their sphalerite is <1 wt%. The discrepancy between geochemistry and mineralogy could mean that the Irinovskoe HSF provided more favorable conditions for the precipitation of Cd-bearing minerals.



In sedimentary geology, Cd is known as one of the redox-sensitive elements in addition to V, U, Mo, Re, Cr, Ni and Zn [99,100,101]. It is considered that the Cd species are efficiently remobilized under reducing conditions [102]. In the case of the Irinovskoe HSF, the reducing conditions are indicated by the presence of pyrrhotite associated with the Cd-richest sphalerite and a CdS phase. This is also consistent with the results of our physicochemical modeling, which showed the enhanced precipitation of greenockite during the addition of H2 or H2S to the fluid. Acid conditions are also favorable for the enrichment of sphalerite in Cd [96] and are also required, for example, for the formation of a CdS phase (in particular, hawleyite) [74,103].



It was recently found that the concentrations of Ag, Cd, Cu and Co in sphalerite appear to be independent of temperature and the concentrations of, at least, Cd and Co must be controlled by other factors, such as source rock, aquifer, pH, Eh or S fugacity [20]. Nonetheless, there is a general trend between the fluid temperature and the Cd/Zn ratio of the fluids: the higher-temperature exhalative fluids have a low Cd/Zn ratio, the intermediate-temperature geothermal fluids have an intermediate Cd/Zn ratio and the lower-temperature basinal brines have a high Cd/Zn ratio [96]. Even under high-temperature conditions of volcanic fumaroles of Kudryavy Volcano, Kamchatka, the Cd-rich sulfides precipitate at lower temperatures (400 °C) than Zn sulfides (up to 725 °C) [104]. The low-temperature conditions necessary for the increasing Cd contents of sphalerite from paleosmoker chimneys were suggested for the Yaman-Kasy VHMS deposit (South Urals), which contains greenockite [105]. The possibility of low-temperature (<100 °C) crystallization of sphalerite was shown on example of mud volcanoes of Sakhalin Island, Russia [106].



Due to extremely small sizes of the mineral grains, it is impossible to strictly define whether our CdS phase is greenockite (a hexagonal α-form of CdS of the wurtzite group) or hawleyite (a cubic β-form of the sphalerite group). However, on the basis of the Kikuchi patterns of the Cd-rich Zn sulfide, which entirely match sphalerite (a cubic phase) (Figure S3-3), and a continuous series of chemical composition between Zn and Cd sulfides (Figure 13), we speculate that our CdS phase is most likely a cubic hawleyite rather than a hexagonal greenockite. The suggested occurrence of hawleyite, which is considered metastable under all conditions, indicates its non-equilibrium formation conditions [107].




As-Bearing Minerals


Arsenic in Zn-rich chimneys of the Irinovskoe HSF is hosted in galena, Ag–Sb–Cu-sulfosalts (SEM data) and Fe-oxyhydroxides (LA-ICP-MS data [108]). Arsenic is considered an atypical trace element of galena and is thought to be a result of inclusions of tetrahedrite, tennantite or arsenopyrite [109]. Later, however, it was shown that As3+ can be substituted into galena together with Ag+ [110]. Minor amounts of As are detected, for example, in galena from the Santa Eulalia mining district, northern Mexico (0.1–0.7 wt% As) [111], and the hydrothermal precipitates of the Bransfield Strait (max 0.12 wt%) [7], Conical Seamount (max 0.10 wt%) [6], and the Palinuro Volcano (max 1.50 wt%) [8]. Up to 2.25 wt% As in galena from massive sulfides of Mount Jourdanne, Southwest Indian Ridge, are attributed to the microinclusions of other minerals [92]. In contrast, 0.17 wt% As (on average, EMPA data) and 9.34 wt% As (LA-ICP-MS data) in galena from massive sulfides from the Deyin HSF, southern MAR, are interpreted as a substitution of Pb2+ by As3+ at high temperature in the absence of Bi [112].



In our case, the isomorphic Pb–As substitution is supported by: (i) The presence of early As-free galena with an ideal stoichiometric composition (Table S2-3); (ii) The absence of other elements in the chemical composition of As-bearing galena, which could support the occurrence of the inclusions of arsenopyrite/lollingite (Fe) or sulfosalts (Cu, Ag or Sb); (iii) The negative Pb–As correlation (r = –0.99). The “very high” temperatures without specific values necessary for the Pb–As substitution [113] remain enigmatic and the finding of As-bearing galena in Zn-rich chimneys from the Irinovskoe HSF indicates that this substitution could occur at relatively moderate-to-low temperatures of the formation of seafloor galena (<250 °C) [114], or even lower as in our case. According to [115], Y. Moëlo described Sb- and As-bearing galena, the formation of which was related to a high rate of crystallization at low temperature by the substitution in three-fold coordination for Pb. The possibility of As–Pb isomorphic substitution at very low (subsurface) temperatures is also supported by the finding of secondary As-bearing galena (0.08–1.63 wt% As) with a negative Pb–As correlation in a supergene profile of the Dzhusa VHMS deposit (South Urals) [116].



Lollingite is also a rare seafloor mineral that is known from the massive sulfides of the sediment-covered Escanaba Trough, Pacific Ocean [117]. The minerals of the lollingite–safflorite series are mentioned without description at the OCC-related Logatchev-2 HSF, MAR [11]. In the hydrothermal precipitates of the Escanaba Trough, lollingite is associated with pyrrhotite and arsenopyrite, which are indicative of low S and O activity and highly reducing conditions [44,87,117]. The formation of lollingite in our case also supports reducing conditions and indicates even lower S activity, which was insufficient to form arsenopyrite. In continental settings, lollingite is a typical mineral of hydrothermal Co–Ni deposits, e.g., Bou-Azzer in Morocco [118]. According to thermometric studies of fluid inclusions in associated gangue minerals, the arsenide mineralization at this type of deposit forms at relatively low temperatures of <300 °C (mostly, 190–225 °C) [119]. A much lower formation temperature of arsenides (90–110 °C), similar to our interpretations, were reported for the Atrevida Ba-F base metal vein located in the Catalonian coastal ranges of Spain [120].




Ag–Sb-Rich Sulfosalts


Although Sb-bearing sulfosalts are known from seafloor/subseafloor specimens worldwide, they typically contain Pb, As and often Hg [4,6,7,8]. Among the Ag–Sb±Cu sulfosalts from Zn-rich chimneys of the Irinovskoe HSF, only argentotetrahedrite-Zn is one of the relatively abundant seafloor sulfosalts, whereas those close to the compositions of miargyrite, pyrargyrite and stephanite are extremely rare. Similar Ag–Sb sulfosalts are known to date only from opal–baryte samples of the Franklin Seamount (Woodlark spreading basin) (members of the proustite–pyrargyrite isomorphic series) and Manus back-arc basin (miargyrite, pyrargyrite, Fe-freibergite and a mineral of the Ag4(Sb,As)2S5 composition), Pacific Ocean [121,122].



The formation of Ag–Sb±Cu sulfosalts at low temperatures is supported by the stability temperatures of stephanite (<197 °C) [123] and associated acanthite (<173 °C) [124] and their formation after native sulfur (<120 °C) (see above). Our estimations are in line with a suggested temperature range of ~85–100 °C of the formation of, for example, late Sb-bearing mineralization in the Conical Seamount, New Ireland fore-arc [6], and a general “affinity” of Ag and Sb to low-temperature conditions [44,125]. The non-stoichiometric compositions of Ag–Sb±Cu sulfosalts found in the Zn-rich chimneys of the Irinovskoe HSF can indicate the highly unstable local formation conditions.



In the MAR seafloor HSFs, sulfosalts are rare and are dominated by As-rich species. The most abundant tennantite was found in six HSFs in contrast to one HSF with tetrahedrite [3]. The other As- and Sb-bearing sulfosalts were exclusively detected in the OCC-associated HSFs (see Introduction) [11,14,15]. The Semenov-2 and Ashadze-1 HSFs also contain rare Sb-bearing minerals: aurostibite and stibnite, respectively. The findings of Sb minerals exclusively within the OCC-associated structures suggest a possible genetic link between them, which is discussed below.




Naumannite


The presence of naumannite indicates the changes of reducing to oxidizing conditions under low S activity [126]; therefore, it is not ruled out that naumannite formed during the seafloor oxidation stage together with Fe-oxyhydroxides similar to the continental oxidation zones of some VHMS deposits [126]. The rarity of naumannite is in line with the fact that even the lower Se activity relative to the S activity, which is required to form appropriate sulfides, could lead to the formation of selenides at low temperatures [126].





5.1.4. Seafloor Oxidation Stage


All seafloor-exposed massive sulfides are subject to oxidation, which mainly results in the formation of Fe- and Mn-oxyhydroxides after primary hydrothermal minerals [2,9,10,11,12,13,14,15,16,31,44,52]. The chemical composition of Fe- and Mn-oxyhydroxides in the Zn-rich chimneys of the Irinovskoe HSF depends on the replaced mineral, the position in the chimney and the presence of Mn. The Fe-oxyhydroxides from the interior parts of the chimneys, which replace opal or sphalerite, are rich in SiO2 and ZnO, respectively. On the contrary, Fe-oxyhydroxides from the outermost crusts of the chimneys are Mn-bearing reflecting an extensive involvement of seawater in their formation. Manganese is accompanied by a number of elements (V, Co, Ni, Pb, Ti and K) in contrast to Mn-free (as well as V-, Co-, Ni-, Ti-, K- and, locally, Pb-free) Fe-oxyhydroxides, which indicates more successful scavenging of trace elements from seawater in the presence of Mn. This fact can be explained by distinct surface charges of Fe-oxyhydroxide and Mn-oxide colloidal particles similar to deep-sea polymetallic nodules, where negatively charged δ-MnO2 particles attract cations (such as Ni2+ and Co2+) and slightly positively charged FeOOH attract anions [127].



The presence of a water-soluble As2O3 phase, which replaces the As-bearing galena could be the result of laboratory oxidation of samples. On the other hand, claudetite (a monoclinic form of As2O3) was reported from submarine Fe-oxyhydroxide deposits of the Tutum Bay, Papua New Guinea [128], where As is retained in the Fe(III) oxyhydroxides because of prevailing oxidizing conditions and high As activity. The additional evidence of seafloor oxidation origin of the As2O3 phase in our cause is supported by the relatively higher As content of the Fe-oxyhydroxides of the Irinovskoe HSF: 461–7142 ppm [108].



The oxidation of Zn-rich samples occurred at relatively low pH, which is evident from the presence of supergene anglesite and jarosite both requiring acid to neutral conditions for their formation [129,130,131]. The possible occurrence of ultramicroscopic jarosite grains within the Fe- and Mn-oxyhydroxides is suggested from a high positive correlation between K2O and SO3 (r = 0.95) in the composition of Fe- and Mn-oxyhydroxides.





5.2. Matter Sources


Three main sources of major and trace elements in massive sulfides could be involved in the formation of seafloor HSFs: (i) Host rocks usually responsible for providing the main mass of base metals; (ii) Seawater, which supplies, for example, U or V; (iii) A magmatic reservoir, which could yield Au, Bi, Cu, and some other metals (e.g., [3,9,44,132,133,134,135,136]). The metal sources at the OCC-hosted MAR segments could, significantly, be diversified because of diverse host rocks including mafic, ultramafic and felsic (e.g., plagiogranites, diorites and tonalites) types, which are involved in an operating hydrothermal system [3,22,93,137,138]. Our mineralogical–geochemical results indicate that all the sources could make their contribution to the formation of the mineralization at the Irinovskoe HSF under a leading control of mafic rocks that are responsible for the supply of most metals and subordinate roles of ultramafic rocks that provide, possibly, an enrichment in selected trace elements, and a magmatic reservoir that locally induces specific formation conditions.



5.2.1. Possible Mafic/Ultramafic-Related Signatures


According to [3], the Cd/Zn ratio of the MAR massive sulfides can be informative for a possible link with host rock types. The average Cd/Zn ratio of the mafic-related massive sulfides is twice as high (0.0042 at a range of 0.013–0.006) than that of the ultramafic-related massive sulfides (0.0021 at a range of 0.0007–0.0027) (our calculations are based on the data of Table 4 in [3] and Table 2 in [10]). This is in agreement with the difference in Cd concentration between MORBs (0.129 ppm) and ultramafic rocks (0.026 ppm), while the Zn concentration is similar (74 ppm in N-MORBs and 60 ppm in ultramafic rocks) [3]. The average Cd/Zn ratio (0.009) of Zn-rich massive sulfides of the Irinovskoe HSF is the highest among other MAR HSFs, most likely indicating a non-ultramafic source for Cd. Note that the highest Cd/Zn ratio among the MAR mafic-related massive sulfides is determined for those from the E-MORB-associated Menez Gwen and Lucky Strike HSFs (0.006 and 0.005, respectively) (our calculations are based on the data of Table 4 in [3]).



The main role of a mafic rock source is also supported by the high SiO2 content of massive sulfides from the Irinovskoe HSF (27.47–44.89 wt%; an unpublished report of PMGE, 2011) since the quantities of SiO2 in mafic- and ultramafic-related massive sulfides differ more than twice: 12.57 vs. 4.37 wt%, on average (calculated from the data of Table 4 in [3]). The main contribution of mafic rocks is also indicated by the presence of Al-rich opal/Al-bearing clay mineral and jarosite, which require a source for Al and K, respectively. It is noteworthy that jarosite in the MAR has been reported only from mafic-related HSFs (Lucky Strike, TAG, Snake Pit, Broken Spur and Peterburgskoe) [3,13,139] and mafic-controlled OCC-related Semenov-1 and Semenov-3 HSFs [31,140].



Some ultramafic-related signatures can be suggested from the As and Sb contents. The average Sb/As ratio of bulk sulfide samples from the MAR mafic- and OCC-related HSFs is 0.15 and 0.31, respectively (our calculations are based on the data of Table 4 (excluding one anomalous sample from the TAG HSF with a high Sb content of 229 ppm) from [3] + As and Sb contents of the OCC-associated Semenov-2 HSF [10]). These values indicate that mafic-related massive sulfides are relatively richer in As, whereas those from ultramafic/mafic-related systems have higher Sb contents at similar average As contents. The end-member hydrothermal fluids in mafic-dominated systems, however, contain the higher contents both of As and Sb (Table 2 in [3]). This “contradiction” means that the formation conditions provided by ultramafic-bearing systems could be more favorable for the crystallization of Sb minerals even at the lower Sb contents of the hydrothermal fluids.



It was shown that boiling and vapor-brine separation may exert an important control on Sb transport and distribution [141]. Antimony chloride and hydroxychloride species are expected to preferentially partition into the vapor phase. In contrast, As does not exhibit significant changes in its vapor–liquid fractionation patterns in the H2O–NaCl–HCl system as a function of HCl [142]. It, thus, can be speculated that the formation of Sb minerals in the OCC-related seafloor environments can indirectly mirror the phase separation events, which are observed in situ and documented from fluid inclusion studies at the Logatchev, Ashadze, Rainbow, Semenov-1 and Semenov-2 OCC-associated HSFs [10,31,143,144,145].



It is well known that the Sb-bearing sulfosalts often occur in the HSFs, which are associated with felsic volcanic rocks (e.g., [4,6,7,8,121,146]). Thus, we cannot also exclude a link between Sb mineralization in the OCC-related HSFs and their felsic host rock components similar to a suggested hydrothermal leaching of felsic rock that differentiates underneath the basaltic cover and the subsequent zone refining processes, which are invoked to explain the polymetallic enrichment of massive sulfides from Mount Jourdanne basaltic volcano along the slow-spreading Southwest Indian Ridge [92].




5.2.2. Possible Magmatic-Related Signatures


Magmatic-related signatures could be supported by the presence of primary acicular native sulfur crystals and the negative S isotopic composition of bulk sulfide samples. The formation of native sulfur in seafloor environments can be related to the oxidation of excess H2S [7,133] or pyrrhotite (or sulfides) [3], or reflects disproportionation reactions involving magmatic SO2 [9,136,147]. We do not exclude both scenarios because the native sulfur crystals are locally associated with subhedral pyrite crystals (Figure S1-51); however, the oxidation of sulfides cannot account for the negative S isotopic composition of bulk sulfide samples (Table 10). The S isotopic composition of sulfides can also be shifted to the negative values by bacterial-sulfate reduction or boiling [147], but the link between these processes and the precipitation of native sulfur is obscure. If the disproportionation reaction between magma-derived SO2 and the fluid occurred in our case occurs, it yields acidic conditions favorable for the formation of native sulfur [148]. Acidic conditions were also favorable for further formation of Al-bearing opal (up to 10 wt% Al2O3) around native sulfur aggregates. It is known that Al is effectively leached from silicate minerals by acid attacks [148, 149 and references therein]. The acidic conditions are also consistent with the presence of Al-bearing phyllosilicates represented by a mixed-layered kaolinite–smectite phase [6,148,149].




5.2.3. Constraints from Physicochemical Modeling


The physicochemical calculations of the R/SW interaction showed that the formation of a Cd sulfide (greenockite in modeling) in Zn-rich smoker chimneys is possible in both (basalt- and peridotite-related) systems during the penetration of a hydrothermal fluid through the porous wall of the chimney upon decreasing temperature. The amount of CdS phase directly depends on the Cd content in the parental rock, so the Cd source is also important. The involvement of magmatic gas enhances the Cd content in the fluid and, thus, the chances of crystallization of Cd-bearing sphalerite and Cd sulfide. The modeling crystallization of miargyrite and pyrargyrite in the peridotite-related system indirectly supports a possible genetic link between Sb and ultramafic rocks.





5.3. Potential Ecological Risks


It is known that on-land open-pit mining of sulfide deposits generates large amounts of sulfide-bearing wastes, including waste rock, mill tailings and low-grade ores ([150] and references therein). Among other sulfides, sphalerite undergoes fast weathering causing elevated concentrations of Zn and trace elements (including Cd) in mine drainage. The weathering of sphalerite is a complex process because of the dissimilar weathering behaviors of ferroan and Fe-poor sphalerite and wurtzite, the differential sorption of Cd and Zn by tailings and the formation and dissolution of Cd- and Zn-bearing soluble sulfate minerals of which the Cd-bearing forms are more soluble [151].



In seafloor conditions, however, the weathering process occurs in chemically buffered waters of near neutral pH, resulting in the formation of insoluble Fe oxyhydroxides [152]. As a result, it is assumed that seafloor massive sulfides are unlikely to exhibit a significant loss of metals (dissolution and release of heavy metals) into the water column.



The situation can change upon the possible mining of seafloor sulfides, which would require their delivery on a vessel to more aggressive oxygenated conditions. The potential ecological risks in case of possible seafloor mining, however, are still unclear. They will depend on many factors, including, first, mineralogical–geochemical features of seafloor massive sulfides (the mode of occurrence of, for example, Cd as a trace element in sulfides or as Cd minerals) and, second, their processing procedure on seafloor (the degree of fragmentation of the sulfide material, which increases the particle sizes) and on the vessel (storage of sulfide material, its drying conditions, etc.). As shown in the current paper, the necessity of the detailed mineralogical studies of seafloor massive sulfides is crucially important. The deportment of Cd is still unclear in some HSFs with high Cd contents of bulk massive sulfides and relatively low (<1 wt%) Cd contents of sphalerite (e.g., Semenov-2 HSF [10]).





6. Conclusions


The extinct Zn-rich smoker chimneys of the OCC-related Irinovskoe hydrothermal sulfide field in the Mid-Atlantic Ridge formed due to the lower flow velocity of relatively lower temperature fluids and the restricted mixing of fluid and seawater. The mineralogical–geochemical features of the chimneys indicate the abundance of specific local formation conditions, which led to the precipitation of various morphological types of Zn sulfides from euhedral/subhedral crystals to anhedral, reniform, framboidal and acicular aggregates. The high Cd content of sphalerite, reaching up to 41.38 wt%, and the presence of a CdS phase (most likely, hawleyite) are the most remarkable features of Zn-rich chimneys.



The formation of chimneys started at a high temperature (>350 °C) as supported by the occurrence of isocubanite and wurtzite crystals in the central parts of the chimneys. The decrease in temperature of the hydrothermal fluid (<<300 °C) and the outward chimney growth providing a temperature gradient were favorable for further crystallization of sphalerite. The sphalerite framboids locally crystallized from rapidly nucleating colloidal-size particles. The strongly variable FeS content of all Zn sulfides points to disequilibrium and nonbuffered precipitation under strongly fluctuating physicochemical conditions. The strongly variable FeS content of sphalerite framboids is explained by their microcrystalline structure with a larger surface area, their fast growth rate and an uneven uptake of trace elements. The different morphological types of sphalerite are characterized by different isomorphic substitutions of Zn. The crystalline forms (except for the acicular sphalerite pseudomorphic after native sulfur) “prefer” Fe instead of Cd showing a high negative Fe–Zn correlation probably because of their α-ZnS sphalerite-type structure. The reniform, anhedral and pseudomorphic acicular forms with high negative Cd–Zn correlation favor Cd due to their possible γ-ZnS NaCl-type structure, which is similar to a NaCl-type structure of β-CdS phase (hawleyite).



The low-temperature stage of formation of Zn-rich chimneys yielded most accessory minerals, including native sulfur, pyrrhotite, Cd-rich sphalerite, CdS phase (most likely, hawleyite), Ag–Cu–Sb(±As) sulfosalts with compositions close to miargyrite, pyrargyrite, stephanite and argentotetrahedrite-Zn, As-bearing galena, acanthite, Ag-, Sb-, and Cd-rich covellite, Ag-rich native gold, a mixed-layered kaolinite–smectite phase, opal and its Al-rich variety, lollingite and naumannite. Some minerals of this stage resemble those from both continental and oceanic epithermal deposits. Their crystallization could be initiated by a magmatic input, which is suggested by the presence of hypogene acicular native sulfur and negative S isotopic composition of bulk sulfide samples. The presence of native sulfur, Al-rich opal and mixed-layered kaolinite–smectite phase also points to acidic formation conditions. The presence of pyrrhotite, lollingite and As-bearing galena indicates low S activity and increasing As activity. The occurrence of Sb minerals, exclusively within the OCC-related hydrothermal sulfide fields of the Mid-Atlantic Ridge, reflects a possible genetic link to these geological settings and could be a new proxy for the OCC-related massive sulfides. Our mineralogical–geochemical results indicate that most metals for the Zn-rich sulfides of the Irinovskoe hydrothermal sulfide field were sourced from mafic rocks, with a subordinate role of ultramafic rocks, which were responsible for enrichment in selected trace elements (Sb?), and a magmatic reservoir, which provided local specific formation conditions.



The finding of the Cd-rich sphalerite and CdS phase in low-temperature mineral assemblage significantly expands the temperature boundaries for the possible formation of Cd sulfides. The high Cd contents of easily soluble sphalerite and the presence of the CdS phase should be taken into account in possible future mining seafloor hydrothermal sulfide fields and further processing of their sulfides.
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Figure 1. (a,b) Location of the Irinovskoe HSF within the Mid-Atlantic Ridge; (c), interpretation of structure and geological relationships in the HSF area after [22] (an approximate position of the hydrothermal field is marked by a red triangle); (d) three-dimentional perspective view looking NW of active striated detachment surface emerging from axial valley floor after [22]; (e) schematic map of the HSF, simplified after an unpublished in-house PMGE report, 2011. 
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Figure 2. Massive sulfides of the Irinovskoe HSF: (a) A sulfide edifice collected at st. 241; (b) A clogged Zn-rich chimney at the periphery of the edifice; (c) Porous Zn-rich sample without zonation and central conduits; (d) An unpolished section of Zn-rich chimney with unclear zonation: a more compact inner zone (contoured by white dots) and a more porous outer zone. Brown, Fe-oxyhydroxide crusts. On-board images. 
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Figure 3. Morphology of wurtzite from the Irinovskoe HSF: (a) Crystalline wurtzite (Wur) among opal (Opl) with pyrite (Py) and chalcopyrite (Ccp) crystals on top; (b) Transverse section of a tube worm filled with Fe-oxyhydroxides (Gth) and overgrown by wurtzite; (c) Zoned–sectorial wurtzite crystals (SEM/EDS points (hereinafter, points) c–f) with high- and low-Fe zones overgrown by galena (Gn); (d) Wurtzite rimmed by opal and replaced by a Cd-bearing sphalerite (darker rim) with lower reflectivity; (e) Detail of the previous image: Fe-rich wurtzite (point h) replaced by a Cd-bearing sphalerite (point g). Images: reflected light (a,b,d); BSE (c,e). Sample numbers: 241-2/1-11 (a,c–e), 241-2/2-5 (b). Hereinafter, the mineral abbreviations follow the recommendations of [28]. 
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Figure 4. Morphology of sphalerite from the Irinovskoe HSF: (a) Dendritic sphalerite rimmed by opal with tiny pyrite grains; (b) Zoned opal–sphalerite aggregates with reniform sphalerite and galena crystals on top and numerous galena inclusions in opal; (c) Zoned reniform sphalerite aggregate with a Pb- and Ag-rich center and a Pb- and Ag-poor rim; (d) Sphalerite framboids (points b, f, g and e) rimmed by opal (point c); (e) Dendrites of Fe-, Cd-, Co- and Pb-bearing acicular sphalerite (points g and e) and galena overgrown by Fe-rich crystalline sphalerite (points f and h); (f) Anhedral Cd-rich sphalerite aggregates (Sph) with galena (bright) surrounded by opal ( point m); (g) Detail of the previous image: veinlets of sphalerite with high Cd contents (all points except for a and d) in sphalerite with lower Cd contents (points a and d). Images: reflected light (a); BSE (others). Sample numbers: 241-2/1-11 (a–c,f,g), 241-2/2-2 (d,e). 
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Figure 5. Morphology of a CdS phase from the Irinovskoe HSF: (a) Anhedral CdS grains (points a and b) between sphalerite aggregates (point c) replaced by Fe-oxyhydroxides (gray); (b) Microcrystalline aggregate of an Ag-rich CdS phase (points e, d and f) on top of sphalerite replaced by Fe-oxyhydroxides; (c) Pseudomorphic replacement of fine-platy pyrrhotite (points l, o and p) and granular sphalerite (points k and j) by CdS phase (points f, g, h, i, m and n) in opal; (d) Spongy aggregate of CdS phase (all points except for l and n) and Ag sulfide (point l) after anhedral high-Fe Cd-free sphalerite (point n). BSE images. Sample numbers: 241-2/2-5 (a,b); 241-2/2-2 (c); 241 (d). 
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Figure 6. Morphology of Fe sulfides from the Irinovskoe HSF: (a) Crystalline pyrite (Py-c) overgrown by reniform pyrite composed of the laminar core (Py-l) and radial pyrite–marcasite rim (Py+Mrc) in opal; (b) Crystalline pyrite–marcasite aggregate (Py+Mrc) with a marcasite rim overgrown by baryte (Brt) and framboidal pyrite (Py-f); (c) Opal filaments overgrown by fine-crystalline pyrite; (d) Lattice aggregates of acicular pyrrhotite and native sulfur (S), crystalline pyrite and sphalerite grains in opal. Images: a–c, reflected light; d, BSE image. Sample numbers: 241-2/2-2 (a,d), 241-2/4-1 (b); 241-2/2-5 (c). 
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Figure 7. Morphology of Cu–Fe and Cu sulfides from the Irinovskoe HSF: (a) Euhedral isocubanite (Icb) and pyrite crystals overgrown by wurtzite; (b) Acicular covellite crystals in Fe-oxyhydroxides, which replace wurtzite; (c) Spherules of Ag- and Cd-bearing covellite (point a), Cu- and Cd-bearing acanthite (points b, c and f) and an Ag- and Cu-bearing CdS phase (points d, e and g); (d) Spherules of Ag- and Sb-bearing covellite (points g and i) and As-bearing Cu–Ag–Sb sulfosalt (“stephanite”) (points h and f); (e) An intergrowth of hexagonal-shaped crystal of Ag-rich Sb-bearing Cu sulfide (point b) replaced by Cu-bearing Ag–Sb sulfosalt (“pyrargyrite”) (point a); (f) A veinlet of Ag-rich Sb-bearing covellite (point a) replaced by Cu-bearing Ag–Sb sulfosalt (“argentotetrahedrite-Zn”) (points b, c and d) in opal. Images: a,b, reflected light; c–f, BSE image. Sample numbers: 241-2/2-5 (a–c), 241 (d–f). 
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Figure 8. Morphology of As-bearing galena and Ag–Sb–Cu sulfosalts from the Irinovskoe HSF: (a) Interstitial aggregate of Pb–As–Cu-bearing Ag–Sb sulfosalts, the compositions of which can be recalculated to “pyrargyrite” (point i), “argentotetrahedrite-Zn” (point h) and “miargyrite” (point g); (b) Reniform aggregates of As-Cu-bearing Ag–Sb sulfosalt (“pyrargyrite”) (points k and l) on opal. BSE images. Sample 241. 
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Figure 9. Morphology of Ag-rich sulfides and native gold from the Irinovskoe HSF: (a) Interstitial knobby aggregate of acanthite (points a–d); (b) Star-shaped crystalline acanthite aggregate (point a) on opal around sphalerite (point b); (c) Bladed Sb–Cu-bearing acanthite crystals (points d–g) with interstitial Ag–Sb-bearing covellite (points c and h); (d) Naumannite grain (Nm) on top of covellite (point d) and opal and inclusions of native gold (point a) at the boundary of sphalerite and opal. BSE images. Samples: 241-2/2-5 (a,b), 241 (c), 241-2/3-2 (d). 
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Figure 10. Morphology of some non-sulfide minerals from the Irinovskoe HSF: (a) Opal sinters in a channel of a Zn-rich chimney; (b) Opal “donuts” on sulfides; (c) Radial baryte aggregate (point g) in Fe-oxyhydroxides (point h); (d) Galena grains replaced by anglesite (points b–d). On-board photo (a), BSE images (b–d). Samples: 241-2/3-2 (b), 241-2/2-5 (c), 241-2/2-2 (d). 
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Figure 11. Amount of minerals precipitated from the solution reacted with basalt (a–d) and peridotite (a’–d’) at temperatures from 350 (a,a’,b,b’) and 400 (c,c’,d,d’) to 2 °C with a step of 10 °C. The plot lines reflect the accumulating total. The discontinuous precipitation or the absence of minerals in a temperature range are marked by solid and dotted lines, respectively. 
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Figure 12. A paragenetuc sequence of mineral formation in Zn-rich smoker chimneys of the Irinovskoe HSF. 
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Figure 13. Compositional ranges of Zn and Cd sulfides from Zn-rich smoker chimneys of the Irinovskoe HSF. 
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Table 1. XRD-based mineral composition of fragments of Zn-rich chimneys (wt%).
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	Sample No.
	Wurtzite
	Sphalerite
	Pyrite
	Chalcopyrite
	Amorphous Silica





	241-2/1
	17
	25
	15
	20
	23



	241-2/2 *
	3
	5
	11
	5
	67



	241-2/3-а
	64
	15
	16
	5
	tr.



	241-2/3-b
	29
	30
	35
	4
	2



	241-2/3-c
	65
	20
	11
	4
	tr.







Total 100 wt% in all samples; tr., trace amount; *—sample contains 9 wt% of native sulfur.
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Table 2. Selected chemical composition of Zn sulfides from the Irinovskoe HSF, wt%.
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Figure No.

	
Analysis No.

	
Zn

	
Fe

	
Cd

	
Cu

	
Ag

	
Pb

	
Sb

	
S

	
Total

	
FeS *

	
Formula Based on

One S Atom






	
Zoned wurtzite crystals




	
Figure 3e

	
29000cc

	
47.03

	
18.55

	
0.44

	

	

	

	

	
33.67

	
99.68

	
15.77

	
(Zn0.69Fe0.32)1.01S1.00




	
29000d r

	
56.90

	
7.64

	
0.24

	
0.44

	
1.42

	

	

	
32.66

	
99.31

	
6.68

	
(Zn0.85Fe0.13Cd0.01Cu0.01Ag0.01)1.01S1.00




	
29000f c

	
54.33

	
11.75

	
0.26

	
0.78

	

	

	

	
32.96

	
100.09

	
10.09

	
(Zn0.81Fe0.20Cd0.01Cu0.01)1.03S1.00




	
29000e r

	
56.02

	
7.74

	
0.30

	
0.71

	
2.07

	

	

	
32.79

	
99.63

	
6.76

	
(Zn0.84Fe0.14Ag0.02Cd0.01Cu0.01)1.02S1.00




	
Figure 3g

	
29000h c

	
51.07

	
14.59

	
0.55

	

	

	

	

	
33.44

	
99.65

	
12.50

	
(Zn0.75Fe0.25)1.00S1.00




	
29000g r

	
59.66

	
2.97

	
5.50

	

	

	

	

	
31.65

	
99.79

	
2.66

	
(Zn0.92Fe0.05Cd0.05)1.02S1.00




	
Zoned reniform sphalerite




	
Figure 4c

	
29001o c

	
53.71

	
3.79

	
0.23

	

	
1.83

	
9.55

	

	
30.40

	
99.51

	
3.57

	
(Zn0.87Fe0.07Pb0.05Ag0.02)1.01S1.00




	
29001p r

	
61.26

	
4.90

	
0.29

	

	
0.37

	

	

	
33.34

	
100.16

	
4.24

	
(Zn0.90Fe0.08)0.98S1.00




	
29001q c

	
55.17

	
2.48

	
0.29

	

	
2.56

	
8.57

	

	
30.48

	
99.55

	
2.33

	
(Zn0.89Fe0.05Pb0.04Ag0.02)1.00S1.00




	
29001r r

	
59.65

	
5.46

	
0.34

	

	
0.48

	
1.37

	

	
32.36

	
99.67

	
4.81

	
(Zn0.90Fe0.10Pb0.01)1.01S1.00




	
Microcrystalline to framboidal sphalerite




	
Figure 4d

	
29023b c

	
54.04

	
6.21

	

	

	

	
6.66

	

	
32.21

	
99.12

	
5.63

	
(Zn0.82Fe0.11Pb0.03)0.96S1.00




	
29023f r

	
63.60

	
2.01

	

	

	

	

	

	
34.05

	
99.66

	
1.74

	
(Zn0.92Fe0.03)0.95S1.00




	
29023e c

	
58.47

	
4.00

	

	

	

	
4.06

	

	
32.51

	
99.03

	
3.58

	
(Zn0.88Fe0.07Pb0.02)0.99S1.00




	
29023g r

	
63.86

	
2.09

	

	

	

	

	

	
33.21

	
99.15

	
1.83

	
(Zn0.94Fe0.04)0.98S1.00




	
29023c

	
46.14

	
20.04

	

	

	

	

	

	
33.24

	
99.42

	
17.07

	
(Zn0.68Fe0.35)1.03S1.00




	
29023d

	
46.17

	
20.07

	

	

	

	

	

	
33.82

	
100.06

	
17.07

	
(Zn0.68Fe0.35)1.03S1.00




	
Acicular sphalerite




	
Figure 4e

	
29021e 1

	
22.80

	
10.26

	
26.79

	

	

	
4.78

	

	
33.10

	
100.00

	
9.85

	
(Zn0.34Cd0.23Fe0.18 Co0.04Pb0.02)0.81S1.00




	
29021g 2

	
31.82

	
15.84

	
8.21

	

	

	
6.73

	

	
34.72

	
100.00

	
14.15

	
(Zn0.45Fe0.26Cd0.07Co0.04Pb0.03)0.85S1.00




	
29021f

	
48.04

	
15.80

	

	

	

	

	

	
35.43

	
99.26

	
13.33

	
(Zn0.66Fe0.26)0.92S1.00




	
29021h 3

	
46.65

	
15.09

	
2.42

	

	

	
0.53

	

	
34.08

	
99.43

	
12.98

	
(Zn0.67Fe0.25Cd0.02Co0.01)0.96S1.00




	
Anhedral microcrystalline sphalerite




	
Figure 4g

	
29006j

	
30.03

	
0.80

	
41.38

	

	

	

	
0.58

	
26.90

	
99.69

	
0.85

	
(Zn0.55Cd0.44Fe0.02Sb0.01)1.02S1.00




	
29006a

	
50.72

	
1.38

	
17.48

	
0.42

	

	

	

	
30.09

	
100.09

	
1.30

	
(Zn0.83Fe0.03Cd0.17Cu0.01)1.04S1.00




	
29006d

	
50.50

	
4.43

	
13.85

	

	

	

	
0.61

	
30.89

	
99.66

	
4.08

	
(Zn0.80Cd0.13Fe0.08Sb0.01)1.02S1.00




	
29006b

	
36.57

	
0.80

	
35.02

	

	

	

	
0.27

	
28.00

	
100.40

	
0.81

	
(Zn0.64Cd0.36Fe0.02)1.02S1.00




	
29006c

	
34.10

	
0.70

	
36.38

	

	

	

	

	
27.78

	
99.58

	
0.73

	
(Zn0.60Cd0.37Fe0.01)0.98S1.00




	
29006e

	
42.15

	
1.10

	
27.45

	

	

	

	
0.20

	
28.38

	
99.35

	
1.10

	
(Zn0.73Cd0.28Fe0.02)1.03S1.00




	
29006f

	
36.59

	
0.98

	
34.50

	

	

	

	

	
27.33

	
99.40

	
1.01

	
(Zn0.66Cd0.36Fe0.02)1.04S1.00




	
29006g

	
32.56

	
1.49

	
37.61

	

	

	

	

	
27.44

	
99.30

	
1.56

	
(Zn0.58Cd0.39Fe0.03)1.00S1.00




	
29006h

	
33.00

	
2.58

	
35.43

	

	

	

	
0.27

	
28.02

	
99.29

	
2.65

	
(Zn0.58Cd0.36Fe0.05)0.99S1.00








In the above and other tables, empty box means not detected; letters in numbers of analyses correspond to SEM/EDS points indicated on figures; c and r, center and rim, respectively; *, mol %; 1–3, the analyses contain 2.27, 2.68, and 0.67 wt% Co, respectively.
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Table 3. Selected chemical composition of the CdS phase from the Irinovskoe HSF, wt%.
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Figure No.

	
Analysis No.

	
Cd

	
Zn

	
Fe

	
Cu

	
Ag

	
S

	
Total

	
Formula Based on One S Atom






	
Anhedral grains and subhedral crystals




	
Figure 5a

	
28132a

	
66.14

	
0.94

	
1.58

	
5.10

	
2.09

	
23.30

	
99.14

	
(Cd0.81Cu0.11Fe0.04Ag0.03Zn0.02)1.01S1.00




	

	
28132b

	
63.17

	
0.81

	
2.05

	
6.73

	
2.86

	
23.52

	
99.15

	
(Cd0.77Cu0.14Fe0.05Ag0.04Zn0.02)1.03S1.00




	
Figure 5b

	
29008d

	
66.66

	
1.69

	

	
0.92

	
8.21

	
22.80

	
100.29

	
(Cd0.83Ag0.11Zn0.04Cu0.02)1.00S1.00




	

	
29008e

	
65.55

	
1.85

	

	
1.93

	
6.90

	
22.78

	
99.02

	
(Cd0.82Ag0.09Zn0.04Cu0.04)0.99S1.00




	

	
29008f

	
54.43

	
2.25

	

	
0.42

	
21.01

	
20.98

	
99.09

	
(Cd0.73Ag0.30Zn0.05Cu0.01)1.10S1.00




	
Figure 7c

	
29011d

	
57.58

	
5.82

	
1.89

	
2.72

	
9.35

	
22.64

	
100.00

	
(Cd0.73Zn0.13Ag0.12Cu0.06Fe0.05)1.08S1.00




	

	
29011e

	
69.36

	
4.84

	
1.84

	
0.75

	

	
23.22

	
100.00

	
(Cd0.85Zn0.10Fe0.05Cu0.02)1.02S1.00




	

	
29011g

	
52.18

	
6.04

	
3.14

	
2.55

	
14.02

	
22.07

	
100.00

	
(Cd0.67Ag0.19Zn0.13Fe0.08Cu0.06)1.14S1.00




	
Acicular crystals




	
Figure 5c

	
29022f

	
55.98

	
16.14

	
3.18

	

	

	
24.70

	
100.00

	
(Cd0.65Zn0.32Fe0.07)1.04S1.00




	

	
29022g

	
58.63

	
13.76

	
2.96

	

	

	
24.65

	
100.00

	
(Cd0.68Zn0.27Fe0.07)1.02S1.00




	

	
29022h

	
54.16

	
16.93

	
4.23

	

	

	
24.68

	
100.00

	
(Cd0.63Zn0.34Fe0.10)1.06S1.00




	

	
29022i

	
56.55

	
18.53

	
0.00

	

	

	
24.92

	
100.00

	
(Cd0.65Zn0.36)1.01S1.00




	

	
29022m

	
47.93

	
23.07

	
3.47

	

	

	
25.54

	
100.00

	
(Cd0.54Zn0.44Fe0.08)1.06S1.00




	

	
29022n

	
55.16

	
15.50

	
4.58

	

	

	
24.77

	
100.00

	
(Cd0.64Zn0.31Fe0.11)1.05S1.00




	
Spongy aggregates




	
Figure 5d

	
29030e

	
45.82

	
25.27

	
1.42

	

	

	
27.24

	
99.74

	
(Cd0.48Zn0.45Fe0.03)0.96S1.00




	

	
29030f

	
48.72

	
22.33

	
0.47

	

	
1.71

	
26.37

	
99.61

	
(Cd0.53Zn0.42Ag0.02Fe0.01)0.97S1.00




	

	
29030g

	
41.88

	
24.13

	
1.47

	

	
5.72

	
26.04

	
99.25

	
(Cd0.46Zn0.45Ag0.07Fe0.03)1.01S1.00




	

	
29030h

	
42.81

	
21.91

	
1.25

	

	
7.04

	
26.12

	
99.13

	
(Cd0.47Zn0.41Ag0.08Fe0.03)0.99S1.00




	

	
29030i

	
46.63

	
21.41

	
0.80

	

	
5.83

	
25.42

	
100.09

	
(Cd0.52Zn0.41Ag0.07Fe0.02)1.02S1.00




	

	
29030j

	
46.37

	
21.24

	
0.54

	

	
6.18

	
25.03

	
99.37

	
(Cd0.53Zn0.42Ag0.07Fe0.01)1.03S1.00




	

	
29030k

	
47.65

	
22.13

	
0.72

	

	
2.97

	
26.17

	
99.64

	
(Cd0.52Zn0.41Ag0.03Fe0.02)0.98S1.00
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Table 4. Selected chemical composition of Cu sulfides from the Irinovskoe HSF, wt%.
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Figure No.

	
Analysis no.

	
Cu

	
Ag

	
Fe

	
Zn

	
Sb

	
S

	
Total

	
Formula Based on 1 S Atom






	
Acicular covellite




	
Figure 7b

Figure S1-19

	
29045a

	
55.43

	
0.92

	
8.33

	
0.87

	

	
34.09

	
99.64

	
(Cu0.82Fe0.14Ag0.01Zn0.01)0.98S1.00




	
29045b

	
56.93

	
0.66

	
7.28

	
0.88

	

	
33.96

	
99.71

	
(Cu0.85Fe0.12Ag0.01Zn0.01)0.99S1.00




	
29045c

	
55.12

	
0.58

	
9.36

	
1.08

	

	
33.54

	
99.69

	
(Cu0.83Fe0.16Zn0.02Ag0.01)1.01S1.00




	
29045d

	
57.74

	
0.88

	
5.75

	
0.64

	

	
34.34

	
99.34

	
(Cu0.85Fe0.10Ag0.01Zn0.01)0.96S1.00




	
Covellite associated with CdS phase




	
Figure 7c

	
29011a 1

	
52.03

	
8.02

	
2.60

	

	

	
34.44

	
100.00

	
(Cu0.80Ag0.14Fe0.08Cd0.03)1.04S1.00




	
Figure S1-21

	
29010b

	
49.35

	
14.33

	
4.26

	

	

	
31.22

	
99.15

	
(Cu0.76Ag0.07Fe0.04)0.87S1.00




	
Covellite replaced by Ag–Sb–Cu sulfosalts




	
Figure 7d

	
29033g

	
49.97

	
12.60

	

	
1.17

	
3.48

	
32.49

	
99.71

	
(Cu0.78Ag0.13Sb0.03Zn0.02)0.94S1.00




	
29033i

	
52.42

	
8.17

	

	
1.64

	
2.89

	
34.10

	
99.21

	
(Cu0.78Ag0.07Sb0.02Zn0.02)0.87S1.00




	
Figure 9d

	
29033e

	
48.26

	
11.54

	

	
1.96

	
5.92

	
32.10

	
99.77

	
(Cu0.76Ag0.11Sb0.05Zn0.03)0.94S1.00




	
Figure 9c

	
29031c

	
46.93

	
19.45

	

	
0.00

	
3.51

	
30.11

	
100.00

	
(Cu0.79Ag0.19Sb0.03)1.01S1.00




	
29031h

	
43.20

	
20.50

	

	
1.62

	
3.00

	
31.68

	
100.00

	
(Cu0.69Ag0.19Sb0.03Zn0.02)0.93S1.00




	
28133e

	
59.38

	
4.80

	

	
0.88

	
0.99

	
33.96

	
100.00

	
(Cu0.88Ag0.04Sb0.01Zn0.01)0.94S1.00




	
Figure S1-22

	
29034c 2

	
50.93

	
13.39

	

	

	
2.96

	
31.69

	
99.45

	
(Cu0.81Ag0.13Sb0.03)0.96S1.00




	
Figure S1-23

	
29033k

	
44.90

	
19.70

	
0.46

	
0.28

	
2.96

	
31.25

	
99.55

	
(Cu0.72Ag0.19Sb0.02Fe0.01)0.95S1.00




	
Figure S1-25

	
29031j

	
53.06

	
6.05

	

	
1.29

	
4.13

	
35.35

	
99.88

	
(Cu0.76Ag0.05Sb0.03Zn0.02)0.86S1.00




	
Yarrowite




	
Figure 7f

	
29029a

	
32.25

	
37.00

	

	

	
4.88

	
25.50

	
99.62

	
(Cu5.11Ag3.45Sb0.40)8.96S8




	
Figure S1-38

	
29029e

	
32.20

	
37.53

	

	
1.39

	
2.63

	
25.47

	
99.22

	
(Cu5.10Ag3.50Sb0.22Zn0.21)9.04S8








1,2, the analyses contain 2.91 (1) and 0.47 (2) wt% Cd.
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Table 5. Chemical composition of As-bearing galena from the Irinovskoe HSF, wt%.
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Figure No.

	
Analysis no.

	
Pb

	
As

	
S

	
Total

	
Formula Based on 1 S Atom






	
Figure 8a

	
29034j

	
84.17

	
1.57

	
13.40

	
99.13

	
(Pb0.97As0.05)1.02S1.00




	
Figure 8b

	
29032i

	
86.37

	
1.10

	
12.32

	
99.79

	
(Pb1.08As0.04)1.12S1.00




	
Figure S1-28

	
29036a

	
76.97

	
6.01

	
16.10

	
99.08

	
(Pb0.74As0.16)0.90S1.00




	
Figure S1-29

	
29032m

	
83.48

	
2.68

	
12.96

	
99.12

	
(Pb1.00As0.09)1.09S1.00




	
29032n

	
78.56

	
8.20

	
13.24

	
100.00

	
(Pb0.92As0.05)1.19S1.00




	
29032k

	
85.82

	
1.41

	
12.01

	
99.24

	
(Pb1.11As0.05)1.16S1.00




	
29032l

	
79.66

	
5.97

	
14.04

	
99.66

	
(Pb0.88As0.18)1.06S1.00




	
Figure S1-30

	
29032e

	
85.27

	
1.28

	
12.62

	
99.17

	
(Pb1.05As0.04)1.09S1.00




	
Figure S1-31

	
29032b

	
85.13

	
1.55

	
12.32

	
99.00

	
(Pb1.07As0.05)1.12S1.00
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Table 6. Selected chemical composition of Ag–Sb–Cu sulfosalts from Zn-rich chimneys of the Irinovskoe HSF, wt%.
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Figure No.

	
Analysis no.

	
Ag

	
Cu

	
Sb

	
Zn

	
Pb

	
As

	
S

	
Total

	
Formulas






	
“Argentotetrahedrite-Zn” with a simplified formula (Ag,Cu,Fe,Zn)12(Sb,As)4S13 (based on 13 S atoms)




	
Figure S1-37

	
29034d

	
44.71

	
5.74

	
26.38

	
1.17

	
n.d.

	
0.89

	
20.26

	
99.16

	
(Ag8.53Cu1.86Zn0.37)10.75(Sb4.46As0.24)4.70S13




	
Figure 7f

	
29029c

	
38.67

	
12.48

	
25.18

	
0.48

	
n.d.

	
1.17

	
21.12

	
99.09

	
(Ag7.07Cu3.88Zn0.14)11.10(Sb4.08As0.31)4.39S13




	
Figure 7f

	
29029d

	
38.74

	
13.78

	
25.02

	
0.49

	
n.d.

	
0.74

	
20.40

	
99.17

	
(Ag7.34Cu4.43Zn0.15)11.92(Sb4.20As0.20)4.40S13




	
Figure 8a

	
29034h

	
44.29

	
6.72

	
24.02

	
1.00

	
3.79

	
n.d.

	
19.59

	
99.42

	
(Ag8.74Cu2.25Pb0.39Zn0.33)11.70Sb4.20S13




	

	
Fb1

	
36.0

	
12.4

	
25.1

	
0.6

	

	
0.5

	
21.8

	
100.5 1

	
(Ag6.37Cu3.72Fe1.41Zn0.18)11.68(Sb3.95As0.13)4.08S13.00




	

	
Fb2

	
48.9

	
3.2

	
21.0

	
6.1

	

	
0.6

	

	
100.1 2

	
(Ag9.50Zn1.95Cu1.06Fe0.08Hg0.01)12.60(Sb3.61As0.17Bi0.01)3.79S13.00




	
“Miargyrite” AgSbS2 (based on two S atoms)




	
Figure 8a

	
29034g

	
31.67

	
2.71

	
35.02

	
0.93

	
8.99

	
n.d.

	
20.16

	
99.48

	
(Ag0.93Cu0.14Pb0.14Zn0.05)1.25Sb0.91S2.00




	
Figure S1-35

	
29034f

	
33.16

	
7.56

	
30.57

	
1.37

	
n.d.

	
2.27

	
24.26

	
99.19

	
(Ag0.81Cu0.31Zn0.06)1.18(Sb0.91 As0.08)0.99S2.00




	

	
May

	
37.06

	

	
41.13

	

	

	
0.79

	
21.50

	
100.48

	




	
“Pyrargyrite” Ag3SbS3 (based on three S atoms)




	
Figure 8a

	
29034i

	
51.56

	
7.21

	
21.42

	
0.84

	
0.00

	
n.d.

	
18.66

	
99.69

	
(Ag2.46Cu0.58Zn0.07)3.11Sb0.91S3.00




	
Figure 7e

	
29030a

	
48.03

	
10.33

	
22.56

	
0.00

	
n.d.

	
n.d.

	
18.79

	
99.71

	
(Ag2.28Cu0.83)3.11Sb0.95S3.00




	
Figure S1-25

	
29031i

	
54.79

	
6.35

	
19.46

	
0.66

	
n.d.

	
n.d.

	
17.93

	
99.20

	
(Ag2.72Cu0.54Zn0.05)3.31Sb0.86S3.00




	
Figure 8b

	
29031l

	
52.86

	
7.13

	
18.98

	
1.10

	
n.d.

	
0.78

	
18.67

	
99.51

	
(Ag2.52Cu0.58Zn0.09)3.19(Sb0.80As0.05)0.85S3.00




	
Figure 8b

	
29031k

	
53.66

	
7.85

	
17.63

	
1.09

	
n.d.

	
0.94

	
17.89

	
99.07

	
(Ag2.67Cu0.66Zn0.09)3.43(Sb0.78As0.07)0.85S3.00




	

	
Pyg

	
59.82

	

	
22.00

	

	

	
0.08

	
17.82

	
99.72

	




	
“Stephanite” Ag5SbS4 (based on four S atoms)




	
Figure 7f

	
29029b

	
52.50

	
10.84

	
17.14

	
0.61

	
n.d.

	
0.00

	
18.27

	
99.37

	
(Ag3.42Cu1.20Zn0.07)4.69Sb0.99S4.00




	
Figure 7d

	
29033f

	
53.00

	
10.15

	
16.10

	
1.15

	
n.d.

	
0.71

	
18.22

	
99.32

	
(Ag3.46Cu1.12Zn0.12)4.70(Sb0.93As0.07)1.00 S4.00




	
Figure 7d

	
29033h

	
55.53

	
7.63

	
15.91

	
1.50

	
n.d.

	
0.55

	
18.48

	
99.60

	
(Ag3.57Cu0.83Zn0.16)4.56(Sb0.91As0.05)0.96 S4.00




	

	
Sph

	
68.65

	

	
15.22

	

	

	

	
16.02

	
99.89

	








Fb (“freibergite” as a mineral species is now discredited [29]), May, Pyg and Sph are the “ideal” (and the closest for the studied grains) compositions of miargyrite (no. 1 from St. Andreasberg, Germany), freibergite (=argentotetrahedrite-Zn: Fb1 from Mt. Isa, Australia and Fb2 from Knappenstube mine, Austria), pyrargyrite (no. 1 from Sacarimb (Nagyág), Romania) and stephanite (no. 1 from Copiapó, Chile), respectively, from [30]. The mineral abbreviations are after [28]. 1,2, the analyses contain 4.1 and 0.2 wt% Fe, respectively; 2, the analysis also contains 0.1 wt% Hg and 0.1 wt% Bi.
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Table 7. Chemical composition of acanthite from the Irinovskoe HSF, wt%.
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Figure No.

	
Analysis No.

	
Ag

	
Cu

	
Sb

	
Zn

	
Fe

	
S

	
Total

	
Formula Based on One S Atom






	
Figure 9a

	
28130a

	
77.18

	
6.60

	

	
0.63

	
1.19

	
13.66

	
99.27

	
(Ag1.68Cu0.24Fe0.05Zn0.02)1.99S1.00




	
28130b

	
75.65

	
6.61

	

	
0.82

	
1.05

	
15.03

	
99.12

	
(Ag1.50Cu0.22Fe0.04Zn0.03)1.78S1.00




	
28130c

	
79.39

	
6.63

	

	

	

	
13.45

	
99.47

	
(Ag1.75Cu0.25)2.00S1.00




	
28130d

	
80.46

	
5.03

	

	
0.68

	
0.72

	
12.86

	
99.76

	
(Ag1.86Cu0.20Fe0.03Zn0.03)2.12S1.00




	
Figure 9b

	
29008a

	
81.39

	
2.98

	

	
1.68

	

	
13.20

	
99.25

	
(Ag1.83Cu0.11Zn0.06)2.01S1.00




	
Figure 9c

	
29031d

	
71.57

	
4.37

	
10.24

	
1.50

	

	
12.32

	
100.00

	
(Ag1.73Sb0.22Cu0.18Zn0.06)2.19S1.00




	
29031f

	
70.74

	
4.39

	
9.94

	
1.28

	

	
13.64

	
100.00

	
(Ag1.54Sb0.19Cu0.16Zn0.05)1.94S1.00




	
29031e

	
71.15

	
4.96

	
9.63

	
1.21

	

	
13.04

	
100.00

	
(Ag1.62Sb0.19Cu0.19Zn0.05)2.05S1.00




	
29031g

	
71.49

	
3.71

	
8.13

	
2.78

	

	
13.89

	
100.00

	
(Ag1.53Sb0.15Cu0.13Zn0.10)1.92S1.00




	
Figure S1-21

	
29010a

	
71.12

	
9.45

	

	

	
3.32

	
15.18

	
99.07

	
(Ag1.39Cu0.31Fe0.13)1.86S1.00




	
Figure S1-22

	
29034b 1

	
60.29

	
9.63

	
12.69

	
1.20

	

	
14.61

	
99.10

	
(Ag1.23Cu0.33Cd0.13Sb0.23Zn0.04)1.96S1.00




	
Figure S1-42

	
29006n

	
79.53

	
3.33

	

	
3.54

	
0.00

	
13.60

	
100.00

	
(Ag1.74Zn0.13Cu0.12)1.99S1.00




	
Figure S1-40

	
28130e

	
74.13

	
8.94

	

	

	
2.22

	
14.24

	
99.53

	
(Ag1.55Cu0.32Fe0.09)1.95S1.00




	
28130f

	
75.58

	
7.66

	

	

	
2.14

	
13.96

	
99.34

	
(Ag1.61Cu0.28Fe0.09)1.97S1.00




	
Figure S1-41

	
28131h

	
86.30

	
0.52

	

	

	
1.71

	
11.04

	
99.56

	
(Ag2.32Fe0.09Cu0.02)2.43S1.00




	
28131i

	
86.78

	
0.42

	

	

	
1.66

	
11.10

	
99.96

	
(Ag2.32Fe0.09Cu0.02)2.43S1.00




	
28131j

	
86.19

	

	

	

	
1.86

	
11.33

	
99.38

	
(Ag2.26Fe0.09)2.35S1.00




	
28131k

	
86.60

	

	

	

	
2.15

	
11.26

	
100.00

	
(Ag2.29Fe0.11)2.40S1.00








1, the analysis contains 0.69 wt% Cd.
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Table 8. AAA-based contents of chemical elements of Zn-rich smoker chimneys from the Irinovskoe HSF (ppm).






Table 8. AAA-based contents of chemical elements of Zn-rich smoker chimneys from the Irinovskoe HSF (ppm).





	
Sample No.

	
Fe 1

	
Сu

	
Zn

	
Cd

	
Pb

	
Co

	
Ni

	
Au

	
Ag






	
IMin data




	
241-1/1

	
19.74 *

	
287,250

	
4141

	
16.0

	
16.0

	
213

	
36.0

	
7.03

	
37.6




	
241-2/2

	
8.60 *

	
51,200

	
69000

	
221

	
108

	
470

	
21.7

	
14.2

	
194.2




	
241-2/3

	
7.81 *

	
7693

	
155,333

	
847

	
1061

	
123

	
22.5

	
7.5

	
490.6




	
PMGE data (unpublished report of 2011)




	
241

	
12.60 *

	
5.18 *

	
14.80 *

	
–

	
350

	
253

	
27.6

	
14.2

	
247.1




	
241-m-2

	
20.79

	
1.52 *

	
13.37 *

	
696

	
1094

	
168

	
31.6

	
2.4

	
387.2




	
average

	
13.91 *

	
69,229

	
45,700

	
445

	
523

	
245

	
27.88

	
9.1

	
271




	
median

	
12.60 *

	
7693

	
4141

	
458

	
350

	
213

	
27.6

	
7.5

	
247








Data, not determined; 1, titrimetry; *, wt%. Average and median include both IMin and PMGE data.
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Table 9. ICP-MS-based contents of chemical elements of Zn-rich smoker chimneys from the Irinovskoe HSF (ppm).






Table 9. ICP-MS-based contents of chemical elements of Zn-rich smoker chimneys from the Irinovskoe HSF (ppm).





	Sample No.
	Ti
	V
	Cr
	Mn
	As
	Se
	Sr
	Mo
	Sn
	Sb
	Te
	Ba
	Tl
	Bi
	U





	241-1/1
	17.2
	5.0
	8.2
	12.1
	212
	195
	19.8
	22.4
	52.4
	2.8
	2.9
	136
	0.3
	3.4
	0.4



	241-2/2
	49.2
	5.2
	8.9
	97.6
	549
	25.5
	12.9
	26.0
	128
	72.6
	0.5
	165
	2.8
	1.4
	2.6



	241-2/3
	9.21
	21.8
	8.0
	382
	431
	8.7
	69.8
	37.8
	113
	123
	0.2
	1094
	4.6
	0.1
	2.1



	average
	25.2
	10.7
	8.4
	163.9
	397
	76.4
	34.2
	28.7
	97.8
	66.1
	1.2
	465
	2.5
	1.6
	1.7



	median
	17.2
	5.2
	8.2
	97.6
	431
	25.5
	19.8
	26
	113
	72.6
	0.5
	165
	2.8
	1.4
	2.1
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Table 10. S isotopic composition of bulk samples of Zn-rich chimneys from the Irinovskoe hydrothermal sulfide field.






Table 10. S isotopic composition of bulk samples of Zn-rich chimneys from the Irinovskoe hydrothermal sulfide field.





	
Sample Number

	
Sampling Area

	
δ34S, ‰

	






	
241-2/1a

	
central part of chimney

	
–0.06

	




	
241-2/1b

	
–1.15




	
241-2/1c

	
marginal part of chimney

	
–1.59

	




	
241-2/1d

	
–0.65




	
241-2/3а

	
central part of chimney

	
–0.14

	




	
241-2/3b

	
–0.86




	
241-2/3c

	
marginal part of chimney

	
–0.04

	




	
241-2/3d

	
–0.22








The mineral composition of samples is provided in Table 1.
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