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Abstract: The massive sulfide ores of the Pobeda hydrothermal fields are grouped into five
main mineral microfacies: (1) isocubanite-pyrite, (2) pyrite-wurtzite-isocubanite, (3) pyrite with
minor isocubanite and wurtzite-sphalerite microinclusions, (4) pyrite-rich with framboidal pyrite,
and (5) marcasite-pyrite. This sequence reflects the transition from feeder zone facies to seafloor
diffuser facies. Spongy, framboidal, and fine-grained pyrite varieties replaced pyrrhotite, greigite, and
mackinawite “precursors”. The later coarse and fine banding oscillatory-zoned pyrite and marcasite
crystals are overgrown or replaced by unzoned subhedral and euhedral pyrite. In the microfacies
range, the amount of isocubanite, wurtzite, unzoned euhedral pyrite decreases versus an increasing
portion of framboidal, fine-grained, and spongy pyrite and also marcasite and its colloform and radial
varieties. The trace element characteristics of massive sulfides of Pobeda seafloor massive sulfide
(SMS) deposit are subdivided into four associations: (1) high temperature—Cu, Se, Te, Bi, Co, and
Ni; (2) mid temperature—Zn, As, Sb, and Sn; (3) low temperature—Pb, Sb, Ag, Bi, Au, Tl, and Mn;
and (4) seawater—U, V, Mo, and Ni. The high contents of Cu, Co, Se, Bi, Te, and values of Co/Ni
ratios decrease in the range from unzoned euhedral pyrite to oscillatory-zoned and framboidal pyrite,
as well as to colloform and crystalline marcasite. The trend of Co/Ni values indicates a change from
hydrothermal to hydrothermal-diagenetic crystallization of the pyrite. The concentrations of Zn, As,
Sb, Pb, Ag, and Tl, as commonly observed in pyrite formed from mid- and low-temperature fluids,
decline with increasing crystal size of pyrite and marcasite. Coarse oscillatory-zoned pyrite crystals
contain elevated Mn compared to unzoned euhedral varieties. Framboidal pyrite hosts maximum
concentrations of Mo, U, and V probably derived from ocean water mixed with hydrothermal fluids.
In the Pobeda SMS deposit, the position of microfacies changes from the black smoker feeder zone
at the base of the ore body, to seafloor marcasite-pyrite from diffuser fragments in sulfide breccias.
We suggest that the temperatures of mineralization decreased in the same direction and determined
the zonal character of deposit.

Keywords: pyrite; microfacies; minerals; trace elements; LA-ICP-MS; Mid-Atlantic Ridge; Pobeda
hydrothermal field; massive sulfide deposits
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1. Introduction

The analysis of trace element (TE) contents in different generations of pyrite by use of
high-resolution laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) has
aided constructions of ore deposits models and helped to solve conjecture related to ore genesis [1–9]
and paleoocean geochemical features [10].

The best results were obtained when LA-ICP-MS analyses were combined with genetic
interpretation of mineral microfacies and facies [11–28]. Most studies so far were dedicated to
black smoker chimney microfacies, and less is known about trace elements partitioning in sulfides
of low-temperature hydrothermal pyrite-rich crusts associated with diffusers in comparison with
high-temperature black smoker microfacies [26]. Limited data can be found on seafloor massive sulfide
(SMS) deposits hosted by ultramafic–mafic rock sequences [17,18,21].

In this paper, we investigate mineral microfacies of portions of massive sulfides or sulfide-bearing
deposits at the mafic–ultramafic-hosted Pobeda hydrothermal field, Mid-Atlantic Ridge. Special
microtextural, mineral, and geochemical features are shown to reflect conditions of the mineralization
processes. Microtextures are visible and identifiable only under the transmitted or reflected light
microscope at low magnification [29,30]. The microfacies are defined by the coeval microtextural,
mineral species, geochemical characteristics, temperature, redox-potential, and other changes in the
construction of the sulfide deposits.

The initial step is documentation of pyrite varieties in each microfacies, followed by analysis to
determine the concentrations and nature of trace elements in the host minerals (e.g., contained in solid
solution, present as submicroscopic mineral inclusions, or adsorbed onto sulfide surfaces as micrograins
of minerals). This leads on to the critical understanding of the spatial evolution of morphogenetic and
zonation features of pyrite and also crystal sizes with their trace element characteristics. The target of
the current research is assessment of the processes for trace element enrichment and partitioning in
different varieties of pyrite and their microfacies.

2. Geological Setting

The Pobeda massive sulfide hydrothermal field was discovered on the eastern flank of the
Mid-Atlantic Ridge rift valley (17◦08′ N) (Figure 1) during for 37th cruise (2014–2015) of the Russian
R.V. Professor Logatchev by the Polar Marine Geosurvey Expedition (PMGE) in collaboration with
VNIIOkeangeologia, Saint-Petersburg, Russia [31,32]. The Pobeda SMS deposit is located on the
western slope of an oceanic core complex at depths between 1950 and 3100 m. The host rocks
are composed of serpentinized peridotites, serpentinites, gabbros, basalts, and dolerite dykes [33].
The hydrothermal SMS deposit consists of the Pobeda-1 and Pobeda-2 hydrothermal fields and the
Pobeda-3 sulfide occurrence (Figure 1).

The active hydrothermal field Pobeda-1 (17◦08′7” N, 46◦23′44” W) is located at water depths
between 1950 and 2400 m. It consists of four sulfide bodies, some gossanous ferruginous crusts,
and metalliferous sediments. The sulfide bodies are sulfide mounds about 10 m in height, some of
which are sulfide chimneys and fragments of sulfide chimneys and diffusers. The active Pobeda-2
hydrothermal field (17◦07′45” N, 46◦24′5” W) is situated 4 km southwest of the Pobeda-1 at water
depths between 2800 and 3100 m. Similar to the Pobeda-1, the Pobeda-2 is associated with peridotites
and gabbronorites. The Pobeda-3 (17◦08′3” N, 46◦25′2” W) is located at the depth of 2500 to 2700 m
and mostly covered by metalliferous sediments with Fe–Mn crusts, pyrite, and barite grains [34].
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Figure 1. Geological setting of the Pobeda massive sulfide hydrothermal cluster. (A) Location of the 
Pobeda cluster at the Mid-Atlantic Ridge; (B) The Pobeda -1, 2 and 3 hydrothermal fields at the Mid-
Atlantic Ridge bathymetry; (C) Detailed scheme of hydrothermal fields with the sampling station 
locations. 
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metalliferous sediments. The sulfide bodies are sulfide mounds about 10 m in height, some of which 
are sulfide chimneys and fragments of sulfide chimneys and diffusers. The active Pobeda-2 
hydrothermal field (17°07’45” N, 46°24’5” W) is situated 4 km southwest of the Pobeda-1 at water 
depths between 2800 and 3100 m. Similar to the Pobeda-1, the Pobeda-2 is associated with peridotites 
and gabbronorites. The Pobeda-3 (17°08’3” N, 46°25’2” W) is located at the depth of 2500 to 2700 m 
and mostly covered by metalliferous sediments with Fe–Mn crusts, pyrite, and barite grains [34]. 

3. Materials and Methods  

The ore materials were obtained with the TV-grab and dredge [31,32]. Samples 37L195-2, 
37L196a, and 37L204d-OB were taken from the sulfide body II from the hydrothermal field Pobeda-
1. Samples 37L107d-1,2 and 37L107-10 were taken from the hydrothermal field Pobeda-2 (Figure 1). 
The morphogenetic types and general mineral composition of the samples were previously described 
[34,35]. 

All samples have been studied by use of reflected light microscopy. The surfaces of some sulfides 
have been etched by concentrated HNO3 mixed with CaF2 powder. Microinclusions of minerals in 
pyrite were identified by using a Vega-3 SBU TESCAN SEM (Tescan, Brno, Czech Republic) and a 
REMMA–2M SEM (Sumy factory of electron microscopes, Sumy, USSR) equipped with a Link LZ-5 

Figure 1. Geological setting of the Pobeda massive sulfide hydrothermal cluster. (A) Location of
the Pobeda cluster at the Mid-Atlantic Ridge; (B) The Pobeda -1, 2 and 3 hydrothermal fields at
the Mid-Atlantic Ridge bathymetry; (C) Detailed scheme of hydrothermal fields with the sampling
station locations.

3. Materials and Methods

The ore materials were obtained with the TV-grab and dredge [31,32]. Samples 37L195-2,
37L196a, and 37L204d-OB were taken from the sulfide body II from the hydrothermal field
Pobeda-1. Samples 37L107d-1,2 and 37L107-10 were taken from the hydrothermal field Pobeda-2
(Figure 1). The morphogenetic types and general mineral composition of the samples were previously
described [34,35].

All samples have been studied by use of reflected light microscopy. The surfaces of some sulfides
have been etched by concentrated HNO3 mixed with CaF2 powder. Microinclusions of minerals in
pyrite were identified by using a Vega-3 SBU TESCAN SEM (Tescan, Brno, Czech Republic) and a
REMMA–2M SEM (Sumy factory of electron microscopes, Sumy, USSR) equipped with a Link LZ-5 ED
system at the Institute of Mineralogy of the South Urals Federal Research Center of Mineralogy and
Geoecology UB RAS.

Quantitative LA-ICP-MS analyses of trace elements (51V, 52Cr, 55Mn, 59Co, 60Ni, 65Cu, 66Zn, 75As,
77Se, 95Mo, 107Ag, 111Cd, 118Sn, 121Sb, 125Te, 182W, 197Au, 205Tl, 208Pb, 209Bi, 232Th, and 238U) were
carried out on a New Wave 213-nm solid-state laser microprobe coupled to an Agilent 7700 quadrupole
ICP-MS housed at the Federal Scientific Centre of UB RAS. The analyses were performed by ablating
spots ranging in size from 35 to 60 µm. Laser repetition rate was 10 Hz, and laser beam energy at
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the sample was maintained between 3 and 4 J/cm2. The analysis time for each spot was 75–80 s,
comprising a 20–30 s measurement of background (laser off) and a 45–60 s measurement with laser on.
The mass-spectrometer was calibrated by use of multielemental solutions. The trace element contents
were calculated in an Iolite program by use of international glass (BCR-2G and GSD-1G) and sulfide
(MASS-1) standards and 57Fe as the internal standard for quantification of pyrite (46.5%). Detection
limits (DL) of the trace elements are much lower than obtained values, except for Au, Bi, and Te where
DL are varied in the range of 0.01–0.1 and Se with DL of 0.1–1. In that case, if the value is below DL,
we have to use half DL to complete statistical calculation.

The LA-ICP-MS data were processed in Statistica program v.10 by use of correlation analyses.
The trace element associations were calculated by the method of “maximal correlation way” (MCW) [36].
The source material was half the square correlation matrix, in which, only statistically significant
correlation coefficients were recorded. The maximum modulus of the correlation coefficients was
ranged for each of the following element. A new selection was not made if the element with maximum
correlation coefficients were selected previously. Several high associations were divided by minimum
values of correlation coefficients.

We have to note that the scanning capability of LA-CP-MS cannot be used to distinguish between
homogeneously distributed nanoinclusions and lattice-bound elements, since both types of trace metals
may display flat concentration patterns [1,2,5,18]. Substitution could generally be inferred if the ionic
radius of the two elements are similar. Significant variations in the trace metal contents with time
would instead suggest mineral inclusions are present (e.g., [4,19]).

The following symbols are used for minerals in figures below: Bn, bornite; Chp, chalcopyrite; Ge,
geerite; Grg, greigite; Iso, isocubanite; Ms, marcasite; Po, pyrrhotite; Py, pyrite; Sph, sphalerite; and
Wtz, wurtzite.

4. Results

4.1. Isocubanite-Pyrite and Pyrite-Wurtzite-Isocubanite Crust Microfacies

Aggregates of subhedral crystals of isocubanite and chalcopyrite contain disseminated euhedral
and subhedral pyrite. Their atoll-like microtexture (Figure 2a) were probably formed due to
recrystallization of primary unstable fine-grained sulfides. Unzoned subhedral and euhedral pyrite
crystals were encrusted on the walls of the microcavities (Figure 2b). Isocubanite crystals were
complicated by lattice-controlled chalcopyrite lamellae. Relic pyrrhotite-Fe0.9S inclusions occurred in
the isocubanite-chalcopyrite aggregates. The aggregates were replaced by covellite and geerite—(Cu9S5)
with latest pyrite veinlets (Figure 2c).
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V(Ni + Co + Se) − Mn. The association (I) could likely be related to invisible inclusions of tennantite 
in pyrite. The second association is typical for the assemblage with native gold and galena inclusions 
in terms of the well-known substitution: 2Pb2+ = Bi3+ + Ag+ [37]. The third association is characteristic 
of inclusions of tellurium-bearing isocubanite and submarine supergene bornite enriched with U and 
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with Tl could be explained by intergrowths of wurtzite with low-temperature pyrite. The fifth 
association reflects a combination of elevated Co, Ni, and Se in the pyrite-3.  

Figure 2. Isocubanite–pyrite microfacies. Pobeda-2 and Pobeda-1 hydrothermal fields. (a) Atoll-like
aggregates of unzoned pyrite (Py) in chalcopyrite–isocubanite (Chp-Iso) aggregate (sample 107-2);
(b) unzoned subhedral crystals of pyrite (Py) in the cavity of chalcopyrite–pyrite (Chp) aggregate
(sample 204d-4); (c) inclusion of pyrrhotite (Po) in chalcopyrite–isocubanite (Chp-Iso) aggregate in
association with geerite (Ge) and veinlets of the latest pyrite-related (Py) to the chalcopyrite alteration
to geerite. Reflected light.



Minerals 2020, 10, 622 5 of 27

Pyrite-3 crystals have high contents of Co, Ni, and Se. The contents of As and Sb as well as Mn, Tl,
and Pb assemblages displayed low values (Table 1, Table S1, Figure 3). In comparison to isocubanite,
pyrite-3 had much less Te and Se.

Table 1. Trace element contents in the pyrite-chalcopyrite crusts. Pobeda vent site. LA-ICP-MS data in
ppm. Fe, Cu, Zn are in wt. %.

Values V Mn Fe Co Ni Cu Zn As Se Mo Ag Cd Sn Sb Te Au Tl Pb Bi U

Pyrite-3—coarse-grained subhedral to euhedral unzoned (n = 34)
Mean 2.6 4.7 45.6 2489 171 0.58 0.02 61 108 35 5.6 1.0 0.9 1.9 2.0 0.2 1.7 29 4.0 6.3

Std 2.0 12 0.7 1171 85 0.73 0.04 41 59 48 4.3 0.9 0.6 1.5 1.7 0.1 1.3 21 3.7 17
Max 7.8 65 46.4 5220 346 3.9 0.2 171 311 270 19 3.6 2.4 7.2 6.1 0.5 6.2 107 16 75
Med 2.1 1.4 45.8 2271 178 0.3 0.01 55 103 21 4.5 0.6 0.7 1.6 1.4 0.2 1.4 24 2.4 0.9

Isocubanite (+ chalcopyrite) (n = 47)
Mean 0.8 15 35 1954 65 23.3 0.25 15 700 41 10 9.3 26 1.3 33 0.3 2.0 48 3.8 2.8

Std 0.8 6.1 5 1402 231 4.1 0.24 20 602 192 6.0 5.4 26 2.7 43 0.3 5.6 101 7.2 17
Max 3.7 36 41 11100 1580 38.6 1.63 70 2000 1250 30 22 81 18 184 2.2 29 525 38 116
Med 0.7 15 36.9 1636 15 23.3 0.2 6 490 0.9 10 9 10 0.5 14 0.3 0.3 6.2 1.3 0.1

Std, standard deviation; Max, maximum; Med, median.Minerals 2020, 10, x FOR PEER REVIEW 6 of 28 
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Figure 3. Diagrams showing trace element concentrations in sulfides from isocubanite-pyrite (pink)
and pyrite-wurtzite-isocubanite (purple) microfacies. (a) Co vs Ni ratio; (b) Mn vs Tl ratio; (c) Se vs Mo
ratio; (d) As vs Sb ratio; (e) Pb vs Ag ratio; (f) U vs V ratio.
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The distribution of most pyrite-3 plotted points was similar to isocubanite in several diagrams
(Figure 3). The exception was Ni with higher concentration in pyrite-3 as well as in submarine
supergene bornite and digenite as opposed to isocubanite (Figure 3a). The contents U, V, and Mo were
commonly low or variable in pyrite-3 and isocubanite (Table 1).

The series of diagrams exhibited the most important positive relationships of elements: Co-Ni,
Mn-Tl, Sb-As, Ag-Pb, and V-U (Figure 3a,b,d–f) versus negative correlation of Se and Mo (Figure 3c).

Calculation by methods of MCW [36] showed the following series of mineral and chemical
assemblages: I(V + Sb + As) + II(Pb + Bi + Au + Ag) + Cd + III(Cu + U + Mo + Te) − IV(Sn + Zn + Tl) −
V(Ni + Co + Se) −Mn. The association (I) could likely be related to invisible inclusions of tennantite in
pyrite. The second association is typical for the assemblage with native gold and galena inclusions in
terms of the well-known substitution: 2Pb2+ = Bi3+ + Ag+ [37]. The third association is characteristic
of inclusions of tellurium-bearing isocubanite and submarine supergene bornite enriched with U and
Mo. The fourth association characterizes substitution: (Sn3+ + Tl+)↔ 2Zn2+ [26]. The association of
Zn with Tl could be explained by intergrowths of wurtzite with low-temperature pyrite. The fifth
association reflects a combination of elevated Co, Ni, and Se in the pyrite-3.

In a fragment of the coarse-grained pyrite-wurtzite-isocubanite microfacies, the crystal habits
of pyrite evolved from anhedral through euhedral and massive texture with increasing crystal
sizes of the aggregates in a direction towards the conduits (Figure 4a). Most of the crystals were
unzoned or had poor relic zonation. One or two zones were recognized in a single crystal (Figure 4b).
Relic pseudomorphs after pyrrhotite consisted of anhedral pyrite (Figure 4c). In the conduits, this
pseudomorphic pyrite was partly replaced by chalcopyrite and was surrounded by wurtzite-sphalerite
aggregates (Figure 4d). Isocubanite was partly replaced by bornite mixed with sphalerite (Figure 4a,e).
All of these sulfides were overgrown by later fine-grained pyrite rims (Figure 4f).
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Figure 4. Pyrite-sphalerite-isocubanite microfacies (37L107d-1-2). Pobeda-2 hydrothermal field. (a) in
granular pyrite (Py3), the walls of cavities (conduits) are overgrown by isocubanite and wurtzite
(Iso+Wtz); (b) unzoned or poorly-zoned pyrite-3 (Py3) crystals in assemblages with wurtzite (Wtz);
(c) relicts of pyrrhotite in coarse-grained pyrite masses (Py3); (d) pseudomorphs of pyrite and
chalcopyrite (Py+Chp) after pyrrhotite crystals are overgrown by a rim of wurtzite (Wtz) (sample
107-11-2); (e) replacement of isocubanite (Iso) in the cores of wurtzite (Wtz+Sph) crystals by bornite (Bo)
and minor pyrite (Py3) (in center); (f) sequential overgrowths of subhedral pyrite (Py3) with wurtzite
(Wtz+Sph) and later fine-grained pyrite (Py1,2). Reflected light. Some pyrite varieties (b and f) are
etched by HNO3 + CaF2.
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Predominant coarse-grained anhedral and subhedral crystals of pyrite-3 were similar in trace
element concentrations (Table 2, Table S2). They had high contents of Co, Ni, Se, and Bi as well as Mo,
V, and U. Fine-grained pyrite had the highest concentration of Tl and Pb along with minimum mean
values of Se as evidence of lower temperature of the hydrothermal fluid [19,22].

Table 2. Trace element concentration in sulfides of the pyrite-sphalerite-chalcopyrite crusts. Pobeda
vent site-3. LA-ICP-MS data in ppm. Fe, Cu, and Zn is in wt.%.

Values V Mn Fe Co Ni Cu Zn As Se Mo Ag Cd Sn Sb Te Au Tl Pb Bi U

Pyrite2—anhedral porous(n = 17)
Mean 10 13 44.8 1012 55 1.1 0.4 205 53 86 17 4.4 1.6 8.2 0.8 0.3 5.8 60 1.4 18

Std 5.9 24 1.1 455 27 0.9 0.7 110 35 49 11 6.3 1.4 5.1 0.6 0.2 4.3 41 1.1 30
Max 24 100 46.4 1950 129 2.7 2.5 404 161 182 40 17 6 18 2.6 0.9 17 130 4 123
Med 8.6 5.3 44.7 953 46 0.8 740 190 43 69 15 0.8 1.4 8.7 0.8 0.2 6.0 47 1.0 7.2

Pyrite-3—subhedral slightly zoned to anzoned (n = 28)
Mean 6.2 3.6 45.5 921 50 0.8 0.1 107 52 59 11 0.8 0.8 4.2 0.6 BDL 2.2 33 1.0 17

Std 5.2 4.3 1.0 317 25 0.9 0.2 94 28 64 7.1 1.2 0.8 4.1 0.6 - 1.4 31 0.9 38
Max 19 22 46.4 1786 134 3.8 1.0 323 127 295 30 5.4 4.0 19 3 0.4 5 117 3.8 190
Med 4.7 2.3 45.8 875 46 0.6 192 72 44 40 9.0 0.4 0.5 2.3 0.4 0.1 1.9 18 0.7 3.3

Pyrite-1,2—fine-grained later masses (n = 21)
Mean 8.6 70 45.5 963 40 0.3 0.5 253 4.2 73 31 3.4 0.6 16 0.3 0.4 61 161 BDL 6.3

Std 2.0 52 1.2 524 27 0.3 0.9 142 3.5 58 13 5.4 0.8 7 0.2 0.6 29 142 - 12
Max 13 182 46.3 2230 102 1.4 3.9 489 12 280 66 24 3 36 0.8 3 148 475 BDL 59
Med 9.2 54 46 856 28 0.3 0.2 227 4.1 58 31 1.0 0.4 13 0.1 0.2 55 110 0.01 2.9

Isocubanite (+chalcopyrite) (n = 23)
Mean 0.2 8.8 38.7 1754 56 25.4 0.6 2.2 218 3.3 20 19 3.9 0.3 11.4 BDL 0.1 6.4 0.30 0.2

Std 0.2 1.8 1.9 326 92 1.9 0.4 4.2 115 5.3 11 4.9 3.1 0.9 9.1 - 0.2 21 0.39 0.4
Max 0.8 12 43.6 2576 330 27.9 2.5 20 471 23 59 27 11 4 36.8 0.3 0.9 102 1.57 1.3
Med 0.2 9.0 38.6 1730 22 25.5 4581 0.8 221 0.5 16 20 2.5 0.1 10 0.1 0.0 1.1 0.1 0.2

Würtzite (n = 38)
Mean 0.6 72 11.8 439 6.4 0.8 54.3 74 16 9.3 15 837 54 196 0.4 0.4 0.3 193 BDL 0.3

Std 1.3 21 3.4 283 12 0.9 3.7 70 20 23 9.3 439 81 176 0.4 0.9 0.6 198 - 0.9
Max 7.8 110 18.4 1290 47 4.4 60.0 284 96 131 33 2116 256 783 1.8 5.1 2.5 869 0.23 5.0
Med 0.1 70 11 333 0.9 0.5 55.4 60 6.9 0.4 16 752 10 147 0.2 0.1 0 141 0.01 0.05

Bornite+sphalerite mixture fine-grained (n = 11)
Mean 4.1 26 31.2 1944 187 15.9 18.1 165 100 180 88 133 11 37 2.8 0.5 8.8 257 0.7 67

Std 2.9 9.3 4.8 443 141 4.0 4.4 119 18 228 23 65 4 18 2.8 0.2 12 111 0.9 126
Max 9.4 48 39.6 3150 580 21.9 22.8 405 127 764 141 274 17 67 10 0.9 43 447 3.0 400
Med 3.6 27 30 1793 140 16.8 19.5 155 99 88 81 120 11 34 2.2 0.5 6 253 0.37 13

Digenite (n = 11)
Mean 3.4 23 6.7 2064 314 61.1 4.2 152 121 287 145 26 13 54 1.7 0.9 15 259 BDL 93

Std 1.8 3.1 6.1 399 121 7.5 3.4 35 24 132 34 20 6.3 11 1.0 0.3 6.9 84 - 91
Max 8.0 27 20.0 2750 499 71.8 9.7 214 175 530 210 66 31 70 3.3 1.4 28 408 0.7 263
Med 3.1 23 4.4 2170 310 60.5 3.8 144 116 246 135 23 12 55 1.3 0.8 12 235 0.15 45

Std, standard deviation; Max, maximum; Med, median; BDL, below detection limit.

Anhedral and subhedral varieties of pyrite-3 from Fe-Zn-Cu ores were similar to pyrite-3 from
the isocubanite-pyrite microfacies in terms of most trace element contents (Figure 2, Tables 1 and 2).
Pyrite-3 from pyrite-wurtzite-isocubanite microfacies had a little higher median concentration of
elements due to inclusions of wurtzite (Zn, Mn, and Ag) and Cu-sulfides (Cu and Ag) and reflected a
higher seawater influence (U, V, and Mo), as well.

On the series of the main diagrams, fine-grained pyrite-1 was similar to the coarse-grained variety
in terms of Co, Ni, and Mo (Figure 3). In the range, fine-grained pyrite-4 had elevated contents of
the low-temperature group of elements (Tl, Mn, and Pb) as compared with the high-temperature
association (Te, Se, and Bi).

As well as in previous microfacies, the series of diagrams exhibited the most important positive
relationships of elements: Co-Ni, Mn-Tl, Sb-As, Ag-Pb, and V-U versus a negative correlation of Se
and Mo. The last two elements were related to different temperature groups (Figure 3). The results of
calculation by MCW method [36] for both pyrite varieties included the follow range of mineral-chemical
association: I(Cd + Zn + Au) + II(Pb + Sb + Ag) + III(Mn + Tl) − IV(As + V) + V(Mo + U) + VI(Bi + Cu)
+ VII(Ni + Co + Se + Te). The first association suggests a joint intergrowth of wurtzite and native gold
nanoinclusions or substitution: Au+ + Cd2+

↔ 2Zn2+ [26]. The second association is typical for galena
inclusions in terms of the well-known substitution: 2Pb2+ = Sb3+ + Ag (e.g., [37]). The concentration
of Mn and Tl is typical of fine-grained pyrite versus euhedral pyrite (Figure 3). Seawater elements
(V, Mo, U) are combined with As in the IV and V association. The positive correlation As with the
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seawater group of elements suggests possible seawater influence on its concentration in the pyrite.
The VI association is probably related to Cu-sulfide inclusions in pyrite. The correlation of Ni + Co
+ Se + Te represents high-temperature substitution of these elements into the lattice of isocubanite
inclusions or directly into the euhedral pyrite.

In summary, the isocubanite-pyrite microfacies is most probably a part of the sulfide pyrite-rich
crusts formed close to the feeder zone at the base of the black smoker system.

4.2. Pyrite Microfacies

Three main pyrite microfacies were recognized in Pobeda vent sites. The first pyrite-microfacies-196
was recognized in pyrite-rich crusts in diffuser fragment [35]. This crust consisted of a succession
of porous fine-grained pyrite-1,2, and subhedral pyrite-2 with rare marcasite. Minor isocubanite,
chalcopyrite and wurtzite-sphalerite inclusions were found at the boundary of porous and subhedral
pyrite aggregates (Figure 5a). This style of pyrite crust evolution suggested replacement of initial
iron sulfides by porous fine-grained pyrite and subsequent overgrowths then by crystalline pyrite-2
(Figure 5b). Greigite—Fe3S4 and minor pyrrhotite-Fe0.8S were detected as “precursors” of porous
fine-grained pyrite and marcasite in the microfacies-196 (Figure 5b,c). Frequently, fine-grained pyrite
varieties were partly dissolved forming atoll microtextures of pyrite-2 (Figure 5d). The pyrite-2
crystals displayed coarse oscillatory zonation recognized after etching by concentrated HNO3 with
CaF2 powder (Figure 5e,f). The rectangular box-like pseudomorphs after pyrrhotite were sometimes
preserved in coarse-zoned pyrite-2 (Figure 5f).
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Figure 5. Varieties of pyrite in pyrite microfacies-196 (Sample 37L-196-1 and 37L-196-2). Pobeda-1
hydrothermal field. (a) relic inclusions of isocubanite (Iso) and wurtzite-sphalerite (Wtz) in aggregates
of subhedral pyrite (Py2); (b) relic inclusions of greigite (Grg) with pyrrotite, marcasite (Ms), and phase
Fe2S3 aggregates are partly replaced by porous fine-grained pyrite-1,2 (Py1,2) overgrown by subhedral
pyrite-2 (Py2); (c) greigite (Grg) and phase Fe2S3 (Fe2S3) is replaced by pyrite-1,2 (Py2) and marcasite-1
(Ms); (d) atoll microtexture of pyrite-2 (Py2) with relic pyrite-1,2 (Py1,2); (e) oscillatory coarse-zoned
pyrite-2 (Py2) envelops relic fine-grained pyrite-1,2 (Py1,2); (f) pyrite pseudomorphs after euhedral
crystals of pyrrhotite are overgrown by oscillatory coarse-zoned pyrite-2 (Py2). Reflected light. Some
pyrite varieties (e,f) are etched by HNO3 + CaF2.

Greigite has high concentrations of As, Mo, Ag, and Pb and low concentrations of other elements.
The concentration of high-temperature elements such as Te and Bi were below detection limits (Table 3,
Table S3). In the pyrite-1,2 and pyrite-2, the mean concentration of most trace elements (except U) and
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the Co/Ni ratios >1 were likely inherited from the greigite (Table 3). Se, Mn, and U, as well as the Co
and Ni contents are higher in pyrite-2, especially in the assemblages isocubanite and wurtzite (Table 3,
Table S3).

Table 3. Trace element contents in sulfides of third style pyrite crusts. Pobeda vent site. LA-ICP-MS
data in ppm. Fe Cu. Zn are in wt. %. (sample-196).

Values V Mn Fe Co Ni Cu Zn As Se Mo Ag Cd Sn Sb Te Au Tl Pb Bi U

1. Greigite—Fe3S4 (1)
content 4.1 85 56.6 19.7 6.9 0.16 0.09 1284 1.8 128 25 5.3 3.8 1.8 0.21 0.7 1.1 119 BDL 1.2

2.Pyrite-1 fine-grained (44)
Mean 5.5 100 46.2 12 2.9 0.14 0.13 320 4.1 91 8.8 3.5 2.7 1.3 0.2 0.5 3.0 64 BDL 5.8

Std 3.9 160 0.2 13 3.2 0.07 0.23 440 3.8 42 6.0 5.0 2.2 0.8 0.2 0.7 2.0 40 – 8.1
Max 16 866 46.5 52 19 0.34 1.35 2398 17 181 23 29 13 3.8 1.1 3.7 7.7 153 1.8 38
Med 4.6 36 46.2 6.0 2.0 0.13 0.05 185 3.6 86 7.0 1.7 2.1 1.2 0.1 0.3 2.4 54 0.01 3.0

3.Pyrite-2 coarse banding oscillatory-zoned (30)
Mean 3.2 177 46.4 2.5 1.0 0.01 0.02 176 1.7 68 0.4 0.4 0.4 0.6 0.2 0.1 7.6 17 BDL 1.2

Std 1.0 141 0.0 2.6 0.7 0.01 0.02 136 2.0 28 0.6 0.5 0.4 0.3 0.1 0.1 5.2 22 – 1.1
Max 5.5 449 46.5 10 2.9 0.04 0.12 820 7.9 110 2.2 1.6 2.0 1.4 0.4 0.7 30 72 BDL 3.8
Med 2.9 133 46.4 1.5 0.7 0.01 0.01 172 1.0 71 0.2 0.2 0.3 0.5 0.1 0.04 6.0 9.0 0.00 0.8

4.Pyrite-2 coarse banding oscillatory-zoned with inclusions of isocubanite and würtzite (21)
Mean 6.0 44 46.0 40 10 0.09 0.34 212 6.4 112 5.1 5.1 7.3 1.3 0.2 0.2 5.2 36 BDL 15

Std 8.4 26 0.4 77 19 0.04 0.43 136 7.2 46 3.0 5.5 15 0.6 0.1 0.1 2.7 21 - 27
Max 42 93 46.4 317 79 0.17 1.49 580 31 183 11 18 68 2.5 0.7 0.5 11 69 0.9 96
Med 4.2 38 46.2 8.3 2.0 0.08 0.13 185 3.9 116 5.8 2.6 2.0 1.1 0.1 0.2 4.0 39 0.01 5.1

Std, standard deviation; Max, maximum; Med, median; BDL, below detection limit.

Normalization of pyrite-1,2 of the pyrite-rich microfacies-196 to pyrite-1,2 of the
pyrite-wurtzite-isocubanite microfacies displayed the following series of ratios: Sn (5)→ Cd (1.7)→
Au (1.6)→Mo (1.5)→ Bi (1.2)→ Se (0.9)→ As (0.8)→ Te (0.8)→Mn (0.7)→ Pb (0.5)→ Cu (0.5)→ Ag
(0.2)→ Sb→ (0.1)→Ni (0.1)→ Tl→ (0.04)→ Co (0.01). Pyrite-1 of the pyrite microfacies contained
a little more Sn, whereas contents of Ag, Sb, Ni, Tl, and Co were much higher of the pyrite-1,2 in
pyrite-wurtzite-isocubanite microfacies.

Pyrite-2 of microfacies-196 normalized to pyrite-3 of the wurtzite-isocubanite microfacies exhibited
the following ratios: Mn (37)→Ni→ (1.9)→ Te (1.0)→ Se (0.9)→ Sn→ (0.7) Au (0.6)→ Cd (0.5)→ Bi
(0.41)→ Tl (0.39)→ Ag (0.15)→Mo (0.14)→ Zn (0.14)→ Pb (0.13)→ Cu (0.10)→ V (0.05) Co (0.04)→
Sb (0.03)→ U (0.02)→ As (0.01). Mn was the predominant element in coarse-zoned pyrite-2, whereas
poorly zoned pyrite-3 was enriched in a wide group of elements related to microinclusions Cu-sulfides,
galena (Pb, Sb, and Ag), cobaltite, and wurtzite. The concentration of seawater elements (Mo, U, and
V) was also higher in pyrite-3.

The calculation by the MCW method [36] using all these types of pyrite (sample 37L-196) yielded
the following mineral-chemical associations: I(Co + Ni + Se + Bi + Te) + II(Sn + Zn + Cd) + III(Sb
+ Au + As) + IV(Pb + Ag + Cu) + V(Mo + V + U) − Tl − Mn. The first association includes
high-temperature trace elements related to pyrite-2 found in the assemblages with isocubanite and
wurtzite. The second association is interpreted to reflect the presence of wurtzite inclusions that are
enriched in Sn. The third and fourth associations may indicate an assemblage of invisible tennantite
and native gold nanoinclusions in pyrite. The fifth association includes the seawater-derived elements
(e.g., [12]).

On the several diagrams (Figure 5), all pyrite varieties of microfacies-196 formed compact clusters
of points independent of crystal habits and sizes. The greigite and fine-grained pyrite had similar
trace element compositions (Table 3, Figure 6). In the Co-Ni diagram, the area of trace element
distribution related to pyrite of microfacies-196 is considered as an elongation of the isocubanite-pyrite
and pyrite-isocubanite-wurtzite range (Figure 6a).



Minerals 2020, 10, 622 10 of 27

Minerals 2020, 10, x FOR PEER REVIEW 11 of 28 

 

 
Figure 6. Diagrams of trace elements in sulfides of pyrite microfacies-196 and -195. Pobeda-1 
hydrothermal field. (a) Co vs Ni ratio; (b) Mn vs Tl ratio; (c) Se vs Mo ratio; (d) As vs Sb ratio; (e) Pb 
vs Ag ratio; (f) U vs V ratio. 

Friable aggregates of pyrrhotite with minor sphalerite, talc, and calcite occurred in ore body-1 
at Pobeda-1 hydrothermal fields [35] (Figure 7a). The fragmental pyrite microfacies-I95 is a little 
different from the pyrite-rich microfacies-196 with respect to lack of visible inclusions of wurtzite and 
isocubanite. Relicts of pyrrhotite instead of greigite was retained in fine-grained pyrite of microfacies-
195 (Figure 7b). Boxy fine-grained pyrite pseudomorphs after pyrrhotite crystals with typical relic 
cleavage were recognized in the pyrite microfacies-195 (Figure 7c,d). Another specific feature was the 
abundance of framboidal pyrite in the cores of coarse oscillatory-zoned pyrite aggregates (Figure 7e). 
Rare relic colloform pyrite was found in the core of coarse-zoned pyrite-2 clusters (Figure 7f).  

Commented [M2]: Use the picture in this file instead of the 

one in system. 

Figure 6. Diagrams of trace elements in sulfides of pyrite microfacies-196 and -195. Pobeda-1
hydrothermal field. (a) Co vs Ni ratio; (b) Mn vs Tl ratio; (c) Se vs Mo ratio; (d) As vs Sb ratio; (e) Pb vs
Ag ratio; (f) U vs V ratio.

Friable aggregates of pyrrhotite with minor sphalerite, talc, and calcite occurred in ore body-1 at
Pobeda-1 hydrothermal fields [35] (Figure 7a). The fragmental pyrite microfacies-I95 is a little different
from the pyrite-rich microfacies-196 with respect to lack of visible inclusions of wurtzite and isocubanite.
Relicts of pyrrhotite instead of greigite was retained in fine-grained pyrite of microfacies-195 (Figure 7b).
Boxy fine-grained pyrite pseudomorphs after pyrrhotite crystals with typical relic cleavage were
recognized in the pyrite microfacies-195 (Figure 7c,d). Another specific feature was the abundance
of framboidal pyrite in the cores of coarse oscillatory-zoned pyrite aggregates (Figure 7e). Rare relic
colloform pyrite was found in the core of coarse-zoned pyrite-2 clusters (Figure 7f).



Minerals 2020, 10, 622 11 of 27

Minerals 2020, 10, x FOR PEER REVIEW 12 of 28 

 

 
Figure 7. Varieties of pyrite in pyrite microfacies-195. Pobeda-1 hydrothermal field. (a) subhedral 
elongate pyrrhotite (Po) crystal framework; (b) relic inclusion of pyrrhotite (Po) is overgrown by 
subhedral pyrite-2 (Py2) (37L-195-2); (c) box-like pseudomorphs of pyrite (Py1,2) after pyrrhotite 
crystals (d) network microtexture of pyrite aggregates (Py1,2) formed after friable pyrrhotite masses; 
(e) oscillatory coarse-zoned pyrite-2s (Py2) envelops relic colloform pyrite (37L-195-2); (f) relict 
inclusions of framboidal pyrite (Py1f) in coarse-zoned pyrite-2 (Py2) (37L195-3). Reflected light. Some 
pyrite varieties (b,e,f) were etched by HNO3 + CaF2. 

Pyrrhotite had low amounts of trace elements in the studied samples (Table 4, Table S4). The 
values of Co/Ni ratio were very low (0.01–0.08). 

Framboidal pyrite–Py1f of microfacies-195 is characterized by high concentrations of low-
temperature (Mn, Tl) and seawater-derived (Mo, U, and V) elements in comparison to coarse-
crystalline pyrite. In framboidal pyrite, the average Au concentration (1.5 ppm) exceeded the average 
contents calculated for pyrrhotite and other pyrite varieties. On the other hand, the concentration of 
the elements of the high-temperature association (Se, Co, Te, and Bi) and moderate temperature 
association (As and Sb) were relatively low in framboidal pyrite in comparison with pyrite-3 of 
isocubanite-rich microfacies (Tables 1, 2, and 4). There were no significant differences in trace element 
concentrations in framboidal and fine-grained pyrite. The Co/Ni ratios < 1 were typical for framboidal 
pyrite as well as for pyrrhotite. 

The porous fine-grained pyrite-1,2 formed after pyrrhotite was similar in trace element contents 
to the same pyrite variety in pyrite facies-196. The pyrite-1,2 variety was enriched in Mn and Mo in 
comparison to the contents in the pyrrhotite (Table 4, Table S4). In this pyrite-1 of microfacies-195, 
the Co/Ni ratios were commonly less than 1, whereas in pyrite of abovementioned microfacies-196, 
the Co/Ni ratios were much higher than 1. 

Coarse banding oscillatory-zoned pyrite-2 of microfacies-195 inherited most values of trace 
element contents from framboidal and fine-grained pyrite. The exception was higher contents of Tl 
in the coarse-zoned pyrite (Tables 1, 2, and 4). The pyrite-2 was different from pyrite-3 of isocubanite-
pyrite and pyrite-wurtzite-isocubanite microfacies by low concentrations of high-temperature 
elements such as Co, Ni, Se, Te, and Bi versus low-temperature (Mn and Tl) and seawater (U, V, and 
Mo) elements. The abundance of Mn, Tl, Ni, and U and Co/Ni < 1 were typical features of all pyrite 
varieties related to microfacies-195 (Figure 5). 

 

Figure 7. Varieties of pyrite in pyrite microfacies-195. Pobeda-1 hydrothermal field. (a) subhedral
elongate pyrrhotite (Po) crystal framework; (b) relic inclusion of pyrrhotite (Po) is overgrown by
subhedral pyrite-2 (Py2) (37L-195-2); (c) box-like pseudomorphs of pyrite (Py1,2) after pyrrhotite
crystals (d) network microtexture of pyrite aggregates (Py1,2) formed after friable pyrrhotite masses;
(e) oscillatory coarse-zoned pyrite-2s (Py2) envelops relic colloform pyrite (37L-195-2); (f) relict
inclusions of framboidal pyrite (Py1f) in coarse-zoned pyrite-2 (Py2) (37L195-3). Reflected light. Some
pyrite varieties (b,e,f) were etched by HNO3 + CaF2.

Pyrrhotite had low amounts of trace elements in the studied samples (Table 4, Table S4). The values
of Co/Ni ratio were very low (0.01–0.08).

Table 4. Trace element concentration in pyrrhotite and varieties of pyrite of microfacies-195. Pobeda
vent site. LA-ICP-MS data in ppm. Fe, Cu, and Zn are in wt.% (samples 37L-195-1, 37L-195-2, and
37L-195-3).

Values V Mn Fe Co Ni Cu Zn As Se Mo Ag Cd Sn Sb Te Au Tl Pb Bi U

1. Pyrrhotite-Po (32)
Mean 1.1 46 63 0.3 7.5 0.11 0.06 12 3.2 8.0 5.7 0.7 3.3 0.2 1.0 0.2 0.7 80 0.3 0.7

Std 0.8 11 0.9 0.2 2.4 0.07 0.12 28 3.0 13 5.7 1.8 2.4 0.3 1.7 0.1 1.0 98 0.2 1.5
Max 2.8 78 64 0.9 13 0.33 0.70 164 15 51 30 10 12 1.3 8.0 0.6 4.3 453 0.7 6.9
Med 1.0 42 63 0.2 6.9 0.1 0.03 5.0 2.2 3.1 4.4 0.1 2.9 0.0 0.2 0.2 0.3 43 0.2 0.1

2. Framboidal pyrite—Py1f (23)
Mean 26 1597 45.8 2.1 19.4 0.4 0.1 37 BDL 207 2.7 BDL 6.7 2.4 BDL 1.3 85 11 0.2 32

Std 6.4 1454 0.4 1.3 7.9 0.4 0.03 14 - 144 1.5 - 3.3 1.1 – 0.5 46 8.1 0.1 18
Max 40 7460 46.2 5.2 41 1.7 0.2 66 BDL 726 7.7 BDL 19 5.6 BDL 2.2 164 34 0.5 94
Med 25 1073 46 1.6 19 0.3 0.06 36 8.0 160 2.8 0.9 6.4 2.3 3.1 1.3 91 7.7 0.1 28

3. Fine-grained pyrite-1,2ap in boxy pseudomorphs after pyrrhotite—Py1,2 (36)
Mean 5.3 1912 46.1 4.0 36 0.2 0.04 26 4.0 107 4.9 0.2 2.4 2.0 0.5 0.3 7.8 39 0.11 11

Std 3.2 930 0.2 2.6 34 0.1 0.04 29 2.7 120 2.8 0.2 1.4 2.6 0.4 0.4 9.0 22 0.08 7.1
Max 16 4420 46.3 11 187 0.5 0.16 121 14 580 13 1.2 7.3 15 1.8 2.1 38 104 0.34 37
Med 4.9 1775 46.1 3.5 24 0.1 0.02 14 3.1 71 4.2 0.1 2.2 1.9 0.3 0.2 4.3 34 0.1 8.9

4. Pyrite coarse banding oscillatory-zoned—Py2 (15)
Mean 8.4 1972 46.2 0.9 6.0 0.12 0.02 6.3 3.1 30 0.8 0.6 2.6 0.5 0.2 0.9 191 9.3 BDL 11

Std 3.2 1338 0.2 0.7 4.7 0.14 0.01 7.1 1.4 27 1.1 0.8 2.6 0.5 0.2 0.4 83 15 - 8.7
Max 14 4450 46.5 2.1 16 0.57 0.05 25 6.0 84 4.1 3.0 11 1.7 0.7 1.9 333 52 0.1 29
Med 6.9 1740 46 0.5 3 0.1 0.01 3.3 2.5 17 0.4 0.1 1.8 0.2 0.2 0.7 166 3.6 0.04 7.4

Std, standard deviation; Max, maximum; Med, median; BDL, below detection limit.

Framboidal pyrite–Py1f of microfacies-195 is characterized by high concentrations of
low-temperature (Mn, Tl) and seawater-derived (Mo, U, and V) elements in comparison to
coarse-crystalline pyrite. In framboidal pyrite, the average Au concentration (1.5 ppm) exceeded
the average contents calculated for pyrrhotite and other pyrite varieties. On the other hand,
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the concentration of the elements of the high-temperature association (Se, Co, Te, and Bi) and
moderate temperature association (As and Sb) were relatively low in framboidal pyrite in comparison
with pyrite-3 of isocubanite-rich microfacies (Table 1, Table 2, and Table 4). There were no significant
differences in trace element concentrations in framboidal and fine-grained pyrite. The Co/Ni ratios < 1
were typical for framboidal pyrite as well as for pyrrhotite.

The porous fine-grained pyrite-1,2 formed after pyrrhotite was similar in trace element contents
to the same pyrite variety in pyrite facies-196. The pyrite-1,2 variety was enriched in Mn and Mo in
comparison to the contents in the pyrrhotite (Table 4, Table S4). In this pyrite-1 of microfacies-195,
the Co/Ni ratios were commonly less than 1, whereas in pyrite of abovementioned microfacies-196,
the Co/Ni ratios were much higher than 1.

Coarse banding oscillatory-zoned pyrite-2 of microfacies-195 inherited most values of trace
element contents from framboidal and fine-grained pyrite. The exception was higher contents
of Tl in the coarse-zoned pyrite (Table 1, Table 2, and Table 4). The pyrite-2 was different from
pyrite-3 of isocubanite-pyrite and pyrite-wurtzite-isocubanite microfacies by low concentrations of
high-temperature elements such as Co, Ni, Se, Te, and Bi versus low-temperature (Mn and Tl) and
seawater (U, V, and Mo) elements. The abundance of Mn, Tl, Ni, and U and Co/Ni < 1 were typical
features of all pyrite varieties related to microfacies-195 (Figure 5).

The range of poorly recognized mineral-chemical associations related to pyrite of microfacies-195
was calculated by the MCW method: I(Pb + Ag + Co) + II(Bi + Se + Te) + Cd + III(V + Au + Tl) −
IV(Sn + U + Cu) + V(Zn + As + Ni) −Mo − Sb −Mn. The first association reflects the composition of a
fine-grained pyrite, which is slightly enriched in Pb, Ag, and Co. The second association (Se, Bi, and
Te) commonly classified as a high-temperature assemblage (i.e., Hannington et al., 1999 and Discussion
herein) has very low contents of the elements. The third association is typical of framboidal pyrite
inclusions. The fourth and fifth associations are probably related to supergene Cu-sulfides mixed
with sphalerite.

4.3. Marcasite-Pyrite Microfacies

The marcasite-pyrite microfacies-107-10 displayed diverse microtextures. The compact framework
of marcasite-pyrite crust contained a lot of cavities. The cavities were filled with porous pyrite masses
made of relic spongy pyrite-1 that were pseudomorphic after pyrrhotite crystals. The elongate pores
were inherited from the relic cleavage typical of pyrrhotite crystals (Figure 8a). Microinclusions of
iron monosulfide are found in spongy pyrite. The pyrite-1 pseudomorphs were overgrown by later
coarse-crystalline aggregates of pyrite-2 subhedral crystals (Figure 8b). In other cases, the pyrite
formed box-like pseudomorphs. The net-like microtextures were common for box-like pseudomorphic
pyrite aggregates (Figure 8c). Uraninite-UO2 inclusions were disseminated in subhedral pyrite-2.
Successive overgrowths of spongy pyrite-1 by subhedral marcasite and pyrite were observed (Figure 8d).
Locally, marcasite-pyrite masses were brecciated (Figure 8e). Reniform microtextures occurred in
marcasite-pyrite crystalline masses (Figure 8f). Colloform, radiated, and oscillatory-zoned marcasite
were common (Figure 8g–i). The sooty colloform marcasite became black during second etching by
HNO3 + CaF2. Framboidal pyrite was rare in this microfacies.

Some means and maximums of trace element contents (Co, Ni, Se, As, Ag, Pb, Bi Mo, Tl, and U)
and Co/Ni ratios were much higher (1.4–2.2) in the spongy pyrite than in pyrrhotite (Tables 4 and 5).
Poorly zoned crystalline pyrite-2 that surrounded the pseudomorphic spongy pyrites was depleted in
Ag and Au but was enriched in seawater elements (Mo and U) in comparison to spongy pyrite and
pyrrhotite (Tables 4 and 5, Tables S4 and S5). In comparison with pyrite-3 of pyrite-wurtzite-isocubanite
microfacies, this pyrite-2 was depleted in Co, Zn, Cu, and Ag, but not in Mn.
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brecciated marcasite-pyrite (Py2+Ms2) aggregates; (f) reniform marcasite-1 and -2 (Ms1c+Ms2) in 
crystalline marcasite-pyrite (Py2+Ms2) aggregates; (g,h,i) overgrowth of colloform (Ms1c) and 
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Figure 8. Varieties of pyrite in reniform-rich pyrite microfacies of the hydrothermal crusts (sample
37L-107-10). Pobeda-2 hydrothermal field. (a) porous marcasite-pyrite (Py2) crust; (b) pseudomorphic
spongy pyrite-1 (Py1) is overgrown by anhedral and subhedral crystals of pyrite (Py2); (c) pyrite-2
(Py2) aggregates envelop and drape over boxy spongy pyrite pseudomorphs (Py1) after pyrrhotite;
(d) successive overgrowth of pyrite-1 (Py1) by subhedral marcasite (Py2+Ms2) and pyrite (Py2,3);
(e) brecciated marcasite-pyrite (Py2+Ms2) aggregates; (f) reniform marcasite-1 and -2 (Ms1c+Ms2) in
crystalline marcasite-pyrite (Py2+Ms2) aggregates; (g,h,i) overgrowth of colloform (Ms1c) and radiated
(Ms2r) marcasite by crystalline marcasite (Ms2) and marcasite-pyrite (Py2+Ms2) aggregates. Reflected
light. Some pyrite varieties (c,h,i) are etched by HNO3 + CaF2.

Colloform-like marcasite-1 had marginally higher concentrations of Mn and Ag in comparison
with crystalline pyrite varieties. In general, all marcasite varieties of the hydrothermal crusts had
low concentrations of the most studied trace elements except for Mo and Mn. The Mn concentration
decreased from colloform to radial and subhedral marcasite varieties. In all these iron sulfides,
the Co/Ni ratios were <1. Spongy pyrite-1sp had much higher contents of most trace elements,
except Mn, than marcasite-1c (Table 5, Table S5). The data are illustrated in Figure 9. Despite lower
concentrations of Co and Ni (Figure 9a), marcasite showed the same linear distribution for these
elements as the pyrite of microfacies-195 (Figure 9b–f). The Mo contents were much higher in marcasite
than in pyrrhotite (Figure 9c). Marcasite plotted points showed lower concentrations of As, Ag, and U
in comparison to pyrite in the following diagrams (Figure 9d-f). Uraninite was found in subhedral
pyrite-2,3 only.
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Table 5. Trace element contents in pyrite varieties of marcasite-pyrite microfacies. Pobeda-2
hydrothermal field. LA-ICP-MS data in ppm, Fe, Cu, and Zn in wt.%.

Values V Mn Fe Co Ni Cu Zn As Se Mo Ag Cd Sn Sb Te Au Tl Pb Bi U

1. Spongy pseudomorphic pyrite-1 after suhedral pyrrhotite (20)
Mean 3.5 4.9 46.3 178 96 0.11 0.01 259 52 69 31 0.7 2.7 2.0 1.0 0.5 9.0 169 2.4 4.5

Std 0.7 9.0 0.03 21 15 0.03 0.01 74 18 35 22 0.3 1.9 0.9 0.4 0.1 2.7 34 0.9 3.4
Max 4.7 42 46.4 219 125 0.23 0.04 455 96 173 93 1.6 10 4.9 1.8 0.9 14 226 4.5 11
Med 3.7 2.4 46.3 175 94 0.10 0.01 262 47 57 26 0.6 2.1 1.8 1.0 0.5 8.3 172 2.2 3.5

2. Pyrite-2 anhedral to subhedral poor-zoned (20)
Mean 2.5 75 46.4 34 17 0.08 0.01 91 20 134 1.9 0.2 0.5 0.7 0.9 0.1 6.4 20 3.8 28

Std 2.1 108 0.2 44 26 0.16 0.01 65 19 340 1.9 0.2 0.5 0.6 3.0 0.1 7.1 16 12 87
Max 9.1 429 46.5 173 104 0.72 0.03 231 73 1570 6.8 0.8 2.3 2.4 14 0.4 22 57 55 390
Med 2.0 35 46.5 18 10 0.02 0.00 70 15 49 1.1 0.1 0.2 0.6 0.2 0.04 3.3 15.1 0.6 3.7

3. Colloform-like macasite-1 (18)
Mean 2.1 1511 46.3 1.5 2.1 0.02 0.01 30 5.1 76 12 0.3 4.2 0.5 0.8 0.1 4.0 9 BDL 0.9

Std 1.9 1030 0.1 2.0 2.2 0.02 0.01 32 2.3 47 15 0.2 8.9 0.4 0.7 0.1 3.9 15 - 1.1
Max 8.6 4120 46.4 7.0 8.3 0.10 0.06 137 10 219 48 0.8 38 1.1 2.2 0.3 15 61 1.2 3.7
Med 1.5 1470 46.3 0.4 1.3 0.01 0.01 15 5.5 70 3.7 0.3 0.6 0.2 0.8 0.1 2.5 2.5 0.1 0.3

4. Radial marcasite—Ms2r (30)
Mean 1.5 793 46.4 1.1 1.6 0.00 0.02 16 5.8 81 2.5 0.4 0.5 0.8 1.1 0.05 2.5 1.4 BDL 0.5

Std 0.7 608 0.1 1.9 2.1 0.01 0.07 7.3 3.3 30 3.8 0.3 0.6 0.5 1.2 0.03 1.9 1.2 - 0.7
Max 3.4 2730 46.5 9.3 9.7 0.03 0.33 40 16 168 16 1.9 2.8 2.1 4.1 0.16 7.5 4.6 0.23 3.3
Med 1.4 560 46.4 0.5 0.9 0.00 0.01 15 5.5 72 0.9 0.2 0.3 0.6 0.7 0.05 2.3 1.3 0.1 0.2

5. Marcasite anhedral to subhedral–Ms2 (21)
Mean 0.9 401 46.5 0.1 0.4 0.00 0.00 19 5.2 94 0.7 0.5 0.2 B 2.1 0.07 3.6 1.1 BDL 0.2

Std 0.3 186 0.0 0.1 0.3 0.00 0.00 7.5 2.5 44 0.6 0.3 0.3 0.1 1.3 0.05 5.4 1.8 - 0.2
Max 1.6 743 46.5 0.4 1.3 0.00 0.01 45 11 229 2.1 1.4 1.3 0.3 4.7 0.23 26 8.7 0.10 1.0
Med 0.9 370 46.5 0.1 0.5 0.00 0.00 18 5.5 83 0.4 0.3 0.2 0.1 1.7 0.1 1.7 0.6 0.0 0.1

Std, standard deviation; Max, maximum; Med, median; BDL, below detection limit.Minerals 2020, 10, x FOR PEER REVIEW 16 of 28 
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Figure 9. Diagrams of trace elements concentrations in sulfides of marcasite-pyrite crust (sample
37L-107-10). Pobeda-2 hydrothermal field. (a) Co vs Ni ratio; (b) Mn vs Tl ratio; (c) Se vs Mo ratio;
(d) As vs Sb ratio; (e) Pb vs Ag ratio; (f) U vs V ratio.
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In general, pyrite varieties in the marcasite-pyrite microfacies were characterized by the following
mineral-chemical associations calculated using the method of maximum correlation range: I(Co + Ni)
+ II(Pb + Au + As + Sb + Ag+Se) + III(Cd + Zn) + IV(Cu + U + Mn) − Tl −Mo − V − Sn − V(Te + Bi).
The first and second associations pertain to spongy pyrite. The association-III corresponds to wurtzite
or sphalerite invisible inclusions. In Cu- and Mn-bearing pyrite-2, microinclusions of uraninite yield
association-IV. The fifth association and maximum contents of Te (12 ppm) and Bi (55 ppm) may be
inferred to indicate the presence of Bi-telluride nanoinclusions in pyrite-2.

In general, marcasite varieties were characteristic of the following mineral chemical associations:
I(Pb + Sn + Cu + Bi + Ag) + II(As + V + U) + III(Co + Ni + Zn) + IV(Te + Se) − Sb − Tl − Au − Cd −
V(Mo + Mn). The first association is typical of galena and chalcopyrite microinclusions. The second
association indicates a correlation of As with seawater elements. The third association may suggest
that the Co and Ni contents are a little higher in radial marcasite-1 containing Zn (wurtzite or sphalerite
microinclusions. Positive correlation of Se with Te indicates that both of these elements substitute for S
in the marcasite. The fifth association may reflect coeval concentration of Mn and Mo in marcasite.
Nevertheless, we have to stress that this interpretation was less than robust because the presence of
nanoinclusions cannot be excluded and the concentrations of most trace elements in marcasite was
too low.

5. Discussion

5.1. The Mineral Evolution in the Suite of Pyrite-Bearing Microfacies

The massive sulfides of the Pobeda hydrothermal SMS deposit are subdivided into five
main mineral microfacies: (1) isocubanite-pyrite, (2) pyrite-wurtzite-isocubanite, (3) pyrite with
subordinate isocubanite and wurtzite-sphalerite microinclusions, (4) pyrite-rich with framboidal pyrite,
and (5) marcasite-pyrite. Spongy, framboidal, and fine-grained pyrite and rare marcasite varieties
replaced pyrrhotite, greigite, and mackinawite “precursors.” Pyrrhotite replacement by pyrite occurs
over a broad range of temperatures [13]. The later coarse and fine banding oscillatory-zoned pyrite
and marcasite crystals are overgrown and/or replaced by unzoned subhedral and euhedral pyrite-3.

In the general compiled microfacies suite, the amounts of isocubanite, wurtzite, and unzoned
euhedral pyrite decrease while the concentrations of framboidal, fine-grained, and spongy pyrite and
also marcasite and its colloform and radial varieties increase. This progression reflects evolution from
black and gray (grayish white) smoker to clear smoker or diffuser microfacies. In the same range
of microfacies, temperature declined and pH increased due to mixing of hydrothermal fluids with
cold seawater (e.g., [13]). The seawater mixing model predicts remobilization of Zn at intermediate
temperatures (275–325 ◦C) and low pH during formation of isocubanite-pyrite microfacies and
reprecipitation of ZnS at lower temperature and higher pH. (e.g., [13]). Diffuse fluids that formed
pyrite-rich microfacies have less Zn as the temperature decreases with increased mixing with seawater.
Framboidal pyrite is commonly considered as diagenetic or sedimentary pyrite varieties formed as a
product of initial sooty iron sulfide, e.g., mackinawite. The reactions of FeS, either as pyrrhotite or
mackinawite, with H2S to form pyrite were confirmed (e.g., [38]).

In the marcasite-pyrite sample, two microfacies are combined in the hydrothermal crusts of
diffuser fragments. The inner part located close to the conduit is a composite of sooty and spongy
pyrite pseudomorphs after subhedral pyrrhotite, overgrown by anhedral and subhedral pyrite.
The outer part of the crust consists of reniform sooty and radial marcasite, and also framboidal pyrite,
followed by crystalline anhedral and subhedral marcasite and pyrite varieties. Marcasite forms under
low-temperature (<240 ◦C) acidic or H2S-deficient conditions, whereas pyrite forms in relatively higher
pH or H2S-rich conditions [39,40].

In general, this progression could be interpreted as a proxy for temperature and H2S concentration
decline due to mixing of hydrothermal fluids with seawater in a diffusive hydrothermal system.
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Secondary bornite, digenite, covellite, geerite, and goethite replaced isocubanite, chalcopyrite,
and chalcopyrite-rich wurtzite during coeval and later submarine supergene processes.

5.2. Trace Element Concentration, Forms, and Associations in Pyrite Varieties

A trace element temperature classification has been used by many geologists who studied
geochemical features of sulfides in modern SMS [12,14,16,18,26,28,41,42] and ancient VMS (volcanogenic
massive sulfide) [4,43,44] deposits. Besides the temperature of precipitating fluid, the enrichment of
trace element could be related to type of host rocks (high Ni contents in sulfides is often considered
to be an indicator of ultramafic substrates). In our case study, trace elements are subdivided into
four associations: (1) high temperature—Cu, Se, Te, Bi, Co, and Ni; (2) mid temperature—Zn, As, Sb,
and Sn; (3) low temperature—Pb, Sb, Ag, Bi, Au, Tl, and Mn; and (4) seawater—U, V, Mo, and Ni.
This classification can be applied to Pobeda microfacies, only, because each hydrothermal field has its
own geochemical specialization. The main problem for a correct interpretation of element associations
is the difficult discrimination between elements forming discrete mineral phases (microinclusions) and
those concentrated in the host lattice structure. For instance, elevated Ni contents in high-temperature
microfacies at Pobeda hydrothermal field are related to influence of ultramafic rocks. Despite the
obvious role of substrate rocks as metal sources, their composition (specifically mafic vs. ultramafic)
does not emerge as a statistically significant independent factor. A large part of the observed variability
is produced by a combination of three independent factors, which are interpreted to reflect (in order of
importance): (1) the temperature of deposition, (2) the ridge spreading rate, and (3) zone refining [45].
On the other hand, e.g., predominance of Ni above Co could be signature of diagenetic process in
low-temperature pyrite microfacies.

Cu, Se, Te, and Bi: This group of elements is mostly concentrated in isocubanite and chalcopyrite.
Less variable Se and Te contents are detected in sphalerite and wurtzite (Table 2). The most important
host for isocubanite-chalcopyrite inclusions is subhedral and euhedral pyrite-3 of isocubanite-pyrite
and pyrite-wurtzite-isocubanite microfacies at the Pobeda vent site. The contents of Cu and Se in all
pyrite varieties decrease in the series from isocubanite-pyrite to pyrite and marcasite-pyrite microfacies
(Figure 10). The highest contents of Cu and Se are detected in pyrite-3 and in spongy pyrite-1 from
conduits (Figure 10a,c). The Se contents are correlated with Te because Se2− provides expansion of
the lattice which is favorable for Te2− substitution in sulfides [41]. Isocubanite-chalcopyrite, pyrite-3,
and framboidal pyrite are the hosts for high Te (Figure 10f). In other pyrite varieties, Te and Bi contents
are dramatically low or even below detection limits (Figure 10d,f).

The high-temperature assemblages which consist of chalcopyrite and pyrite are expected to
have elevated Se and Te concentrations, since Te and Se substitute for S at high temperatures [46].
The general enrichment in Se depends on the fluid temperature, e.g., the high solubility of Se in fluids
occurs at temperatures of >350 ◦C [12,18,28,41,44,47,48]. In contrast, Se-poor chalcopyrite has been
found to precipitate at medium to low temperatures [49]. Low concentrations of Te in sulfides could
be explained by lack of a magmatic contribution [50,51] or phase separation [18] in the hydrothermal
system of Pobeda vent sites.

In mafic and ultramafic sequences, the fluids do not deviate significantly from the pyrite–pyrrhotite
redox buffer, even after significant mixing with seawater and cooling, because of high concentrations
of reduced components such as H2, H2S, CH4, and ferrous iron (e.g., [52]). The modern and ancient
smokers expel Te2− in the pyrrhotite-rich plume likely due to high temperatures, coupled with reducing
conditions, leading to Te undersaturation of the hydrothermal fluid. Low contents of Te could be also a
proxy of a relatively immature hydrothermal system as calculated in a model of seawater interaction
with ultramafites and basalts at 300 ◦C [53].

The interquartile ranges (IQR) could be considered as indicators of the pyrite and marcasite
crystallization conditions. It is inferred that the combination of elevated concentration of trace elements
related to high-temperature association with narrow interval of IQR indicates the fast precipitation of
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the sulfides from hydrothermal fluids in contrast to slowly grown oscillatory-zoned pyrite formed by
hydrothermal as well as diagenetic coeval processes (Figure 10).
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Figure 10. Whisker-and-box plots for the high-temperature association of elements Cu (a), Co (b),
Se (c), Bi (d), Ni (e), and Te (f) in pyrite and marcasite ranged in isocubanite-rich, pyrite-, and
marcasite-pyrite-rich microfacies. The box encloses the interquartile range with median displayed
as a line. The vertical lines extending outside of the box mark the minimum and maximum element
concentrations encountered. Outliers are plotted as single points.

Co and Ni: In pyrite, the Co and Ni contents decrease from 2400 to 0.2 ppm passing from
isocubanite-rich to marcasite-rich microfacies (Figure 10). Isocubanite, wurtzite, subhedral, and
euhedral varieties of pyrite-3 are the main hosts for high concentrations of Co and Ni. The fine-grained
pyrite of pyrite-wurtzite-isocubanite microfacies are also enriched in Co and Ni. In contrast, fine-grained
pyrite-1,2, framboidal pyrite-1, and oscillatory-zoned pyrite-2 of pyrite-rich microfacies have low Co
and Ni as well as possible precursors as greigite and pyrrhotite. It is suggested that these pyrite varieties
were formed by low-temperature fluids close to seafloor conditions. Very low concentrations of Co
and Ni are found in marcasite, especially, their anhedral and subhedral varieties. Low-temperature
conditions (<240 ◦C) are favorable for marcasite growth [39]. The spongy and subhedral pyrite of
marcasite-pyrite microfacies are enriched in Co. Both these pyrite varieties are part of diffuser conduits,
probably formed in mid-temperature conditions, whereas marcasite comprises the outer wall of the
diffuser near to cold seawater.

In the same assemblages, Co/Ni ratios change from 100 to 0.01 (Figure 3). Pyrite of each microfacies
has its own characteristic range of Co/Ni ratios. The highest Co/Ni ratios (100–9) are typical of pyrite-3,
isocubanite-pyrite, and pyrite-wurtzite-isocubanite microfacies. In pyrite of pyrite-rich microfacies-196,
the Co/Ni ratio mostly varies from 30 to 0.5 with rare exception. The single Co/Ni ratio of 2.8 was
detected for greigite, which is one of the precursors of fine-grained pyrite of microfacies-196. In contrast,
pyrite of pyrite-rich microfacies-195 formed mostly after pyrrhotite, and the Co/Ni ratios have lower
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values (0.9–0.01). These values are characteristic of sedimentary pyrite (e.g., framboidal) formed
by diagenetic processes (e.g., [38]). The same range of Co/Ni values is detected for hydrothermal
pyrrhotite, which is the precursor for the pyrite of the microfacies-195. There seems to be a correlation
between Co/Ni ratios in precursors and pyrite. However, the lack of LA-ICM-MS data for mackinawite
and other precursors prevents verification of this hypothesis at this time. Moreover, in marcasite-pyrite
facies, pseudomorphs of pyrite after pyrrhotite have high Co/Ni (>1), whereas adjacent marcasite
has Co/Ni ratio values less than 1 (Figure 9). Temperature dependence of the Co/Ni ratio could be
suggested as the cause for this case.

Many previous investigations [54] indicate that Ni and Co are commonly lattice bound in the
structure of pyrite. Ni and Co are temperature-sensitive elements, which are typically enriched in
chimney sulfides that precipitate at high temperatures [4,18,19,28,55,56]. Thus, low Cu, Co, and Ni
contents in pyrite-rich microfacies indicate a generally low temperature for the fluid. The moderate
temperature and less reduced conditions result in precipitation of cobaltite and glaucodot rather
than the substitution of Co and Ni in pyrite [4,57]. These minerals were found in the ores of Pobeda
vent site [34,35]. Temperature is only one parameter, which controls the solubility of Co and Ni [44].
Depletion in salinity due to phase separation may be another reason for the low Co and Ni contents [19].
Colloform pyrite displays higher concentrations of Co and a Co/Ni ratio > 10 in black smokers from
ultramafic- and basaltic-hosted vent sites. Colloform pyrite in modern low-temperature clear smokers
from any geological settings has very low contents of Co and Ni and Co/Ni ratio of <1 [20]. Thus,
the Co and Ni contents in pyrite are a function of physicochemical parameters of the fluid rather than a
reflection of the host rock composition [19]. High contents of Co could also be a proxy for a relatively
immature hydrothermal system as calculated by the model of seawater interaction with ultramafites
and basalts at 300 ◦C [45,53].

Zn, As, Sb, and Sn: The contents of Zn are very low in pyrite-3 of isocubanite-pyrite microfacies.
The Zn concentrations attain a maximum as wurtzite microinclusions in fine-grained pyrite aggregates
of the pyrite–wurtzite-isocubanite microfacies. Minor microinclusions of wurtzite and sphalerite
provide less Zn in pyrite of the pyrite-rich microfacies-196 and -195. Variations of Zn contents
increase in euhedral pyrite of microfacies-197. Zinc shows flat as well as a spikey concentration
patterns with time in LA-ICP-MS depth profiles, most likely reflecting the presence of microparticles of
sphalerite [19]. The concentrations of Zn are very low in marcasite-pyrite microfacies-107-10 where
sphalerite microinclusions have not been found.

Abundance of wurtzite in pyrite-wurtzite-isocubanite microfacies could be explained on the basis
of a hydrothermal fluid-seawater mixing model (e.g., [13]). This model predicts remobilization of Zn
at intermediate temperatures (275–325 ◦C) due to decrease in pH of the fluid, and reprecipitation of
ZnS at lower temperatures as continued seawater entrainment gradually raises the pH. In Pobeda
hydrothermal fields, the lack of wurtzite and sphalerite in pyrite-rich and marcasite-pyrite microfacies
is likely caused by low initial temperature of the hydrothermal mineralization.

As3+ and Sb3+ can be involved in the coupled substitution of Tl+ and Au+ for 2Fe2+ in pyrite
(e.g., [26]) and sphalerite [58]. The correlation between As and Sb, as well as Cu and Zn, could be
attributed to sulfosalt microinclusions [18]. In Pobeda hydrothermal fields, pyrite of all microfacies
demonstrates a positive correlation between Sb and As, As >> Sb, which may partly reflect the presence
of microinclusions of invisible tennantite. However, microscopic inclusions of tennantite are rare
in sulfides from the MOR [59], and they were not found in Pobeda hydrothermal fields [35] where
excess of As relative to Cu and absence of As-Cu-positive correlation could be mostly a result of
lattice substitution in the pyrite and marcasite or occurrence as cobaltite that was found in Pobeda
vent sites [34,35]. The As concentration decreases also with increase of crystal sizes of pyrite and
marcasite. Obviously, this element is expelled from pyrite during recrystallization from porous to
massive microtextures (e.g., [18]). In other MS systems, this involves the formation of arsenopyrite
(e.g., [60]).
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In Pobeda massive sulfides, in addition to As and Sb, wurtzite also has elevated contents of Sn.
The Sn, As, and Sb profiles are nearly concordant with Zn profiles, consistent with a decrease in the
amount of ZnS microinclusions (Figure 11). The microinclusions of wurtzite are found in pyrite-2 of
pyrite microfacies-196 where maximum of Sn is detected (Figure 11d). The high Sn contents are a specific
feature of medium- to high-temperature sulfides from volcanic massive sulfide (VMS) deposits [44].
The highest bulk Sn concentrations have been found in sphalerite and isocubanite-chalcopyrite of
modern and ancient massive sulfide deposits associated with ultramafic rocks [20,61]. In the modern
ocean, sulfide deposits formed on basalts have relatively low Sn concentrations (<92 ppm, [62]).
The chimneys from felsic-hosted modern SMS and ancient VMS deposits have much lower Sn contents,
except for ancient deposits associated with black shales [20]. The reasons for Sn enrichment are still
unclear. Progressive Sn input from magmatic hydrothermal fluids was suggested for some VMS
deposits [43,44]. Enhanced concentration of Sn in sphalerite and a good correlation between Sn and
Cu imply a substitution mechanism such as suggested elsewhere [58,63]. However, the manner of
the substitutions is difficult to validate without evidence for the valence state of Sn in sphalerite.
At 250 ◦C, reduced acid fluids are suitable for the transport of SnCl2 [44]. Substitution of Sn2+ for
Zn2+ is expected under strong reducing conditions [4]. Probably, low redox potential and variable
conductive cooling are other important factors for Sn2+ enrichment in hydrothermal fluids emanating
from diffuse clear smokers, where mixing with oxygenated seawater is restricted. This is consistent
with high Sn contents in chimneys with widespread presence of Fe- and Co-rich sphalerite, isocubanite,
and pseudomorphic pyrite after pyrrhotite. In general, ultramafics provide reducing conditions
favorable for Sn2+ saturation in hydrothermal fluids [20]. This scenario is probably realized in the
Pobeda hydrothermal system.Minerals 2020, 10, x FOR PEER REVIEW 21 of 28 
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Figure 11. Whisker-and-box plots for the moderate temperature association of elements Zn (a), As (b),
Sb (c), and Sn (d) in pyrite and marcasite ranged in isocubanite-rich to pyrite and marcasite-pyrite rich
microfacies. The box encloses the interquartile range with median displayed as a line. The vertical lines
extending outside of the box mark the minimum and maximum element concentrations encountered.
Outliers are plotted as single points.

Pb, Tl, Ag, Au, and Mn: In the Pobeda ores, pyrite varieties have low contents of Pb, which are
typical of sulfides of serpentinite- and basalt-hosted vent sites in the MOR (e.g., [20]). In the pyrite,
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Pb contents increase in the range from isocubanite-pyrite to pyrite-wurtzite-isocubanite facies up to
a maximum in fine-grained varieties (Figure 12). The boxplot profiles of Pb and Ag are concordant.
On the contrary, in the range from pyrite to marcasite-pyrite microfacies, Pb contents decrease to a
minimum in marcasite-2. It was suggested that Pb2+ is least likely to be incorporated into the pyrite
crystal lattice because of its large ionic radius, and Pb is mainly present as microinclusions of galena or
Pb-bearing sulfosalts [26]. In our case, the interquartile ranges (IQR) could be considered as indicators
of the pyrite and marcasite crystallization speed. It is inferred that narrow intervals of IQR calculated
for Pb, Ag, and Tl indicate a fast crystallization of pyrite, in contrast to slowly grown oscillatory-zoned
pyrite (Figure 12a–c).Minerals 2020, 10, x FOR PEER REVIEW 22 of 28 
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Figure 12. Whisker-and-box plots for the low-temperature (Pb (a), Ag (b), Tl (c), Au (d), and Mn (e))
and seawater-derived (Mo (f), V (g), and U (h)) association of elements in pyrite and marcasite ranged
in isocubanite-rich to pyrite and marcasite-pyrite rich microfacies. The box encloses the interquartile
range with median displayed as a line. The vertical lines extending outside of the box mark the
minimum and maximum element concentrations encountered. Outliers are plotted as single points.

The positive correlations of Pb and Ag are typical for pyrite of all microfacies studied.
The associations of Pb and Ag with Bi or Sb are also common. These elements are likely hosted by
nanoinclusions of galena [13] or Pb-Sb-Ag-sulfosalts [11]. Well-known substitutions in galena probably
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follow the substitution: 2Pb2+ = Ag+ + Bi3+ and 2Pb2+ = Ag+ + Sb3+ [37]. In the boxplot, Ag shows
two maximums of concentration (Figure 12). These data reflect different aqueous complexing of Ag at
different temperatures (e.g., [26,47]).

The highest contents of Tl, Sb, and Pb are typical of fine-grained pyrite in comparison to crystalline
pyrite varieties. The boxplot for Tl is comparable with those for Pb, Sb, and Ag (Figure 12a–c).
Thallium is likely incorporated into galena dispersed in colloform pyrite via the coupled substitution:
Tl+ + (Bi, Sb)3+

↔ 2Pb2+ [37]. Probably, this manner of substitution occurs in fine-grained pyrite
of pyrite-wurtzite-isocubanite microfacies. Thallium could also be involved in nonstoichiometric
substitution in the lattice of pyrite [43].

In the diagram Mn-Ni, the distribution of marcasite is different to typical colloform pyrite that is
enriched in Tl and Mn in the outer walls of modern and ancient chimneys [20]. In the diagram Se-Mo,
marcasite is characterized by low contents of Se typical of clear smokers [20]. The correlation of Tl
with Mn infers coeval growth of pyrite with Mn hydroxides enriched in Tl. The Tl concentration in Mn
nodules attains 100 ppm [64]. Mn and Tl higher concentrations are probably linked to low-temperature
precipitation of Tl-rich Mn-hydroxides together with sooty, colloform, or fine-grained Fe-sulfides [4].
The Mn adsorption on surfaces of low-temperature immature pyrite and marcasite provides evidence
of the greatest exposure of these minerals to seawater in comparison to other pyrite varieties [26].

Framboidal and coarse-zoned pyrite-2 of microfacies 195 are hosts of abundant Tl and As.
Monovalent Tl+ and trivalent As3+ may participate with coupled substitutions for two Fe2+ cations [43].
In some cases, the correlation of Tl with Zn suggests well-known incorporation of Tl in wurtzite in
the following manner: Tl+ + Ga3+ = 2Zn2+ [26]. The content of Ga attains 163.8 ppm in wurtzite of
isocubanite-wurtzite-pyrite microfacies.

The strong positive correlation of Tl with Au suggests coupled incorporation of this elements in
framboidal and oscillatory zoned pyrite varieties. However, rare native gold was found in the ores of
Pobeda hydrothermal fields [35].

U, V, and Mo: These elements display boxplot profiles similar to those of elements regarded
to be of the low-temperature association (Figure 12). The concentrations of these elements
increase in pyrite in the range from high-temperature isocubanite-pyrite to middle-temperature
pyrite-wurtzite-isocubanite microfacies.

High-temperature pyrites have elevated contents of Mo. In high-temperature pyrite, Mo2+ as
well as Co2+ and Ni2+ may directly substitute for Fe2+ in pyrite (e.g., [4,26]). The maximum Mo, V,
and U contents are detected in the framboidal pyrite. These elements may be adsorbed from seawater
during mackinawite transformation to framboidal pyrite. Their contents decrease in the range from
framboidal to euhedral pyrite within microfacies-195. High flat levels of Mo are detected in pyrite
and marcasite of microfacies-107-10. Marcasite is a typical host for Mo [26]. Molybdenum occurs in
ocean water as redox-sensitive oxyanions [64–67]. In Pobeda ore microfacies, the amount of Mo is
much less in euhedral pyrite. The molybdate ions are converted into reactive thiomolybdate species
and are subsequently incorporated into pyrite and marcasite by interaction with FeS and/or H2S in
sulfidic conditions of sediment pore waters [10,68–70].

Molybdenum has a significant correlation with U and less with V and Mn. This relates to the
strong redox behavior of these elements and their source from seawater (e.g., [26,71]). Circulation of
seawater through basaltic crust results in quantitative extraction of U, and thus, hydrothermal fluids
are essentially free of U [72] as well as of V that mimics U [12]. These elements may be concentrated at
the oxic–postoxic boundary of organic-rich sediments [73] or on the surface of sulfide sediments where
U and V are concentrated by an efficient redox trap mechanism [12]. The Pobeda ore deposits yields a
maximum average of U (24.86 ppm) in comparison to other massive sulfide deposits (mean 3.53 ppm)
of the Mid-Atlantic Ridge [23]. The similar diagenetic processes of U accumulation as uraninite in
modern and ancient Fe-oxyhydroxide sediments were the result of U fixation from seawater during
the oxidation of sulfide minerals. Uraninite in gossanites is mainly deposited from diagenetic pore
fluids, which circulated in the sulfide-hyaloclast-carbonate sediments [23]. Pyrite surfaces are thought
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to have strong reducing capabilities, which caused fixation of the very low solubility redox-sensitive
elements such as V and U, ensuring that they are retained by the pyrite [12]. Experimental studies of
interaction between U (VI) in solution and sulfide mineral surface [74] provide evidence for sorption
and reduction of U (VI) to uraninite on those surfaces.

The contents of V and U decease in profile from pyrite to marcasite. Probably, low-pH conditions
of marcasite growth (pH < 4.5) [39] are not favorable for U and V adsorption on marcasite surfaces.

6. Conclusions

In the Pobeda SMS deposits, the main mineral microfacies are: isocubanite-pyrite →
pyrite-wurtzite-isocubanite→pyrite with minor isocubanite, chalcopyrite, wurtzite-sphalerite, and rare
marcasite→ pyrite with rare chalcopyrite and sphalerite and subordinate marcasite→marcasite-pyrite.
This sequence reflects the transition from feeder zone facies to seafloor diffuser facies. It is suggested
that temperatures of mineralization decreased in the same direction.

In the Pobeda deposits, the precursors of pyrite are greigite, pyrrhotite, and mackinawite. Several
pyrite varieties are recognized in these microfacies. Subhedral and euhedral unzoned pyrite-3
crystals are predominant in high-temperature isocubanite-pyrite microfacies. There are no relicts
of fine-grained pyrite except residual holes in atoll-textured aggregates. Poor zonation is retained
in subhedral and euhedral pyrite-3 of mid-temperature pyrite wurtzite-isocubanite microfacies.
Coarse-grained pseudomorphs of pyrite after pyrrhotite crystals and later fine-grained pyrite occur in
these microfacies. Intermediate from mid-to-low-temperature pyrite microfacies contains abundant
fine-grained pyrite-1,2 and coarse-grained pyrite-2. Despite coarse and fine banding, oscillatory-zoned
pyrite-2, fine-grained pseudomorphs after pyrrhotite crystals, and framboidal pyrite are widespread in
low-temperature pyrite microfacies. In marcasite-pyrite microfacies, spongy pyrite replacing pyrrhotite
crystals and sooty colloform-like marcasite occurs in addition to anhedral and subhedral pyrite and
marcasite masses with relic framboidal pyrite.

The trace elements of Pobeda SMS deposit are subdivided into four associations: (1) high
temperature—Cu, Se, Te, Bi, Co, and Ni; (2) mid temperature—Zn, As, Sb, and Sn; (3) low
temperature—Pb, Sb, Ag, Bi, Au, Tl, and Mn; and (4) seawater—U, V, Mo, and Ni. The trend
of Co/Ni ratio values indicates a change from hydrothermal to hydrothermal-diagenetic crystallization
of the pyrite. The concentration of the high-temperature group of elements (Cu, Co, Ni, Se, Bi, and
Te) and the Co/Ni ratios generally decreases from unzoned euhedral pyrite to marcasite in the same
assemblage. The concentrations of mid- and low-temperature (Zn, As, Sb, Pb, Ag, and Tl) elements
decrease with increasing crystal sizes of pyrite and marcasite. Coarse banded oscillatory-zoned pyrite
crystals contain higher concentrations of Mn especially compared to unzoned euhedral pyrite varieties.
Framboidal pyrite hosts the maximum concentration of Au and seawater-derived elements (Mo, U,
and V).

We hope, the results of this investigation can be used to better interpret the paragenesis and
deposition temperatures of ancient massive sulfide deposits.
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