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Abstract: The trace element (TS) composition of isocubanite, chalcopyrite, pyrite, bornite, and
covellite from oxidized Cu-rich massive sulfides of the Ashadze-2 hydrothermal field (12◦58′ N,
Mid-Atlantic Ridge) is studied using LA-ICP-MS. The understanding of TE behavior, which depends
on the formation conditions and the mode of TE occurrence, in sulfides is important, since they
are potential sources for byproduct TEs. Isocubanite has the highest Co contents). Chalcopyrite
concentrates most Au. Bornite has the highest amounts of Se, Sn, and Te. Crystalline pyrite is a main
carrier of Mn. Covellite after isocubanite is a host to the highest Sr, Ag, and Bi contents. Covellite after
pyrite accumulates V, Ga and In. The isocubanite+chalcopyrite aggregates in altered gabrro contain
the highest amounts of Ni, Zn, As, Mo, Cd, Sb (166 ppm), Tl, and Pb. The trace element geochemistry
of sulfides is mainly controlled by local formation conditions. Submarine oxidation results in the
formation of covellite and its enrichment in most trace elements relative to primary sulfides. This is a
result of incorporation of seawater-derived elements and seawater-affected dissolution of accessory
minerals (native gold, galena and clausthalite).

Keywords: Ashadze-2 hydrothermal field; copper sulfides; formation conditions; LA-ICP-MS;
Mid-Atlantic Ridge; mode of occurrence; physico-chemical modeling; trace elements

1. Introduction

The understanding of the distribution and the mode of occurrence of trace elements (TEs) in
sulfides is highly important, since these minerals are potential sources for byproduct TEs. Depending
on the formation conditions and the mode of their occurrence, sulfide minerals exhibit specific TE
associations [1–10]. The contents and the mode of occurrence of TEs, however, can dramatically
change during the replacement of one sulfide by another, as was recently shown for primary and
secondary sulfides of the Semenov-2 hydrothermal field, 13◦30′ N, Mid-Atlantic Ridge (MAR) [11].
Thus, a potential sulfide concentrate would contain various Cu minerals (primary hydrothermal
chalcopyrite and isocubanite and supergene minerals of the covellite group) with a different mode of
occurrence of TEs [11,12].

The LA-ICP-MS-based analytical data on TE composition of seafloor sulfides are still strongly
limited in comparison with continental minerals [3,8–18]. Due to variety of geodynamic settings,
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host rocks and local formation conditions, seafloor sulfides are often characterized by diverse TE
composition, indicating that a common model of TE behavior requires, at least, more TE data. Thus,
analyzing seafloor sulfides with a LA-ICP-MS technique, we approach a better understanding of their
formation conditions and TE distribution.

Here, we examine the trace element geochemistry of primary (isocubanite, chalcopyrite, pyrite) and
secondary (bornite, covellite) sulfides from Cu-rich massive sulfide samples of the ultramafic-associated
Ashadze-2 hydrothermal field, Atlantic Ocean. We will show (i) the potential use of elemental
associations to predict the mode of TE occurrence; (ii) remarkable features of sulfides, which reflect their
specific formation conditions; (iii) the change in the mode of TE occurrence during the replacement
of primary minerals by secondary covellite; and (iv) the effective role of seawater and submarine
oxidation in TE redistribution.

2. Geological Background

The Ashadze-2 hydrothermal field (12◦99′ N, 44◦91′W; MAR) is part of the Ashadze hydrothermal
cluster, which consists of four hydrothermal fields located between the Fifteen Twenty and Marathon
fracture zones (Figure 1a). The Ashadze-1 hydrothermal field was discovered in 2003 by the Polar Marine
Geosurvey Expedition (PMGE, St. Petersburg, Russia) [19,20]. The active Ashadze-2 hydrothermal
field is located 4.3 km west of the Ashadze-1 field on the western wall of a rift valley, at a depth of
3100–3350 m (unpublished in-house report of PGME, 2007; [21]) and is associated with ultramafic and
gabbroic rocks [19,20].

Black smokers of the Ashadze-2 field (at a depth of 3300 m) occur in a narrow (about 70 m) N–S
trending graben-like trough bounded to the east by a faulted gabbroic body [22]. To the west, it is
limited by a narrow N–S trending ridge, 20 to 50 m high, which bears numerous extinct hydrothermal
chimneys. A high resolution (up to 30 cm) topographic survey in the Ashadze-2 field revealed
a chain of hydrothermal mounds and a crater-shaped structure 20–25 m in diameter and 1–3 m
deep [22,23]. Subsequent visual observations revealed black smokers on the crater bottom, indicating
recent hydrothermal activity. The small active crater is interpreted as a submarine volcano built
up with a mixture of carbonates and secondary copper sulfides and copper chlorides. A maximum
temperature of 296 ◦C was measured for these fluids, but measurements were difficult, because the
remotely operated vehicle could not be positioned adequately in the bottom of the crater [23]. The true
temperature is therefore probably higher.

Massive sulfide chimneys are associated with the active smokers at the center of the crater [22,23].
Many inactive carbonate/sulfide mounds are also aligned along a N–S depression. Two types of
hydrothermal deposits are observed: massive copper-rich sulfides associated with the black smokers
and carbonate/sulfide chimneys. Average composition of the Ashadze-2 hydrothermal deposits is
Fe 26%, Si 11%, Cu 11%, Zn 5%, Ca 8% [22]. Among non-sulfide minerals, aragonite is dominant,
Mg-calcite is rare, and talc is common.

Five massive sulfide bodies were found within the Ashadze-2 hydrothermal field (Figure 1b)
(unpublished in-house report of PMGE, 2007; [21]). The largest ore body (number I) is approximately
125 m by 335 m in size. Massive sulfide bodies in the south (numbers III and IV) are mostly composed
of Fe-sulfides (pyrite and marcasite), whereas those in the center and far north (numbers I, II, and V)
contain significant amounts of Cu and Zn sulfides (Figure 1b). The maximum age of sulfides from the
Ashadze-2 hydrothermal is estimated at 27.3 ± 1.8 ky [21].



Minerals 2020, 10, 743 3 of 29

Minerals 2020, 10, x FOR PEER REVIEW 3 of 29 

 

 
Figure 1. Location of the Ashadze hydrothermal cluster in the Mid-Atlantic Ridge (MAR); (a) 
modified after Figure 1 in [24], position of the Ashazde hydrothermal fields within the hydrothermal 
cluster; (b) modified from [25] and schematic structure of the Ashadze-2 hydrothermal field; (c) 
simplified after an unpublished in-house report by the Polar Marine Geosurvey Expedition (PMGE), 
2007. TV—television grab station. 

Debris around massive sulfide bodies includes numerous fragments of gossans, which consist 
of poorly lithified yellow, ochreous to reddish brown aggregates of Fe-oxyhydroxides [26]. They 
replace primary sulfides and sulfide clasts mixed with sepiolite clay and contain accessory pyrite, 
Cu–Fe sulfides (isocubanite and chalcopyrite), galena, atacamite, apatite, halite, Mn-hydroxides, 
uraninite, and an identified Th–Zr mineral. 

3. Materials and Methods 

Samples of massive sulfides from the Ashadze-2 hydrothermal field were collected in 2007 
during the 30th cruise of the R/V Professor Logatchev using a TV grab at stations 30L219, 30L233, 
and 30L240 (hereafter, stations 219, 233, and 240, respectively) (Table 1). All TV grabs were 
positioned within the contours of massive sulfide bodies, distinguished according to electric 
sounding (Figure 1b). 

Figure 1. Location of the Ashadze hydrothermal cluster in the Mid-Atlantic Ridge (MAR); (a) modified
after Figure 1 in [24], position of the Ashazde hydrothermal fields within the hydrothermal cluster;
(b) modified from [25] and schematic structure of the Ashadze-2 hydrothermal field; (c) simplified
after an unpublished in-house report by the Polar Marine Geosurvey Expedition (PMGE), 2007.
TV—television grab station.

Debris around massive sulfide bodies includes numerous fragments of gossans, which consist of
poorly lithified yellow, ochreous to reddish brown aggregates of Fe-oxyhydroxides [26]. They replace
primary sulfides and sulfide clasts mixed with sepiolite clay and contain accessory pyrite, Cu–Fe sulfides
(isocubanite and chalcopyrite), galena, atacamite, apatite, halite, Mn-hydroxides, uraninite, and an
identified Th–Zr mineral.

3. Materials and Methods

Samples of massive sulfides from the Ashadze-2 hydrothermal field were collected in 2007 during
the 30th cruise of the R/V Professor Logatchev using a TV grab at stations 30L219, 30L233, and 30L240
(hereafter, stations 219, 233, and 240, respectively) (Table 1). All TV grabs were positioned within the
contours of massive sulfide bodies, distinguished according to electric sounding (Figure 1b).
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Table 1. Coordinates of TV-grab sampling stations at the Ashadze-2 hydrothermal field, MAR
(unpublished in-house report by the PMGE, 2007).

Station Number Date Time Latitude Longitude Depth, m

219 May 27 19:32 12◦59.322 44◦54.443 3281
233 May 30 01:37 12◦59.525 44◦54.411 3266
240 May 31 13:55 12◦59.504 44◦54.395 3273

Stations 233 and 240 grabbed strongly oxidized sulfide material of ore body no. 1 close to an
active hydrothermal vent (Figure 1b). Samples of station 233 (~30 kg) contained ~70% (hereinafter,
the approximate percentage is taken from unpublished in-house report by PMGE (2007), according to
on-board macroscopic description) of Fe-rich massive sulfides, ~30% of Fe–Mn oxyhydroxide and Fe–Si
sediments, and single fragments of Cu-rich massive sulfides. Samples of station 240 (~300 kg) included
80% of Cu–Zn- and Fe-rich massive sulfides, ~20% of Fe–Mn oxyhydroxide and Fe–Si sediments, and a
few pieces of black smoker chimneys. Station 219 (~60 kg) contained ~95% of altered gabbro and
peridotites with stringer-disseminated sulfides and ~5% of Fe–Mn and Fe–Si crusts. According to the
unpublished in-house report by PMGE (2007), the chemical composition of seafloor Cu-rich massive
sulfides is highly variable (stations 233 and 240, respectively): 10.20–43.88 and 16.04–37.88 wt % Fe,
13.35–33.21 and 3.75–29.63 wt % Cu, 0.07–0.77 and 0.06–3.05 wt % Zn, 0.003–0.02 wt % Pb in both
stations, 0.002–0.01 wt % Ni in both stations, 0.024–0.158 and 0.009–0.176 wt % Co, 5.03–10.08 and
0.19–10.34 ppm Au, 8.0–28.6 and 7.4–30.7 ppm Ag, and up to 289.5 ppm Sn (in one analysis). The Cu-rich
samples were examined using an Axiolab (Carl Zeiss) optical microscope and a REMMA-202M SEM
equipped with a Link ED-System at the South Urals Federal Research Center of Mineralogy and
Geoecology UB RAS, Institute of Mineralogy, Miass (IMin), Russia. SEM studies were carried out
using a 1-micron electron beam, 15 nA beam current, 20 kV accelerating voltage, and a counting time
of 120 s for peak (standard MINM-25-53, ASTIMEX Scientific Limited, mineral mount No. 01-044).
The mineral composition of massive sulfide samples was also refined on a SHIMADZU XRD-6000
diffractometer (Cu anode, graphite monochromator) at the IMin.

Quantitative LA-ICP-MS analysis of isocubanite, chalcopyrite, bornite, pyrite and covellite for
major (57Fe, 65Cu) and trace elements (24Mg, 27Al, 29Si, 43Ca, 49Ti, 51V, 53Cr, 55Mn, 59Co, 60Ni, 66Zn,
69Ga, 75As, 77Se, 88Sr, 95Mo, 107Ag, 111Cd, 115In, 117Sn, 121Sb, 125Te, 137Ba, 182W, 197Au, 205Tl, 208Pb,
209Bi, 238U) was carried out on a New Wave 213-nm solid-state laser microprobe coupled to an Agilent
7700 quadrupole ICP-MS housed at the CODES LA-ICP-MS analytical facility (University of Tasmania,
Hobart, Australia). The analyses of a isocubanite–chalcopyrite aggregate from sample 219 include only
49Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 75As, 77Se, 95Mo, 107Ag, 111Cd, 118Sn, 121Sb, 125Te,
182W, 197Au, 205Tl, 208Pb, 209Bi, and 238U.

The analyses were performed by ablating spots ranging in size from 40 to 60 µm. Laser repetition
rate was 5 Hz and laser beam energy at the sample was maintained between 4 and 5 J/cm2. The analysis
time for each spot was 100 s, comprising a 30-s measurement of background (laser off) and a 70-s
measurement with laser on. The acquisition time for all masses was set to 0.02 s. Calibration was
performed using GSD-1G (GeoRem preferred values) and STDGL2b2 [27], an in-house reference
material specifically developed to enable LA-ICP-MS analysis of chalcophile and siderophile elements
in sulphide minerals. The accuracy of LA-ICP-MS analyses calibrated on STDGL2b2 reference material
using the above analytical conditions is demonstrated to be better than 15–20% [27]. To account for the
instrument drift, the standard was analyzed twice every one hour and a half, using a 100 µm beam and
a repetition rate of 10 Hz, thus closely maintaining the aspect ratio between ablation craters on the
samples and on the standard. Data reduction was undertaken according to standard methods [28].
Iron was used as the internal standard for quantification of sulfides. Concentrations of the internal
standard were calculated assuming stoichiometry. The detection limits were calculated as three times
the standard error for the count rates of the instrument background signal (laser-off). The LA-ICP-MS
analyses were processed in the Statistica v. 10 program using correlation analysis, in order to identify
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trace element associations, which were ordered from maximum to minimum coefficient of correlation
according to method of [29]. The correlation matrices at confidence level of 95% are presented as
Table S1.

The formation of mineral assemblages of the studied samples was also examined using
thermodynamic modeling. Its initial parameters are based on sulfide mineralogy, so the details
of the modeling are provided after the mineralogical descriptions in Section 5.3.

4. Results

4.1. Textures and Mineralogy of Sulfides

4.1.1. Station 233

Cu-rich massive sulfide sample 233-3 exhibits cavernous and porous structure (Figure 2a) and
relatively simple mineral composition with variable amount of major covellite (~50–70 vol %) and
abundant isocubanite and pyrite (~50–30 vol % in total). According to XRD, the sample also contained
minor (<1 wt %) chalcopyrite, marcasite, atacamite, serpentine, and quartz, as well as natrochalcite
NaCu2(SO4)2(OH) ×2H2O and bonattite (CuSO4 × 3H2O), the presence of which is most likely related
to the laboratory oxidation of samples.

Under an optical microscope, covellite forms massive aggregates, which nearly completely replace
crystalline isocubanite (Figure 2b). Tiny (1–5, rarely, 20–30 µm in size) pyrite crystals overgrow
isocubanite–covellite aggregates and form thin (a few micrometers thick) veinlets in them (Figure 2b).
Rare radial crystalline aggregates of gangue minerals (possibly atacamite) are observed on top of some
isocubanite crystals. The sulfide aggregates are locally covered by a thin (1–5 µm thick) discontinuous
quartz rim. Extremely small (~1 µm in size) hexagonal and triangle crystals of native gold were found
in covellite and at the isocubanite–covellite contact (Figure 2c,d). Native gold in covellite contains
0.76 wt % Ag and that at the isocubanite–covellite contact has higher Ag content (3.64 wt %) (Table 2).

Table 2. Chemical composition of some accessory and rare minerals of the Ashadze-2 hydrothermal
field, wt %.

Laboratory Number
of Analysis Au Ag Pb Zn Fe Cu Se S Total

Sphalerite

27085a 58.63 6.56 0.89 33.34 99.42
27085d 59.03 6.40 0.65 33.31 99.39

Clausthalite

27085b 74.43 22.21 2.75 99.38
27085c 73.00 23.72 2.54 99.26

Galena

27085e 76.60 4.88 2.19 15.42 99.10

Native Gold

27086c * 99.24 0.76 100.00
27086b * 96.36 3.64 100.00
27089a 92.65 7.35 100.00

Due to extremely small size of grains and elements captured from host sulfides, the analyses of native gold are
recalculated to 100 wt %. Empty cells, not detected; *, analyses 27086c and 27086b, sample 233-22; other analyses,
sample 240-2.
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by crystalline pyrite (py) (b); native gold in covellite (c, point c) and at the isocubanite-covellite contact (d, 
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4.1.2. Station 240 

Cu-rich massive sulfide sample from station 240 exhibits a zonal structure with massive 
chalcopyrite-rich zone 1, massive bornite-rich zone 2 and porous bornite-rich zone 3 (Figure 3a). The 

Figure 2. Cu-rich (a) and Cu-bearing Fe-rich (e) massive sulfide samples from station 233 (on-board
photographs); crystalline isocubanite (icbn) almost completely replaced by covellite (cv) and overgrown
by crystalline pyrite (py) (b); native gold in covellite (c, point c) and at the isocubanite-covellite contact
(d, point b); zonal marcasite(mrc)–pyrite aggregates (f). Photos (b,f), reflected light; (c,d), SEM images.
Hereinafter, the mineral abbreviations follow the recommendations of [30], except for isocubanite,
native gold, and clausthalite (see below).

In massive Cu-bearing sample 233-22 (Figure 2e), major marcasite and pyrite (~50% in total) are
developed around less abundant chalcopyrite (~30%) and pyrrhotite (~20%) (Figure 2f). Marcasite and
pyrite form large (150–250 µm in size) zonal aggregates, where spear marcasite crystals in the center
are rimmed by crystalline pyrite. The latter contains numerous pores and inclusions of chalcopyrite
and gangue minerals. Some pyrite aggregates exhibit traces of radial structure emphasized by porosity.
These structures could have been the relics of former colloform aggregates of Fe disulfides (Figure 2f).
In this sample, covellite also replaces Fe sulfides forming very porous mesh aggregates.
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4.1.2. Station 240

Cu-rich massive sulfide sample from station 240 exhibits a zonal structure with massive
chalcopyrite-rich zone 1, massive bornite-rich zone 2 and porous bornite-rich zone 3 (Figure 3a).
The major minerals are chalcopyrite (~40%) and bornite (~30%); sphalerite (~20%) and pyrite (~10%)
are secondary in abudance; accessory galena, clausthalite, and native gold are observed as single grains.
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The inner zone (zone 1) ~5 mm thick is dominated by massive chalcopyrite aggregates, which 
are overgrown by sphalerite (Figure 3b). Toward the margin of the inner zone, one can observe 
individual well-formed chalcopyrite crystals, growing inward. Interstitions between massive 
chalcopyrite aggregates are filled with fine-grained (a few micrometers) chalcopyrite intergrowths. 
Sphalerite is characterized by a “chalcopyrite disease” (inclusions of ~1 μm and less) [31] and fine (~1 
μm thick) chalcopyrite veinlets. The amount of sphalerite increases toward zone 2. Pyrite occurs in 

Figure 3. A possible fragment of small Cu-rich chimney from st. 240 with massive chalcopyrite-rich (1),
massive bornite-rich (2), and porous bornite-rich (3) zones; (a, polished section) massive chalcopyrite
(ccp) of zone 1 overgrown by sphalerite (sp) (b); chalcopyrite crystals in zone 2 overgrown by sphalerite
and fine-grained pyrite and replaced by bornite (bn) (c); clausthalite (clt) inclusion in sphalerite of zone
2 (d); galena grain (point e) in sphalerite replaced by bornite (e); native gold grain in chalcopyrite (f).
Photos (b–d), reflected light; (e,f) SEM images.
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The inner zone (zone 1) ~5 mm thick is dominated by massive chalcopyrite aggregates, which are
overgrown by sphalerite (Figure 3b). Toward the margin of the inner zone, one can observe individual
well-formed chalcopyrite crystals, growing inward. Interstitions between massive chalcopyrite
aggregates are filled with fine-grained (a few micrometers) chalcopyrite intergrowths. Sphalerite is
characterized by a “chalcopyrite disease” (inclusions of ~1 µm and less) [31] and fine (~1 µm thick)
chalcopyrite veinlets. The amount of sphalerite increases toward zone 2. Pyrite occurs in zone 1 as rare
small (~10 µm) crystals and, similarly to sphalerite, its amount becomes higher in zone 2.

Zone 1 gradually transits to zone 2 up to 1 cm thick, which is dominated by bornite. In the
transition area, bornite forms thin (~5 µm thick) veinlets, which are developed in chalcopyrite
aggregates along the crystal boundaries or cleavage. In zone 2, bornite extensively replaces both
chalcopyrite and sphalerite and, in turn, is replaced by covellite (Figure 3c). In zone 2, rare sphalerite
crystals overgrowing chalcopyrite exhibit an ideal hexagonal shape in the section suggesting the former
presence of würtzite. According to SEM EDS analyses, sphalerite contains relatively moderate Fe
contents (~6 wt % or ~11 mol % FeS) and low (<1 wt %) Cu contents (Table 2).

Pyrite is much more abundant in zone 2, where it occurs as numerous inclusions in relict
chalcopyrite or forms large fine-grained or fine-crystalline aggregates around sphalerite–chalcopyrite
intergrowths (Figure 3c). This zone also contains chalcopyrite-2, which overgrows late pyrite as thin
continuous rims. Small (5 µm) clausthalite grains are found in sphalerite (Figure 4d). Clausthalite
contains S in composition (Table 2). Small galena grains are confined to the fractures in sphalerite
(Figure 3e). Galena exhibit traces of Zn and Fe in composition (Table 2). A tiny (2 µm long and 1 µm
wide) elongated native gold grain is found in chalcopyrite (Figure 3f). It contains 7.35 wt % Ag (Table 2).
Small (<10 µm) interstitial tabular barite crystals are occasionally found in zone 2. The zonal structure
of this sample, the inward growing chalcopyrite crystals, and the increasing amount of bornite toward
the outer zones indicate that this sample can be referred to as a smoker chimney fragment.
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Figure 4. Disseminated Cu–Fe sulfides (indicated by arrows) in strongly altered gabbro with
aragonite veinlets (white) (a,b); isocubanite)–chalcopyrite aggregate with typical lattice structure
(c); crystalline pyrrhotite (po) replaced by fine pyrite–marcasite aggregates and rimmed by goethite
(gth) (d). Photos (a,b), binocular microscope; (c,d), reflected light.
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4.1.3. Station 219

The studied sample from station 219 is a strongly oxidized and altered piece of gabbro with
numerous patchy sulfide aggregates, aragonite veins, and abundant crystals of minerals of the atacamite
group (Figure 4a,b). Sulfides mostly include aggregates of intimately intergrown isocubanite and
chalcopyrite with exsolution lattice structure (Figure 4c). Less abundant pyrrhotite makes up the
crystalline aggregates, which are replaced by box-like pyrite–marcasite intergrowths and by goethite
from the rims and along the crystal boundaries (Figure 4d).

4.2. Trace Element Composition of Sulfides

The TE composition of sulfides can be found in Table S1. For convenience of the description,
the TE contents are subdivided into relatively high (>1000 ppm), elevated (100–1000 ppm), moderate
(10–100 ppm), and low (<10 ppm). Below, we describe and further discuss the composition of minerals
based on median values if not specified. Since all sulfides are characterized by variable amount of
“rock-forming” elements (Mg, Al, Si, Ca) (Table S1), which are related to the inclusions of gangue
minerals, we omit their presentation in Results, but use them in Discussion to help in the understanding
of TE associations.

Pyrite from sample 233-1 is characterized by high Cu, elevated Mn, and moderate V, Co, Zn, As,
Mo contents. The contents of most other elements (Ti, Cr, Ni, Ga, Se, Sr, Ag, Cd, In, Sn, Sb, Te, Ba, W,
Au, Tl, Pb, Bi, and U) are low. Covellite, which replaces pyrite (hereinafter, covellite-A for simplicity) or
most likely a mixture of Fe sulfides (a laser beam could have caught small inclusions of marcasite and
pyrhhotite in pyrite), exhibits high Fe, and moderate V, Zn, Se, Ag, and Pb contents (Figure 5, Table S1).
The contents of Ti, Cr, Mn, Co, Ni, Ga, As, Sr, Mo, Cd, In, Sn, Sb, Te, Ba, W, Au, Tl, Bi, and U are low.

Isocubanite from sample 233-22 has high Co and Zn, elevated Se, moderate Ag, Sn, and Te,
and low Ti, V, Cr, Mn, Ni, Ga, As, Sr, Mo, Cd, In, Sb, Ba, W, Au, Tl, Bi, and U contents. Covellite,
which is developed after isocubanite (hereinafter, covellite-B for simplicity), is characterized by high
Fe, elevated Se, and moderate Co, Zn, As, Ag, Sn, and Te contents (Figure 5, Table S1). The amount of
Ti, V, Cr, Mn, Ni, Ga, Sr, Mo, Cd, In, Sb, Ba, W, Au, Tl, Bi, and U is low.

Chalcopyrite from sample 240-8 is characterized by high Co contents, elevated amounts of Ni, Zn,
and Se, and moderate contents of Ag, Sn, and Te (Figure 5, Table S1). Other elements show low contents.
Bornite, which replaces chalcopyrite, has high Co and Se, elevated Ni and Zn, moderate Ag, Sn, and Te
contents, and low concentrations of other elements (Figure 5, Table S1). Isocubanite + chalcopyrite
mixture from station 219 has high Co, Ni, and Zn, elevated Sb, and moderate As, Se, Mo, Cd, Sn, Tl,
and Pb contents (Figure 5, Table S1). The contents of Ti, V, Cr, Mn, Ag, Te, Ba, W, Au, Bi, and U are low.

Comparing to each other, pyrite of the studied Ashadze-2 samples is a main carrier of Mn;
covellite-A accumulates V, Ga, In, Ba, and W; isocubanite is characterized by the highest Co contents;
covellite-B is host to the highest Sr, Ag, and Bi contents; chalcopyrite concentrates most Au and U;
bornite has the highest amounts of Se, Sn, and Te; and isocubanite+chalcopyrite mixture contains the
highest amounts of Ni, Zn, As, Mo, Cd, Sb, Tl, and Pb (Figure 5, Table S1).

In comparison with pyrite, covellite-A is enriched in V, Cr, Zn, Ga, Se, Sr, Ag, Cd, In, Sn, Sb, Te, Ba,
W, Au, Tl, Pb, Bi, and U (Figure 5, Table S1)., Covellite-B is enriched in Mn, Ga, As, Se, Sr, Mo, Ag, Sn,
Sb, Ba, W, Au, Tl, Pb, Bi, and U relative to isocubanite (Figure 5, Table S1). Bornite after chalcopyrite is
enriched in Ti, Co, Ga, Se, Ag, In, Sn, Sb, Te, and Bi relative to chalcopyrite (Figure 5, Table S1).
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4.3. Physico-Chemical Modeling

According to the LA-ICP-MS analysis, covellite is enriched in many TEs including Au and
Pb. To assess the possible role of seawater in enrichment in Au, Pb, and a number of other TEs of
covellite, we simulated the process of its seawater-affected formation using thermodynamic modeling.
The modeling was conducted by Gibbs energy minimization using a flow reactor model in the
Selektor program [32]. The modeling uses a matrix of dependent components and thermodynamic
parameters, which have been published in [12,13]. The composition of seawater is given according
to [33]. The Ashadze-2 hydrothermal field occurs at depth of 3200 m (see above), thus the pressure in
modeling is accepted as 33.8 MPa. Both seafloor samples from stations 233 and 240 contain covellite
and Au- and Pb-bearing accessory minerals, so the starting composition of massive sulfides (Table 3)
for modeling approximately corresponds to their average composition.

Table 3. Model composition of massive sulfides.

Mineral Formula Vol% Mole/kg

Isocubanite CuFe2S3 ~30 0.988745
Chalcopyrite CuFeS2 ~30 1.593732

Bornite Cu5FeS4 ~25 0.575394
Sphalerite ZnS ~10 0.956737

Pyrite FeS2 ~5 0.4760325
Galena PbS 0.003 0.0000721

Clausthalite PbSe 12 ppm 0.0000349
Native gold Au 5 ppm 0.0000254

The volume percent of galena and native gold correspond to the minimum Pb and Au contents identified by
chemical analysis of bulk samples (see above). No data are available for Se contents of Ashadze-2 massive sulfide
samples, thus the Se content was accepted 12 ppm, which is the lowest Se contents determined for the Ashadze-1
hydrothermal field [24].

The starting modeling temperature was 350 ◦C, which is a typical temperature of black smokers [34].
This temperature could have been achieved by the Ashadze-2 fluids, which is indicated by the presence
of isocubanite and pyrrhotite and high Se contents of isocubanite and chalcopyrite (see Discussion).
Two additional modeling runs with different starting temperatures are also conducted to support our
main modeling procedure: (i) starting temperatures of 400 ◦C were chosen because of the temperature
documented at the Turtle Pits hydrothermal field, MAR (of up to 400 ◦C and more [35]); and (ii)
starting temperatures of 296 ◦C were measured at the Ashadze-2 hydrothermal field [23]. The results
of modeling run (i) are similar with those with temperature of 350 ◦C, whereas the modeling run (ii)
yields negligible amount of covellite. This is explained by the decreased solubility of Cu minerals,
which significantly drops in temperatures below 350 ◦C [36]. This result also indirectly supports
the conclusion of [23] on an underestimated temperature of 296 ◦C, as a result of unstable position
of remotely operated vehicle at the bottom of the crater during the measurement, and that the true
temperature is therefore probably higher.

It was previously shown on example of a black smoker from the Endeavour segment of the Juan de
Fuca Ridge that the internal pressure in a fluid flow is lower than the external pressure [37]. Therefore,
in case of open porosity of massive sulfides, seawater would penetrate inside and the degree of its
pumping depends on the permeability of the substrate [37]. Since the massive sulfide edifice is heated
by a deep fluid, seawater would also be heated, possibly, up to the temperature of the inner chimney
wall. This was the basic principle of the modeling of massive sulfide/heated seawater interaction at the
Ashadze-2 hydrothermal field.

The first modeling stage included a revision of equilibrium mineral assemblages and element
contents in solution at different massive sulfides/seawater (MS/SW) ratios for 350 ◦C (Figure 6).
As follows from the calculations, the low MS/SW ratios are favorable for oxidizing conditions of the
system (Eh > 0.52 V) and the precipitation of hematite. The increase in MS/SW ratio results in the
change of redox conditions (ξ = −log10(MS/SW) = 4.96) and crystallization of sulfides due to saturation
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conditions. Native gold and clausthalite in the model are registered at ξ > 2.09 and >1.04, respectively.
pH of the system for 350 ◦C remains constant (5.2–5.35) for the entire range of the MS/SW ratio.
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On the basis of these results, we chose three MS/SW ratios for modeling of conductive cooling of
the solution (Figure 6). The ξ value of 4.1 occurs in the area of saturation with respect to Cu sulfides
and ξ values of 3 and 1 reflect the increasing MS/SW ratio, and correspond to the increasing time of a
circulating fluid in the sulfide edifice. These models are based on a flow reactor method, when a mobile
reacted phase (in our case, solution) moves from one system to another under variable depending
components and external system parameters (temperature and pressure) [38]. In the model, seawater
was heated up to 350 ◦C, interacted with massive sulfides, and was then gradually cooled with a step
of 10 ◦C to the temperature of ambient seawater (2 ◦C).

Seawater heating includes two scenarios: (1) heating up to 350 ◦C and reaction with massive
sulfides in the second reservoir (Figure 7a) and (2) gradual heating with a step of 50 ◦C and reaction with
massive sulfides after each 50 ◦C (Figure 7b). In both cases, chalcopyrite and chalcocite are the most
high-T minerals precipitated from the solution at ξ values of 4.1 and 3 (Figure 7a,b), which is evident of
early saturation of the solution with respect to Cu. At the ξ value of 1, these minerals are accompanied
by sphalerite, clausthalite, and native gold under high-T conditions; however, the calculation for the ξ

value of 1 is inconsistent with natural mineral assemblage, because sphalerite generally precipitates at
lower temperatures [39].
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The increasing MS/SW ratio in the solution results in accumulation of TEs (in our case, Pb, Se,
Au), which are extracted from an enhanced amount of primary massive sulfides, and are precipitated
as accessory and rare minerals (clausthalite, berzelianite, native gold). Pyrite precipitates under low-T
(<150 ◦C) conditions and a low MS/SW ratio (ξ value = 4.1, Figure 7a,b). Covellite is stable in a
temperature range of 190–90 ◦C at a ξ value between 3 and 4.8 (Figure 7). No covellite forms at higher
MS/SW ratios. The temperature of its crystallization can increase up to 220–230 ◦C in the presence of
pyrrhotite and higher amount of pyrite (our unpublished data).

The maximum Au concentration in the solution in of scenario 1 is 2.02 × 10−7 mol/kg H2O at ξ
value of 2.1 (Figure 6). In a conductively cooling solution, Au achieves concentrations of saturation
and precipitates at ξ value of >3.9. In oxidizing conditions (ξ value > 4.6), hematite is stable (Figure 7).
The model of mineral precipitation following conductive cooling for this area shows the formation of
higher-T hematite and lower-T goethite and tenorite.

The modeling principles of equilibrated mineral assemblages allow no discussion of the
replacement processes at equal temperature. In case of the lower-T mineral assemblage, however,
we suggest that new minerals can replace those previously precipitated. This means that covellite
and pyrite are the final products of the replacement of Cu- and Fe-bearing sulfides under reducing
conditions, in contrast to Fe-oxyhydroxides and Cu oxides and carbonates under oxidizing conditions.

No chalcocite is reported from the Ashadze-2 massive sulfide samples, in contrast to the modeling
results. This difference can be related to inaccurate thermodynamic constants for high temperatures
or kinetic parameters, which significantly affect the equilibrium conditions of mineral precipitation.
No berzelianite was found in our samples; however, its formation in the modeling is expected due to
initial Se contents. In studied Ashazde-2 samples, Se is present as TE in sulfides, but modeling cannot
take into account the isomorphic state of elements in minerals.
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5. Discussion

5.1. Mode of Occurrence of Trace Elements in Sulfides

The TEs in minerals can occur as isomorphic substitutions, absorbed mode, or inclusions of other
minerals. In spite of visually “clean” analytical area under an optical microscope, the entrapment
of nano-sized or deep-seated inclusions of other minerals is expected during LA-ICP-MS analysis.
Correlation analysis both of major (Fe, Cu) and trace elements, which are ranged from maximum to
minimum correlation coefficients, can elucidate and predict the mode of occurrence of TEs, as well
as their possible origin and factors controlling their distribution [2]. Each mineral analyzed of the
Ashadze-2 hydrothermal field exhibit specific elemental association (further, association) indicating
different mode of occurrences of TEs.

5.1.1. Pyrite, Station 233

Pyrite from sample 233-1 has nine associations: I (Co–Ni–Ag–In)–II (Pb–Tl–Cd)–III (Mg–Cu–Se),
IV (Mn–Au)–V (Mo–V–Ga); VI (Sr–Ba); VII (As–Sb); and VIII (Al–Cr–U)–IX (Sn–Ca) (hereinafter,
positively correlated elements are connected by dash; for correlation coefficients, see Table S1).
Association I consists of Co, Ni, Ag, and In. Cobalt and Ni are typical TEs of pyrite, which isomorphically
substitute Fe [40]. It was reported on the presence of Ni- and Ag-bearing (but no Co-bearing)
nanoparticles of Au–Ag–As–Ni–S, Fe–As–Ag–Ni–S, and Fe–As–Sb–Pb–Ni–Au–S composition in pyrite
from various continental deposits [41]. In our case, we suggest the isomorphic state of Co and Ni in
pyrite, which is supported by their high correlation (Table S1). Silver and In are more characteristic
of chalcopyrite or sphalerite [6,10,40], which frequently occur as inclusions in pyrite, as well as the
nanoparticles of above composition [41]. In our case, Ag and In exhibit high correlations with Co and
Ni pointing to a possible isomorphic state. At least, it was suggested that trivalent In could substitute
to arsenious pyrite in a manner similar to Tl or Au [40].

Association II includes a suite of toxic TEs (Pb, Tl and Cd), which are correlated with TEs from
association I. It is considered that Pb and Cd in pyrite most often occur as nanoparticles of galena
and sphalerite, respectively [7,40,41], whereas Tl in pyrite can be a nonstoichiometric trace [40,42].
Thallium, however, is a common trace of galena and sphalerite too [4,7]. Assuming generally low
contents of Pb, Tl, and Cd and their high correlations with Co and Ni, we can speculate on their
nonstoichiometric substitution in pyrite lattice. At the same time, we cannot rule out the presence of
Tl- and Cd-bearing galena, because of analysis ma23a075, which exhibits a maximum of Pb, Tl, and Cd
contents (Table S1).

Association III has three correlated elements, two of which (Cu and Se) account for Se-bearing
chalcopyrite (Table S1) inclusions in pyrite. Their correlation with Mg may indicate the association of
chalcopyrite with talc, which is common at the Ashadze-2 field [22].

Association IV exhibits high correlation between Mn and Au. Manganese, along with Co and
Ni, can substitute Fe in the crystal lattice of pyrite. Strongly variable Mn contents (45.34–9402 ppm;
Table S1), however, are better consistent with Mn-bearing inclusions [42], most likely, Mn hydroxides,
which are essential components of seafloor hydrothermal fields [39]. Manganese often enriches low-T
colloform varieties of pyrite, as well [2]. The presence of relict colloform structures is suggested for the
inner zones of some pyrite crystals (Figure 2d), thus Mn-bearing inclusions could have been inherited
from former colloform Fe disulfides similarly tp early fine-crystalline and framboidal pyrite from the
Semenov-1 hydrothermal field (MAR) [13]. This may indicate similar entrapment mechanism of Mn
and Au under relatively low-T seawater-affected conditions (cf. [2]). The latter fact is in agreement with
related association V, which includes seawater-sourced Mo and V [43]. Positive Mn–Mo correlation
(Table S1) indicates that Mo (as well as V) could have been absorbed by Mn hydroxides [2]. Having Ga
in association V, we can speculate on Ga absorption by Mn hydroxides similarly to Ga-bearing Mn
nodules [44].
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Association VI indicates the presence of barite inclusions. The As–Sb correlation in association
VII suggests nonstoichiometric substitutions for S [40,45], since the microinclusions of As- and
Sb-bearing minerals are unexpected due to low and very uniform concentrations of As and Sb in pyrite.
Associations VIII combine TEs most likely reflecting the presence of U-bearing smectites (Al, Cr).
Association IX with Ca can reflect the possible presence of traces of anhydrite in assemblage with
chalcopyrite; both Ca and Sn have correlations with elements from association III.

A number of TEs are incorporated in no associations, and this could be because of several reasons:
(i) they have negative correlations, whereas associations are based on positive correlation values: Fe is
negatively correlated with all TEs from associations I–III or Bi is negatively correlated with V and
Mo; (ii) they exhibit much lower correlations with other TEs: e.g., Te is correlated with Sn (r = 0.72;
Table S1). Similarly, W is correlated with Mn (r = 0.75; Table S1), however, this correlation is masked
by higher Mn–Au one; (iii) they also occur as inclusions, e.g., quartz (Si), sphalerite (Zn), or anatase
(Ti). The latter is a typical alteration product of volcanic glass [46], however, its presence in chimney
material in form of low-T precipitate is reported from the Southern Juan de Fuca Ridge [47].

Some TEs probably can be of dual origin: the analysis ma23a075 with relatively high Pb, Tl, and Cd
contents (Table S1) is also characterized by the highest Cu contents accompanied by a maximum of Co
and Ni contents, which are responsible for the entrapment of most likely Co–Ni bearing chalcopyrite.
Although Ag and In are incorporated in association I due to their high correlation with Co and
Ni, they also exhibit high correlation with Cu and Sn indicating their incorporation in chalcopyrite
inclusions (see below).

5.1.2. Isocubanite, Station 233

Isocubanite exhibits nine associations: I (Ga–Tl)–II (Ag–Cu)–III (Ca–Sn); IV (Se–Te–Cd–In)–
V (Ti–Zn); VI (Mg–Bi–Sr); VII (Si–V); VIII (As–W–U); and IX (Al–Mn). Some associations can be
explained by isomorphic substitutions (I, II, IV), an absorbed mode of occurrence (VIII), or uniformly
distributed inclusions of non-opaque minerals (VI, VII, IX).

Associations I and II consists of elements, which are correlated with Cu and most likely occur as
isomorphic substitution [40]. It was recently shown that Ga prefers chalcopyrite in samples of some
continental deposits, which underwent high-T recrystallization, whereas, under low-T conditions,
it is mainly hosted in sphalerite [48]. The presence of Tl in this association is intriguing, because it
typically pertains to lower-T colloform pyrite, marcasite, galena, or sphalerite [2,7]. Nonetheless,
high-T minerals such as isocubanite or chalcopyrite can incorporate negligible amounts of Tl in the
absence of above mentioned minerals [2,49]. Association III with Ca can be attributed to the possible
presence of relict anhydrite inclusions.

Association IV includes Se, Te, Cd, and In, which, similarly to chalcopyrite, are also isomorphic
elements substituting S (Se, Te) and Fe (Cd, In) [15,40]. This association is linked to association V with
Ti and Zn. The uniform Zn contents and correlation of Zn with Cd and In (which both are correlated
with most likely isomorphic Te and Se) can be accounted for substitution of Fe as well, however,
its strong correlation with Ti is problematic to explain.

Associations VII and IX can be attributed to the possible inclusions of V- and Mn-bearing smectites.
Association VIII combines absorbed seawater-derived [15,43] U, As and, probably, W. Association V
can tentatively be explained by inclusions of a Mg- and Sr-bearing carbonate.

Some elements including Fe, Cr, Co, Ni, Mo, Sb, Ba, Au, and Pb are incorporated in no associations
for several reasons. Chromium, Ba, Au, and Pb have no correlations with other elements, probably,
because of non-uniformly distributed nanoinclusions of Cr-, Ba-, Au-, and Pb-bearing minerals (silicates,
barite, native gold, and galena, respectively). Antimony is correlated with As (r = 0.83; Table S1),
but this correlation value is lower than that between As and W (Table S1). Nickel exhibits a negative
correlation with Si (r = –0.84; Table S1).

Cobalt and Mo exhibit significant negative correlations with many elements (Table S1).
Although Co and Ni are more characteristic of Fe disulfides, Cu–Fe sulfides (chalcopyrite and,
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probably similarly, isocubanite) can host these elements as solid solutions, especially in the absence
of co-crystallized sulfides [49]. The absence of Co–Ni correlation in the Ashadze-2 isocubanite is
unusual, since it would suggest their non-isomorphic state. This is in contrast to the isocubanite from,
e.g., Semenov-2 hydrothermal field, the chemical composition of which indicates isomorphic state of
Co and Ni, due to Co–Fe, Fe–Ni, and Co–Ni correlations: 0.84, 0.65, and 0.91 (the correlation coefficients
are calculated from LA-ICP-MS data of [12]). At the same time, uniform distribution of Co contents
(Table S1) contradicts the possible presence of inclusions of Co-bearing minerals. Cobalt also exhibits
high significant negative correlations with all elements of “isomorphic” association IV (Se, Te, Cd, In),
probably, meaning a possible coupled substitution for Fe, which involves In or Cd. This suggestion
is indirectly supported by correlation between Fe and sum of Co, Zn, Cd, In, Mo, and Sn (r = 0.72;
not shown).

5.1.3. Covellite, Station 233

There are few analyses of covellite-A, so we combined both types of covellite into one
correlation matrix, which exhibits seven associations: I (V–U–Mg–Ca–Al–Tl)–II (In–Pb–Cd–Ni)–
III (Ga–Mo–W–Au); IV (Co–Bi–Mn–As)–V (Sn–Ag)–VI (Te–Se); and VII (Fe–Ba–Si). The TEs in
associations I–III are closely associated and all metals from association II exhibit high correlations with
U, V, Mg, Ca, Al, and Tl. This fact, and elevated contents of Mg, Ca, Al and Si in covellite relative to
primary sulfides, indicate the assemblage of covellite with phyllosilicates, which can be a good sink for
heavy metals (e.g., [50–53]), as well as for seawater-derived U and V [54,55]. A close link between U
and phyllosilicates is also supported by the finding of numerous uraninite grains in sepiolite of the
Ashadze-2 gossans [26].

Association III with Ga, Mo, W, and Au is also correlated with associations I and II and, similarly to
association I, contains seawater-derived Mo [43] and, probably, W [2]. The correlation of Au with
Mg, Al, Ca, V, W, Pb, and U indicates its mobilization during the synchronous formation of covellite
and phyllosilicates.

Association IV with Co, Bi, Mn and As is rather curious, but can be referred to as co-precipitating
particles of Mn oxyhydroxides, which absorb Co, Bi, and As similarly to Fe–Mn nodules and
crusts [56–58]. Associations V and VI most likely reflect isomorphic TEs for Cu (Sn and Ag) and
S (Te, Se), which is supported by their uniform distribution. Association IV with Fe, Ba, and Si most
likely belong to covellite-B, due to the captured inclusions of pyrite, barite, and quartz, assuming highly
variable Fe contents in covellite-B (Table S1). Covellite-A is characterized by much less variable Fe
contents and high negative correlation of Fe and Cu (r = −0.97; Table S1) supporting partly isomorphic
state of Fe in covellite.

Several association-free elements include Ti, Cr, Cu, Zn, and Sr (Table S1). Titanium, Cr, and Sr
are atypical TEs of sulfides, and are probably hosted in gangue minerals. Assuming the homogeneous
distribution of Zn contents in both types of covellite and an insignificant correlation of Zn and Fe
(r = 0.50; Table S1), we can suggest that Zn is also an isomorphic substitute for Cu in covellite.

5.1.4. Chalcopyrite, Station 240

Chalcopyrite exhibits six associations: I (As–Sb–Zn); II (In–Sn–Pb–Se–Te–Bi–Ni–Co);
III (Sr–Ba–Mo–Mg–V–Tl–W); IV (Mn–Au–Ti); V (Cd–Cr); and VI (Al–U). Association I most likely
reflects the associated inclusions of sphalerite and submicroscopic sulfosalts. This is in line with highly
variable Zn contents (up to 5327 ppm, Table S1). According to [40], the Zn concentrations exceeding
2000 ppm are probably a result of microinclusions of sphalerite.

Association II combines a number of TEs, which most likely occur as isomorphic substitutions [40,49],
although, e.g., Pb is more peculiar for galena inclusions [40]. In our case, their most likely isomorphic
state is supported by relatively homogeneous contents (Table S1). Association III indicates the presence
of barite (Sr, Ba) and possible Mg-silicates, which can form during the mixing of high-T hydrothermal
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fluid and seawater [39]. Some of TEs from this association (V, Sr, Ba) are positively correlated with Cu
(Table S1).

Unexpected association IV with Mn, Au, and Ti in chalcopyrite resembles association IV of pyrite
(Mn–Au), again indicating a link between Mn-bearing minerals (most likely, Mn hydroxides) and
Au. This link is supported by some indirect evidence. The enrichment in Au (0.81–16.52 ppm Au)
is identified for the low-T Fe–Mn crusts and films on the surface of sulfide samples of the Snake Pit
and Broken Spur hydrothermal fields, MAR [59]. These Fe–Mn crusts also contain detectable amounts
of Ti (0.10–0.26 wt % [59]). The bulk analyses of sulfides from Axial Seamount show the significant
Au–Mn correlation (r = 0.60), and it was suggested that Mn-coatings on fossil chimneys from many of
the deposits account for the high Mn associated with some gold-rich samples [60].

Association V with Cr and Cd is intriguing, but, assuming that Cr is also positively correlated
with Tl (r = 0.77; Table S1), we can suspect their link with association III. Association VI is similar to
association VIII of pyrite with Al and U, reflecting the presence of inclusions of U-bearing smectites.

Silver and Ga, which exhibit no correlation with other elements, are potential isomorphic elements,
substituting Cu and Fe in chalcopyrite [10,40,49]. They both have homogeneous distribution and
relatively low contents, which is in agreement with isomorphic state (Table S1). The lack of correlations
can somehow be related to the unmeasured contents of Ge, which played an important role in
coupled substitutions in chalcopyrite [61]. Correlation-free Si most likely reflects the presence of
quartz inclusions.

5.1.5. Bornite, Station 240

Bornite exhibits nine associations: I (Sr–V–Mg–Ba)–II (Fe–Ag)–III (Tl–Ti–As); IV (Se–Te)–
V (U–Mo–Au)–VI (Ni–Co–In); VII (Al–Si); VIII (Cd–Pb); and IX (Zn–Ga). Associations I and III
most likely reflect the inclusions of gangue minerals with absorbed V, Tl, and As. Association II
combines positively correlated Fe and Ag, which is rather unusual, because the latter in bornite
typically occurs as solid solution substituting for Cu [5]. Its isomorphic state in our case is supported
by a high negative correlation of Ag and Cu (r = −0.95; Table S1). The positive Fe–Ag correlation may
indicate that this substitution involves Fe as suggested, e.g., for chalcopyrite [61].

Association IV with strong positive Se–Te correlation indicates their isomorphic substitution for
S [5]. Cobalt, Ni, and In, which can isomorphically substitute for Fe [5], and resides in association VI.
These “isomorphic” associations are combined by association V with typical seawater-sourced TEs
(U and V), which are also correlated with Au. Associations VII, VIII, and IX indicate the presence of
inclusions of smectites, galena, and sphalerite, respectively.

Several elements are incorporated to none of the associations. Copper shows negative correlations
to all elements from associations I, II, III, V, and VI, which include isomorphic metals and possibly
co-forming gangue minerals. Chromium has negative correlations with Sr from association I and Mo
from association V, and can also be attributed to inclusions of gangue minerals. No correlations are
calculated for Mn, Sn, Sb, and Bi. The uniform distribution of these TEs and low contents of Mn, Sb,
and Bi are unlikely to be related to inclusions of other minerals.

5.1.6. Isocubanite + Chalcopyrite Mixture, Station 219

Isocubanite+chalcopyrite mixture shows six associations: I (Se–Ag–Cd); II (Bi–W–Sn);
III (As–Sb–Ni); IV (Ba–Au–U–Ti); V (Cr–Cu); VI (Pb–V). Association I with most likely isomorphic Se,
Ag, and Cd is attributed to isocubanite, due to similar association IV in isocubanite from station 233,
where Se is correlated with Cd. The correlation between As, Sb, and Ni in association III, strongly
varying Ni contents, and the absence of Co–Ni correlation Ni in isocubanite+chalcopyrite mixture,
indicate the presence of inclusions of Ni sulfoarsenides. Association IV represents inclusion-related
TEs: gangue minerals (barite and a Ti-bearing phase) and an Au-bearing phase.

As a result of an incomplete range of TEs analyzed and a mixture of two minerals, some of these
associations have ambiguous interpretations, e.g., associations II with Bi, W, and Sn, association V with
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Cr and Cu, or association VI with Pb and V. Associations II and IV may indicate that “ore” TEs are also
related to inclusions of gangue minerals, however, association V remains enigmatic.

Some elements (Mn, Co, Zn, Tl) show no correlations, most likely due to an incomplete range of
TEs analyzed. Iron has negative correlations with element from associations III and V. Molybdenum can
be ascribed to association IV, due to its correlation with U (r = 0.73; Table S1). The positive correlation of
Te with Au (r = 0.67; Table S1) can tentatively indicate the presence of calaverite inclusions. The latter,
for example, was found in massive sulfides from the Semenov-2 hydrothermal field [62].

5.2. Remarkable Features of TE Composition of the Ashadze-2 Sulfides

5.2.1. Pyrite

Pyrite from our samples is significantly depleted in Co (average (hereinafter, av.) 50.52 ppm) and
Ni (av. 1.58 ppm) in comparison with pyrite from many mafic-, ultramafic-, and even felsic-related
hydrothermal sulfide fields:

- Mafic-related fields (ppm, average Co and Ni contents, respectively): 110 and 11.8 at Wocan
field [17]; 392 and 1.41 at MESO field [9]; 81 and 3 at Broken Spur field; 345 and 9 at Lucky Strike field;
3946 and 3.1 ppm in sulfides from Galapagos Ridge [3];

- Ultramafic-related fields (ppm, average Co and Ni contents, respectively): 374 and 30.5 at Kairei
field; 102 and 19.3 at Logatchev field; 269 and 2.28 at TAG field; 602 and 1.12 at 5◦ S field [9]; 1200 and 1
ppm at Rainbow field [3]; up to 0.5 and 0.27 wt % Co and Ni in single EMPA analyses from Ashadze-1
field [63];

- Felsic-related fields (ppm, average Co and Ni contents, respectively): 114 and 16.0 at Hine Hina
field; 210 and 2.42 in sulfides from Brothers Volcano [9]).

The bulk Co and Ni contents of ultramafic-related massive sulfides are typically higher than those
of mafic-related mineralization, thus, Co and Ni (as well as their minerals) are considered the markers
of ultramafic-associated mineralization [64–69]. However, a number of factors affect the distribution of
Co and Ni, e.g., temperature, S fugacity, metal contents in the fluid, etc., thus, the absolute Co and Ni
contents (and even Co/Ni ratio) of minerals can be independent from the type of substrate.

The Co/Ni ratio of pyrite from the Rainbow hydrothermal field was recognized as indicative of
mafic- and ultramafic-dominated (seafloor and subseafloor, respectively) origin of sulfides: Co/Ni ratio
of >1 and <1, respectively [66]. In our case, the Co/Ni ratio of pyrite is >>1 (av. 30), which is in line
with its seafloor origin. Seafloor pyrite does frequently exhibit the Co/Ni ratio of >1 irrespectively of
the type of substrate (mafic or ultramafic) [9]. Even selected analyses of pyrite from felsic-dominated
environments either have “ultramafic-dominated” Co/Ni ratios of ~1 or <1 (e.g., Jade field or Volcano
19) or maximum Co and Ni contents, which exceed those typical of ultramafic rocks (e.g., 488 and
4552 ppm Ni and Co, respectively) [9]. All this indicates that this ratio is caused by more complex
reasons, and the host rock influence is the least reasonable explanation, as was recently suggested on
the basis of rPCA analysis of bulk composition of seafloor massive sulfides [70].

We believe that, at least, the temperature control is first responsible for the Co and Ni contents
and Co/Ni ratio of pyrite. For example, the Co/Ni ratio of seafloor pyrite from Fe-rich massive sulfides
of the basalt-associated Wocan hydrothermal field (Carlsberg Ridge) varies from 13 in early higher-T
pyrite-1 to 0.02 and 0.21 in lower-T pyrite-2 and -3, respectively (Co/Ni ratios are calculated on the
basis of average contents from Table 3 in [17]). The similar low Co/Ni ratio (0.02) is typical of low-T
colloform pyrite from black (gray) smokers of the Paleozoic Yaman-Kasy volcanic-hosted massive
sulfide deposit (South Urals) [2] or Suiyo Volcano, PACMANUS area and Axial Seamount [3].

Relatively moderate Co and low Ni contents of the Ashadze-2 late crystalline pyrite suggest that
it was deposited from moderate- to low-temperature fluid, because the Co contents in hydrothermal
fluids decreases below 350 ◦C [36]. Relatively low temperatures of formation of pyrite are also indicated
by much higher (in comparison with isocubanite, chalcopyrite, and bornite; Table S1) contents of V,
which is considered a seawater-derived element [15].



Minerals 2020, 10, 743 20 of 29

5.2.2. Isocubanite

Isocubanite of the Ashadze-2 hydrothermal field is a major carrier of Co, and the level of its Co
contents is similar to that of isocubanite from ultramafic-associated Ashadze-1 (0.61 wt % [63])
and Rainbow (0.02–0.52 wt % [66] and 0.41–0.73 wt % [71]) hydrothermal fields. Nickel in
isocubanite from these hydrothermal fields exhibitsg both negligible contents (<<1 ppm) (Ashadze-2
field), EMPA-undetectable contents (Ashadze-1, Rainbow fields) or relatively high contents up to
0.52 (Ashadze-1 field) and 0.32–0.39 wt % (Rainbow field) [24,63,66,71]. In one sample from the
Rainbow field, seafloor isocubanite is Co-free, but is Ni-bearing (0.55–0.80 wt %) [71].

The low Ni contents of the Ashadze-2 isocubanite, first of all, reflect the low Ni contents in the
hydrothermal fluid. Example of the Rainbow hydrothermal field [66] shows that the Co/Ni ratio
of Cu–Fe sulfides (both isocubanite and chalcopyrite) has no direct correlation with host rock units.
The Co/Ni ratio of the Rainbow isocubanite from stockwork samples and smoker chimneys is <1
and >1, respectively, which is in agreement with their subseafloor and seafloor origin, respectively.
However, isocubanite from selected subseafloor samples exhibit high Co/Ni ratio (1–52), which, in the
pyrite case, is typical of seafloor samples, and vice versa, according to the data of [71], some seafloor
isocubanite contains Ni instead of Co indicating Co/Ni ratio of <<1.

Isocubanite is one of the high-T (~350 ◦C) minerals to precipitate in seafloor conditions [39,72].
In our case, a number of reasons (or their combinations) can be responsible for the low Ni contents
of high-T isocubanite. First, ultramafic environment is considered to provide highly reducing
conditions [73], which are more efficient for extraction and transportion of Co [69]. This is true, at least
for seafloor conditions, because the bulk analyses of massive sulfides from the Rainbow and Logatchev
hydrothermal fields exhibit high Co and low Ni contens in seafloor massive sulfides [65,67], and vice
versa in subseafloor sulfide-bearing samples [67].

It was concluded as a result of experimental works that Ni in aqueous hydrothermal fluids
showed a pronounced dependence on the chlorinity of the fluid [74], i.e., the Ni contents increase with
increasing salinity of the fluids. In MAR ultramafic-related hydrothermal fields, the highest Ni contents
are detected in seafloor sulfides from the Rainbow hydrothermal field, the fluid of which has one of
the most phase separated Cl-rich compositions (750 mM Cl) [73]. Evidence of phase separation was
also registered at the Ashadze-1 and Ashazde-2 fields in 2007 [75]. A 2007-fluid at the Ashadze-2 field
had Cl content of 326 mM (~1.92 wt % NaCl), which is 1.65 times lower than the salinity of seawater
(540 mM) [76]. All these data could indicate that Ni-poor isocubanite from our samples crystallized
from less saline fluids, which dissolve low amount of Ni.

5.2.3. Chalcopyrite

Chalcopyrite (as well as isocubanite) from the Ashadze-2 hydrothermal field is remarkable for
high Se (av. 1166 ppm) and relatively high Te (av. 71.55 ppm) contents. Similar (within standard
deviation) Se and Te contents are detected in chalcopyrite from black smokers of the Rainbow (934 and
68 ppm, respectively) and Broken Spur (1983 and 92 ppm, respectively) hydrothermal fields [3].
Similar (within standard deviation) Se-rich but Te-poor chalcopyrite is recorded in black and gray
smokers of the Logatchev (1035 and 38 ppm, respectively), EPR 9◦11′ N (1184 and 26, respectively),
Lucky Strike (928 and 0.4 ppm, respectively), Galapagos Ridge (857 and 0.14 ppm, respectively), Menez
Gwen (1517 and 0.5 ppm, respectively), and Axial Seamount (1258 and 1.3 ppm, respectively) [3].
Chalcopyrite from clear and white smokers is typically strongly depleted in both TEs (<<10 ppm) [3].

The elevated Se and Te contents in chalcopyrite are expected in high-T conditions, which are
favorable for substitution of Se and Te for S [2,3,8,9,40,77]. Approximate temperature can be deduced
from the results of experiments of [78], which demonstrated that chalcopyrite can dissolve at least
0.5 mol % eskebornite (CuFeSe2) at 390 ◦C, which corresponds to ~2150 ppm Se. The highest Se contents
of the Ashadze-2 chalcopyrite attain 2964 ppm and we can suspect that temperature of the fluid could
have reached more than 390 ◦C, at least during the formation of Se-rich chalcopyrite grains. The high
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formation temperature of chalcopyrite is also indirectly supported higher (relative to isocubanite) Ni
contents, since Ni could have been more mobile at temperatures of >400 ◦C [69].

5.2.4. Bornite

Bornite is a common secondary mineral in seafloor hydrothermal fields, which replaces primary
sulfides as a result of waning hydrothermal activity and influence of seawater [17,18,63,65,79–81].
Primary high-T bornite is reported from Cu-rich chimneys of the Snake Pit hydrothermal field [82] and
several black smokers from the TAG hydrothermal field, where bornite is associated with chalcopyrite
and pyrite [83]. In both cases, the presence of bornite is indicative of more oxidizing conditions.

In the Ashadze-2 samples, bornite replaces chalcopyrite and sphalerite pointing to its secondary
origin, but its enrichment in a suite of “high-T” TEs (Co, Se, In, Sn, Te) relative to chalcopyrite is rather
atypical of a lower-T Cu–Fe sulfide. The contents of seawater-derived U and V in Ashadze-2 bornite
are even lower in comparison with chalcopyrite. In contrast, secondary bornite, e.g., from the Wocan
hydrothermal field is extremely enriched in U in comparison with chalcopyrite, whereas primary
bornite is enriched in Sn and In relative to secondary bornite [17].

Very few data on TE composition of seafloor bornite are available now and the comparison
is strongly limited. Nonetheless, it is evident that the Ashadze-2 bornite is extremely enriched in
Se (av. 1409 ppm) comparing to bornite from the MESO (200 ppm Se), Wocan (av. 1 ppm Se) and
Kairei (av. 372 ppm Se) hydrothermal fields [17,18,80]. On continents, a primary high-Se bornite was
found in high-T Moberg and Glava Cu–Ag–(Au)–Mo vein-type granite-associated deposits in the Late
Proterozoic Sveconorwegian province (1156 and 4617 ppm Se in Moberg bornite, and 2224 ppm Se in
Glava bornite) and Ocna de Fier Fe–Cu–(Zn–Pb) skarn deposit in Romania (1046 ppm Se) [5]. The main
difference between Ashazde-2 bornite and continental ones is the Co enrichment of seafloor bornite
and the Ag and Bi enrichment of continental bornite.

Similarly to chalcopyrite, we can suggest that the incorporation of Co, Se, and Sn into the crystal
lattice of bornite is also favored by high-T conditions. This conclusion means strong temperature
fluctuations during the formation of massive sulfide with chalcopyrite, sphalerite and pyrite/bornite.

5.2.5. Isocubanite + Chalcopyrite Mixture

This subseafloor mineral assemblage in altered gabbro is remarkable for its enrichment in several
TEs: Ni (which is typical of ultramafic rocks [69]) and Zn, As, Mo, Cd, Sb, Tl, and Pb (a suite of TEs
more typical of mafic or even felsic volcanic rocks [82,84]). In mineralogy, this sample resembles
stringer-disseminated mineralization in serpentinites and basalts of the Rainbow [66] and Snake Pit [82]
hydrothermal fields, respectively. The Rainbow minerals demonstrate similar Zn contents (0.66 wt %
in isocubanite), but lower Ni (0.26 and 0.13 wt % in isocubanite and chalcopyrite, respectively) and Co
(0.09 and 0.03 wt % in isocubanite and chalcopyrite, respectively) contents. The Zn-rich Cu–Fe sulfides
are reported from subseafloor samples of the Snake Pit hydrothermal field [85]. In subseafloor Cu–Fe
minerals both of the Ashazde-2 and Rainbow fields, the Co/Ni ratio is <1, indicating that this ratio is
more sensitive for the subseafloor mineralization, because Ni is directly extracted from silicates or
magmatic sulfides and is more effectively incorporated into subseafloor Cu–Fe sulfides [70].

As indicated in Section 5.1.6, the erratic Ni contents and positive correlation between Ni and
As and Sb most likely indicate the presence of a sulfarsenide inclusions, in particular, Sb-bearing
gersdorffite. This is a typical mineral of many continental ultramafic-related sulfide deposits, which are
considered possible fossil analogs of the present-day ultramafic-associated hydrothermal fields [69]:
Eastern Metals, Canada [86], Limassol Forest area in Troodos Ophiolites, Cyprus [87,88], Bou-Azzer
deposit in Morocco [89], Outokumpu deposit in Finland [90], Ivanovka deposit in the South Urals [91].
Abundant accessory arsenide mineralization is also typical of the Ishkinino and Dergamysh Co-bearing
massive sulfide deposits associated with ultramafic rocks of the Main Uralian Fault, South Urals [92].
In the Ishkinino deposits, gersdorffite contains up to 0.79 wt % Sb [93].
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The low (relative to seafloor Cu–Fe sulfides) Se contents and higher contents of Zn, Cd, Tl,
and Pb of isocubanite + chalcopyrite mixture indicate that (i) the temperature of the formation of this
assemblage could have been lower in comparison with its seafloor counterparts; and (ii) they were
probably sourced from the mafic domains of the hydrothermal field.

5.3. Behavior of Gold in Ashadze-2 Sulfides

Gold in the studied samples of the Ashadze-2 hydrothermal field is present in visible and
invisible forms. The SEM-visible form includes very small grains in chalcopyrite and covellite and the
isocubanite–covellite boundary. It was previously considered that gold in seafloor sulfide systems
mostly tend to the lower-T assemblages with sphalerite, barite or amorphous silica and its association
with Cu is mainly due to supergene reworking [60,94–96]. Further works revealed that native gold
can also be found in assemblage with primary Cu sulfides indicating that, under certain conditions,
high-T hydrothermal fluids can be saturated with respect to native gold [81,97–99].

The assemblage of native gold and Cu–Fe minerals in samples from stations 233 and 240 of
the Ashadze-2 hydrothermal field, from one hand, is similar to copper–gold association of Cu-rich
chimneys of the Logatchev hydrothermal field [97]. The difference lies in Ag content: no more than
2 wt % for the Logatchev gold and 7.35 wt % for the Ashadze-2 gold. We can suggest that the Ashadze-2
chalcopyrite-hosted native gold precipitated under decreasing temperature after the formation of
chalcopyrite but before the crystallization of sphalerite, which overgrows chalcopyrite. The lower
Ag contents of native gold, which was found in covellite and at the isocubanite–covellite boundary,
are in line with its possible secondary origin resulted from reworking of the earlier hydrothermal more
argentiferous gold [94,97].

The invisible form of occurrence of Au is supported by LA-ICP-MS analysis of sulfides. The lowest
Au contents are detected in pyrite, isocubanite and subseafloor isocubanite + chalcopyrite mixture.
Secondary covellite is enriched in Au relative to primary sulfides. Covellite-A, chalcopyrite, and bornite
with similar Au contents are the richest minerals with respect to gold (av. 6.23, 8.18, and 6.23 ppm Au,
respectively). The erratic Au contents in chalcopyrite and bornite indicate that gold most likely occurs
in the nano-sized gold particles. In covellite, the gold particles can have more complex occurrence
being associated with phyllosilicates, which is evident from high correlation coefficients (see above).
Correlation of Au with seawater-derived elements in covellite, bornite, and isocubanite + chalcopyrite
mixture (see above) indicates the important role of seawater during its formation.

5.4. Role of Seawater in TE Redistribution in Sulfides

It was previously shown for the Semenov-2 hydrothermal field that covellite is enriched in most
TEs relative to primary sulfides [11]. The Semenov-2 covellite replaces Zn (würtzite and sphalerite) and
Cu–Fe (isocubanite and chalcopyrite) sulfides. Both covellite types are enriched in those TEs, which are
present in primary minerals in form of mineral inclusions, and are depleted in TEs isomorphic for
primary minerals.

Covellite from the Ashadze-2 hydrothermal field behaves similarly (Figure 8). Both covellite types
are enriched in most TEs relative to primary sulfides. The enrichment in U, V, Mo, W, and, partly, As,
supports the involvement of seawater during the formation of covellite.

Both covellites are depleted in Co, which substitutes for Fe in primary sulfides (Figure 8). The Ni
contents are low in both primary sulfides and covellite-A and -B. Covellite-A is also depleted in As,
which is isomorphic TE of pyrite. Other TEs in pyrite most likely reside as inclusions of other sulfides
(sphalerite, chalcopyrite, galena), native gold, barite, or silicates (see Section 5.1.1), which can be
dissolved by heated seawater during the replacement processes and formation of covellite.
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In covellite-B, Co, Zn, Ga, Cd, In, and Te, which are referred to as isomorphic TEs in isocubanite,
are also removed from the system, whereas Se, Ag, and Sn (isomorphic TEs of isocubanite as well)
exhibit higher contents in covellite-B. The enrichment in Se, Ag, and Sn of covellite-B can probably
indicate the dual mode of occurrence of these TEs: isomorphic and inclusion-related (e.g., clausthalite,
native gold or stannite). The latter, for example, is a typical mineral of the MAR ultramafic-hosted
hydrothermal fields [100].

The thermodynamic modeling shows that the mineral assemblages, which form as a result of
MS/SW interaction and further conductive cooling of the solution, mainly depend on temperature,
the presence of open porosity, and MS/SW ratio. In case of low MS/SW ratios and local equilibrium,
accessory and rare minerals (e.g., native gold and galena) would be dissolved being further incorporated
in newly formed minerals (e.g., covellite).

6. Conclusions

Trace element composition of sulfides from Cu-rich massive sulfide samples of the Ashadze-2
hydrothermal field is a result of influence of several important factors: local formation conditions,
seawater entrapment, and host rocks. For local formation conditions, in particular, temperature plays
a key role in the enrichment of primary sulfides in some trace elements. The high-T isocubanite from
seafloor massive sulfides is strongly enriched in Co and, locally, in Se and the temperature of its
deposition could have reached more than 350 ◦C. Secondary bornite, which replaces chalcopyrite, is also
enriched in Se indicating its possible high-T formation conditions as well. Pyrite, which crystallized
from moderate- low-T fluids, is depleted in many trace elements, including Co and Ni.

Covellite, which replaces sulfides, is generally enriched in trace elements relative to primary
minerals, which reside in primary sulfides in form of mineral inclusions (e.g., native gold, galena,
clausthalite) and is depleted in most isomorphic TEs of primary sulfides. Covellite is always rich in
seawater-derived elements (U, V, Mo, W, and, locally, As) indicating the important role of seawater
in its formation. Some trace element correlations advocate that, under certain conditions, metals can
partition to gangue minerals as well. It is suggested that covellite shares some toxic (Pb, Cd, Tl, Ni)
and precious (Au) trace elements with closely associated phyllosilicates. Subseafloor Cu–Fe sulfides in
strongly altered gabbro are surprisingly enriched in Zn, Pb, Cd, and Tl, which could have been sourced
from the mafic domains of the hydrothermal field.

Gold enriches all Cu–Fe and Cu sulfides, and occurs as finest and mostly nano-sized particles.
The assemblage and composition of native gold probably indicate the presence of two generations:
primary Ag-bearing gold associated with chalcopyrite and bornite and supergene purified gold
associated with covellite (and possibly with phyllosilicates). The thermodynamic modeling supports
an idea of the dissolution of accessory minerals (e.g., native gold and galena), which are affected by
heated seawater, and the presence of metals (Au, Pb) in solution during the precipitation of covellite.
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Although Co and Ni are traditionally considered the markers of ultramafic-related seafloor
mineralization, the behavior of these metals much more strongly depends on the local formation
conditions and morphological types of sulfides. In spite of the ultramafic environment, Ni in Ashadze-2
seafloor sulfides exhibits low to moderate contents and significantly enriches the subseafloor Cu–Fe
sulfide aggregates. The use of the Co/Ni ratio for discriminating mafic- and ultramafic-associated
sulfides often yields controversial results and, thus, is not warranted.
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