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Abstract: The internal structure of Seafloor Massive Sulfides (SMS) deposits is one of the most im-
portant and complex issues facing the study of modern hydrothermal ore systems. The Semenov-5
hydrothermal field is a unique area where mass wasting on the slope of the oceanic core complex
(OCCQ) structure exposes the subsurface portion of the deposit and offers an exceptional opportunity
to observe massive sulfides that have formed not only on the seafloor but in sub-seafloor zones
as well. This paper examines the internal structure of the OCC-related Semenov-5 hydrothermal
field along with analysis of the mineralogy and chemistry of different parts of sulfide deposit. The
seafloor deposit is comprised of pyrite, marcasite, hematite, goethite, lepidocrocite, rare pyrrhotite,
isocubanite and Co-rich pyrite. Sulfide chemistry indicates the prevailing influence of ultramafics
on their composition irrespective of the spatial relation with basalt lavas. Sub-seafloor mineraliza-
tion is associated with ultramafic rocks and is represented by massive and disseminated sulfides.
Pyrrhotite, isocubanite, pyrite, chalcopyrite, Co-rich pyrite, quartz with rutile, quarts with hematite
and Cr-spinels are fixed in massive subseafloor mineralization. The presence of Cr-spinels as well as
a very high Cr content are regarded as indicators of the metasomatic nature of this part of the deposit
that had formed as a result of ultramafic replacement. As a result, three zones of a hydrothermal
ore-forming system have been described: massive sulfides precipitated from hot vents on the surface
of the seafloor, massive sulfides formed due to replacement of ultramafics below the seafloor and dis-
seminated sulfide mineralization-filled cracks in hosted rocks which have formed stockwork around
metasomatic massive sulfides. Despite differences in the mineral and geochemical composition of
sub-seafloor and seafloor mineralization, all minerals subject to the sample formed as a consequence
of fluid circulation in ultramafic rocks and were linked by a common ore-forming process.

Keywords: seafloor massive sulfides; Mid-Atlantic Ridge; hydrothermal processes; mass wasting
landslide processes; reconstruction model

1. Introduction

One of the most complicated issues in the study of seafloor massive sulfides (SMS) is
the modeling of the internal structure of ore bodies and the sequencing of their formation.
The structure of the hydrothermal ore system is determined by the geological setting that
involves the structural and tectonic characteristics of the area and the composition of
host rocks. Within the Northern Equatorial Mid-Atlantic Ridge (NEq MAR), up to half
of the hydrothermal fields and SMS deposits are related to tectonic segments with deep-
seated gabbro-peridotite rocks exposed at the slopes of rift valley. The ultramafic hosted
fields (from North to South), Logatchev, Semenov, Irinovskoye, Ashadze and the recently
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discovered Molodezhnoe and Korallovoe, are distributed along the NEq MAR from 13° to
15° N (Figure 1A).
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Figure 1. Semenov hydrothermal area. (A) The regional bathymetry of the MAR segment between
15-20 and Marathon fracture zones and the location of the hydrothermal fields. The box corresponds
to the area of (B). (B) Morphostructural setting of the Semenov hydrothermal fields. (C) Interpretative
cross-section of the MAR rift valley in the Semenov cluster (modified from Pertsev et al. [1]); vertical
exaggeration 3:1.

Up until now, knowledge of the internal structure of SMS deposits is based mainly on
drilling results and is very scarce compared to investigations of the internal structure of
land deposits [2]. There are data from the International Ocean Discovery Program (IODP),
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BLUE MINING and Nautilus Minerals which present the 3rd dimension of SMS deposits
related to basalt hosted within MAR and arc-back-arc settings [3-9]. However, there is
no direct information about internal structure for ultramafic-hosted deposits Geophysical
data that can provide indirect information about this issue are also rare for them [10].
Direct observation of the internal structure of ore bodies is virtually nonexistent. Mass
wasting landslides can offer an exceptional opportunity to observe the surface part of
an ore body that is composed of massive sulfides and the subsurface zone as well. Such
an opportunity arose in the area of the Semenov-5 (S-5) hydrothermal field at 13°31’ N,
where a slope landslide led to the exposure of the subsurface part of the deposit. The
mineralogy and chemistry of sulfides recovered from the outcropped zone allowed for
modeling its inner structure and for reconstructing the ore-forming processes involved in
an ultramafic-hosted SMS deposit. Here, we present the first detailed data related to the
mineralogy and geochemistry of massive sulfides for Semenov-5.

2. Previous Study and Geological Setting of the Semenov-5 Hydrothermal Field

The Semenov-5 hydrothermal field, as a part of the Semenov cluster, was discovered
in 2009 during the cruise of the R/V Professor Logatchev [11], two years after the discovery
of the first four Semenov fields in 2007 [12-14]. The study of the Semenov deposits
between 2007 and 2009 included sampling by TV-grab and dredge, video-profiling and
SP measurements. Bathymetry was provided by hull-mounted multibeam echosounding.
Several papers related to mineralogy, chemistry and sulfide dating resulted from these
expeditions [14-19].

The next study of the Semenov area, in 2013, was conducted during the ODEMAR
cruise onboard the N/O Pourquoi Pas (IFREMER, France) [20]. Microbathymetry data for
the area was collected by an autonomous vehicle (AUV) and geologic observations and
sampling from a towed vehicle (ROV). Based on this data, the tectonic structure, evolution
and the nature of oceanic core complexes were presented in a paper by J. Escartin et al. [20].
Landslide processes at the northern slope of the dome structure were also detected during
this cruise.

The Semenov deposits was recently visited in 2022 on the R/V James Cook (SOC, UK)
as part of the ULTRA program [21]. In this expedition, visual observations from AUV and
ROV, geophysical surveys, and drilling were carried out. The results of this cruise have not
yet been published.

The Semenov hydrothermal area is located at a latitude of 13°30’ N on the western
flank of the MAR second order segment between the Fifteen-Twenty and Marathon fracture
zones (Figure 1A) and represents a smoothed crest of an east-west elongated corrugated dome-
shaped structure identified as an oceanic core complex (OCC) (Figures 1B,C and 2) [1,14,22-25].

The OCC formation is attributed to long-term slips with exhumation of deep-seated
rocks along large-scale detachments [22-29]. The 13°30’ N OCC detachment surface is
disrupted by normal faulting, fissuring and mass wasting (Figure 2). The corrugated dome
is composed mainly of peridotites/serpentinites, with a minor occurrence of gabbro. It
is partially covered by a relatively thin flows of basalts, e.g., samples of very fresh basalt
lavas as well as plagiogranites that were recovered from the summit surface [1,14,20].

The Semenov-5 field lies on the northern slope of the dome structure at depths of
2200-2250 m (Figure 2b) and is hosted by hydrothermally altered (serpentinized) gabbro-
peridotites and fresh basalts. The dimensions of the field are estimated by video profiling
to be 1200 x 650 m. No signs of current hydrothermal activity are detected. The dome
surface at the southern part of the S-5 area is affected by mass wasting, with coalescing
crescent-shaped and steep slump scarps associated with debris deposits downslope [20].
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Figure 2. The 13°30’ N OCC detachment surface. (a) Three-dimensional views of the 13°30’ N OCC
microbathymetry showing the different structural domains together with other morphologic features
according to ODEMAR data [20]. The box corresponds to the area of (b). (b) Location of the Semenov
5 field at the northern slope of OCC and position of TV-Grab and dredge stations. Field outlines are
determined by video profiling [12,13].

3. Materials and Methods

In total, 55 kg of massive and disseminated sulfides were recovered by TV grab (st. 372,
373) and by dredge (st. 242) and initially described on board RV Professor Logatchev
in 2007.

The major and minor mineralogical phases were identified using reflected light mi-
croscopy. Whole rock chemistry analysis for 20 subdivided samples was performed at
VNIIOkeangeologia, St. Petersburg, Russia.

SiO; was analyzed by a standard photometric method using a Shimadzu uv-1650-
pc spectrometer (Shimadzu, Kyoto, Japan). Samples were decomposed by melting with
sodium carbonate. SiO, content was estimated using the product of reduction of the
yellow complex of silicon-molybdenum heteropoly-acid. Ascorbic acid is a reducing agent.
Concentration of S is determined by gravimetric method and precipitation with BaCl,.

Elements such as Fe, Cu, Zn, Pb, Cd, Ag, Ca, Mg and Al were determined by atomic
absorption spectroscopy (brand C-155 spectrometer with flame atomization). Quality
control at the laboratory of VNIIOkeangeologia was performed by analysis of state standard
(GSO) of water metal solutions (7254-96-Fe, 7255-96 Cu, 7256-96 Zn, 7252-96 Pb, 7472-98 Cd,
842-2002 Ag).

Minor geochemical elements Co, Ni, Bi, Se, Te, In, Ge, Ga, Sb, As, Sn, Mo, V, Cr, U
and Ba were analyzed with an Agilent 7700 quadrupole inductively coupled plasma-mass
spectrometer at VSEGEI, St. Petersburg, Russia. The test portion of a sample was 100 mg.
Samples were digested in high-density graphite or glass carbon autoclaves using 5 mL
HNOj + 5 mL HCIO;4 and 10 mL HF at 180 °C. All the pure acids used for digestion were
additionally purified in a BSB-939-IR apparatus (Berghof, Germany). The water for dilution
was deionized in a DEMIWA 20-100 roa Watek Water Purification System (Watek, Lede¢ nad
Sazavou, Czech Republic). Both instruments were calibrated with references provided by
the spectrometer manufacturers. Quality control was based on analysis of control samples
from the International Geoanalytical Proficiency Testing Program, complying with ISO
17025 standards. To quality check the precision of the method, a state-certified sample of
RUS-4 and a sample of SAAR-L2 (USA) from round 37A of the International Geoanalytical
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proficiency-testing program were used. The enlarged uncertainties (K = 2) of precision for
all analyses did not exceed 30%.

The whole rock Au content in 15 samples was determined by Atomic Absorption
Spectroscopy (AAS) at the Central Laboratory of VSEGEI with the aid of a Perkin Elmer
Analyst-800 spectrometer. Quality control was performed by analysis of the state standard
(GSO) of flotation concentrate for Au-bearing sulfides CZK-3 (2739-83 Au).

Duplicate analyses were performed on 10% of the samples and the average error did
not exceed £1% for all techniques.

Major element analyses of ore-forming minerals were carried out on a Hitachi S3400N
scanning electron microscope (SEM) equipped with an AzTec Energy 350 energy dispersive
X-ray spectroscopy (EDX) detector and an INCA 500 wavelength dispersive X-ray spec-
troscopy (WDX) detector based at the Geomodel Center (St. Petersburg State University,
Saint Petersburg, Russia) using an acceleration potential of 20 kV, a beam current of 2 or
10 nA and a spot size from 3-5 um for the EDX and WDX procedures, respectively. The
following standards were used: Bi, Te, Au, Ag, Ni, Cu, In, As, Sb, Zn, Fe, FeS, and Mo
standards by Geller microanalytical laboratory and Bi, Se, FeS, and CaSO4 by MAC (Micro-
Analysis Consultants, Ltd., Cambridgeshire, UK). The thin-sections were carbon-coated for
SEM analysis and imaged using backscattered and secondary electrons (BSE).

4. Results

Geological samples were recovered from different parts of the Semenov-5 deposit. The
dredge at st. 242 crossed the outcropped landslide zone in the northern part of the field from
the bottom of the slope towards to top and collected massive sulfides, vein-disseminated
mineralization and altered gabbro-peridotites (gabbroids, serprentinites). Massive sulfides
with basalts were sampled from the southern upper zone close the top of the dome (st. 372
and 373) (Figure 2b). Results of mineralogical and chemical analysis of samples from all
stations are presented below.

4.1. Mineralogy

Samples recovered from the Semenov-5 hydrothermal field are characterized by a
large variety of sulfides and other minerals (Table 1).

Table 1. Mineral composition of samples from Semenov-5 hydrothermal field.

Samples 242-1 242-2 372 373
Contact of Contact of
Zones Lfyer Sulfides with the PE;C:_p Sulfides with PE;CE};p
Y Rock Y the Rock Y
Minerals 1 171 1/1a 1/1b 1/2 1/3 2/3 2 2/1 2/2 1 1 3 31 4
Pyrrhotite Fe;_«S X
Pyrite FeS, e o R o I o +++ o S A e s e =
Marcasite FeS, X X X + 4+
Chalcopyrite CuFeS; + + ++ ++ +++  +++ ++ +H+ X X X X
Isocubanite CuFe,S;3 ? X
Secondary Cu sulfides « N N . . N
(Bn,Cv)
Sphalerite (Zn,Fe)S X X X +
Crespinels X X X X X X X X X X
(Fe, Mg)(Cr,ALFe);04
Rutile TiO, X X X X X
Quartz SiO; + + + + + + +++ ++ ++ ++
Baryte BaSO4 X + + + 4+
Hematite Fe;O3 X ++ + T+
Goethite FeO(OH) X + + + 4+
Lepidocrocite

v-Fe**O(OH)

Notes: +++ major minerals, ++/+ minor minerals, x rare minerals.
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The description of sulfide mineralogy successively for three stations (242, 372 and 373)
is presented below.

4.1.1. St. 242

Massive sulfides from st. 242 were represented by two samples. The main feature of
these samples is the well-defined contact of massive sulfide with altered host-rock (Figure 3).
The major sulfide minerals are pyrite and chalcopyrite; minor minerals include pyrrhotite,
marcasite and sphalerite.

& )

/ia

Figure 3. A general view of sample 242-1 with zonal texture.

Sample 242-1 has a distinct zonal texture with altered rock and massive sulfides
(Table 1, Figure 3). The hydrothermally altered rock is partially or completely leached. The
massive sulfide is represented by pyrite and chalcopyrite-pyrite layers. At the contact of
sulfides with rock, a porous-layered aggregate of thin quartz-pyrite veinlets is identified.

The pyrite layer (up to 7 cm) is comprised of porous, dendritic pyrite. Pyrite is
fine-grained in the center of the dendrites and course-grained at the edges. A number of
structures of pyrrhotite tabular replacement appear only as contours in pyrite or incom-
pletely filled tabular formations (Figure 4a). “Bird’s eye” textures were found in this layer
(Figure 4b).

Closer to the next layer, pyrite aggregates are composed of intergrown subhedral zonal
crystals (Figure 4c). On the walls of voids, crystals are usually euhedral. The smallest grains
are sphalerite (from 0-0.5 mm) and sometimes traced along zones in pyrite. Rare small
grains of chalcopyrite were also detected. Fragmented grains of Cr-spinels are constantly
presented in pyrite. Cr-spinels exhibit traces of alteration: border rims are observed along
the cracks, differing in color and composition (Figure 4d). The changing in Cr-spinels’
composition will be described below. A disseminated xenomorphic quartz does exceed 2%
in this zone. The composition of sulfide minerals are given in Table 2.
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Figure 4. Microstructures of sample 242-1. (a) Pyrite (Py1), trace of tabular pyrrhotite completely
replaced by pyrite, (Py2) and chalcopyrite (sample 242-1). (b) “Bird’s eye” structure in composed by
Py2 (sample 242-1/1). (c) Zoned pyrite crystals (sample etched with concentrated nitric acid with
fluorite powder) (sample 242-1/1b). (d) Fragmented grains of Cr-spinels in pyrite (sample 242-1/1).

Table 2. Average chemical composition of sulfides from st. 242.

Mineral Element (wt %)

(Number of Analyses, n) Fe Cu Zn S (o) Si Total
Fe-sphalerite (39) 10.27 - 56.12  33.40 - - 99.79
Chalcopyrite (47) 31.37 33.68 - 34.49 - - 99.54

Secondary Cu sulfides (18) 2.32 57.13 - 32.54 8.20 - 100.19
Quartz (27) - - - - 5093  48.92 99.85

Notes: - not detected.

The chalcopyrite-pyrite layer (up to 10 cm) is comprised of xenomorphic fine-medium-
grained chalcopyrite intergrown with round, lumpy;, fine-grained pyrite aggregates (Figure 5a).
Coarse-grained (up to 0.5 mm) and subhedral chalcopyrite forms rims of channels where
the smallest impregnation of primary unaltered pyrrhotite can be occasionally observed
(Figure 5b).

There are relics of pyrrhotite in pyrite accumulations up to 5 mm in size. The pyrite
is relatively coarse-grained, euhedral and cubic around a canal. Quartz (up to 5 vol. %)
is scattered, fine-grained and often euhedral. Large, fragmented Cr-spinel crystals occur
sporadically. Cr-spinels alter at different degrees. Alteration and border rims develop
partly in the central area. The most strongly altered fragments of Cr-spinels crystals have a
corroded, skeletal surface (Figure 6a).
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Figure 5. Chalcopyrite-pyrite layer in sample 242-1. (a) Chalcopyrite-pyrite intergrowths (sample
242-1/2). (b) Massive aggregate of coarse-grained chalcopyrite with primary unaltered pyrrhotite
(sample 242-1/2).

250um

Figure 6. Cr-spinels in sulfide fragment 242-1. BSE images. (a) Cr-spinel intergrowths with Ni-Co
pyrite. (b) Cr-spinels with alteration rims.

Pyrites from pyrite and chalcopyrite-pyrite layers have a different chemical composi-
tion (Table 3).

Table 3. Variations in the pyrite compositions from st. 242 (wt %).

Element (wt %)

S Fe Co Ni Cu Zn Cr Total
Pyrites from pyrite layer, n = 198

Average 52.78 47.02 0.43 0.47 0.35 - 0.32 100.05

Min 45.92 45.40 0.01 0.05 0.04 - 0.27 98.69

Max 54.97 54.08 1.08 1.11 1.16 - 0.37 101.77

Frequency of occurrence 1o 10, 100vol%  15vol%  14vol% 13 vol% - <1vol%
in a layer
Pyrites from chalcopyrite-pyrite layer, n = 297

Average 52.27 46.17 0.78 0.56 0.71 0.37 1.45 100.31

Min 47.37 42.37 0.02 0.04 0.08 0.18 0.32 98.38

Max 54.04 50.36 2.97 2.01 4.80 0.56 4.06 101.80

Frequency of occurrence

. 100 vol.% 100vol.%  62vol.%  61vol%  63vol%  <lvol%  <lvol%
in a layer

Notes: - not detected.

The pyrites of the pyrite layer are mostly characterized by close to stoichiometric
composition. Only 13%-15% of all pyrite analyses from the pyrite layer contain Co
(0.01-1.08 wt %), Ni (0.05-1.11 wt %) and Cu (0.04-1.16 wt %). In the chalcopyrite-pyrite
layer, impurities in pyrites are more common (61%-63% of all pyrite analyses) and the
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contents of Co, Ni and Cu are much higher: 0.02-2.97, 0.04-2.01 and 0.08-4.80 wt %, respec-
tively. Another impurity in pyrites of both layers is Si, whereas Zn and Ti were found in
the chalcopyrite-pyrite layer as well.

The sample 242-2 has a structure similar to 242-1 with some differences (Figure 7). The
pyrite layer is much thinner and there are no pyrite tabular crystals replacing pyrrhotite
with a “birds-eye” structure. The layer is represented by accumulations of porous-layered thin
quartz-pyrite veinlets. The transition from pyrite to chalcopyrite-pyrite layer is gradual.

Figure 7. A general view of sample 242-2 composed of pyrite, chalcopyrite and altered rock.

The chalcopyrite-pyrite layer has a structure quite similar to the 242-1 sample described
above. Moreover, there is also isocubanite with a chalcopyrite exsolution (Figure 8a).

On rare occasions, isocubanite is replaced by porous pyrite. (Figure 8b). Chalcopy-
rite around a void (assuming as microchannel for supplying hydrothermal fluid) has an
exsolution structure and primary pyrrhotite grains (Figure 8c). The main difference is the
abundance of quartz (up to 25 vol. %). Dipyramidal euhedral quartz crystals are dissemi-
nated in the sample and accumulate, forming rims around the o-shaped voids (assuming
as microchannel for hydrothermal fluid). There are a lot of acicular rutile (Figure 8d) and
spherulite of hematite (Figure 8e). Euhedral cubic pyrite is related to quartz accumulations.
Acute-angled fragments of Cr-spinels are present everywhere (Figure 9a,b).

The vein-disseminated mineralization in sample 242 is represented by thin quartz-
pyrite and pyrite veins (Figure 10), as well as dissemination of pyrite, pyrite-sphalerite
intergrowths and Cr-spinels in hydrothermally altered ultramafic rock (Figure 11). Cr-
spinels have a border rim differing in color and composition. The chemical composition of
minerals is represented in Table 4. Based on microprobe analysis, the altered ultramafic
rocks are made up of enstatite (MgO = 31.5%, SiO; = 65.3%, Fe;O3 = 3.2%).
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Figure 8. Chalcopyrite-pyrite layer in sample 242-2. (a) Lattice isocubanite in chalcopyrite grains
(sample 242-2/2). (b) Porous pyrite (Pyl) and lattice pyrite (Py2) formed after leached isocubanite.
BSE image. (c) Lattice texture of exsolved isocubanite with chalcopyrite. Primary pyrrhotite in
chalcopyrite around a void (sample 242-2). (d) Rutile in quartz (sample 242-2/1). (e) Hematite grains
in quartz around a void. BSE image.

Table 4. Average chemical composition of minerals from vein-disseminated samples.

Mineral Element (wt %)

(Number of Analyses, 1) Fe Cu S Ni Co o Si Mg Al Cr Mn  Total
Pyrite (11) 45.66 - 52.72 1.41 1.29 - - - - - - 101.08
Chalcopyrite (5) 30.91 32.98 34.01 0.43 0.24 2.92 - - - - - 101.49

Oxides (wt %)
FeO NiO CoO SiO; MgO Al,0; Cr,0; MnO Total
Enstatite (5) 3.33 - - 66.45 31.25 - 0.22 - 101.25
Cr-spinels. Core (3) 15.06 - - - 13.48 28.11 38.57 648  101.70
Cr-spinels. Rims (2) 63.81 0.87 0.70 0.74 0.90 2.15 2573 642 101.32

Notes: - not detected.
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b

Figure 9. Porous Cr-spinels in sulfide sample 242-2. BSE images. (a) Acute-angled fragments of
Cr-spinels in porous pyrite. (b) Acute-angled grain of Cr-spinels.
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Figure 11. Vein-disseminated mineralization. (a) Pyrite grains and Cr-spinels in hydrothermally
altered enstatite. (b) Pyrite grains and Cr-spinels in hydrothermally altered enstatite. BSE image.
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Cr-Spinels from St. 242

Chromian spinel (Cr-spinels) is a common accessory in peridotitic rocks and their
alteration during the serpentinization of peridotites with the formation and alteration of
ferritchromite (=magnetite) rims on primary Cr-spinels grains [30]. The composition of
Cr-spinels from st. 242 is not homogeneous due to significant variations in Mg, Al, Fe and
Cr contents (Table 5).

Table 5. Variations in Cr-spinels composition from st. 242 (wt %).

Frequency of
Cr-Spinels
o Mg Al Cr Fe Si Ti A Mn Cu Zn S Occurrence in
Py Cph-Py
Layer Layer

Primary Cr-spinels from peridotites [12,13]
Average 35.88 8.08 14.99 26.35 14.70 - - - - - - -

Primary Cr-spinels from SMS: Fe = 10%-17%; Mg + Al > 20%; Cr/Fe > 2; n =59
Average 32.77 8.83 15.97 28.72 13.49 - - - - - - -
Min 31.10 6.37 13.49 23.48 11.09 - - - - - - - 80% 36%
Max 34.92 9.80 18.32 31.90 19.85 - - - - - - -

Slightly hydrothermally altered Cr-spinels from SMS: Fe = 17%-26%; Mg + Al = 10%—20%; Cr/Fe =1-2; n = 26
Average 30.55 5.10 9.69 32.66 21.31 - - - - - - -
Min 28.29 3.06 6.05 27.16 17.54 - - - - - - - 7% 24%
Max 33.74 6.81 14.05 39.74 27.00 - - - - - - -

Strong hydrothermally altered Cr-spinels from SMS: Fe > 26%; Mg + Al < 10%; Cr/Fe < 1;n =43
Average 27.35 1.77 3.36 28.97 33.50 1.80 0.50 0.45 1.65 2.19 1.53 1.20

Min 23.35 0.31 0.50 20.07 21.95 0.13 0.21 0.22 0.69 0.14 0.64 0.23 13% 40°%
Max 31.85 4.64 8.15 36.81 48.12 9.11 1.19 0.85 3.77 7.94 2.85 5.19 ° °
Frequency 77 58 42 58 42 44 60

of trace elements occurrence, vol.%

Notes: - not detected.

The grains of Cr-spinels are mainly characterized by a zonal structure that is repre-
sented by a core and an alteration of the outer rim (Figure 6b). There are some grains
characterized by a porous, altered texture without the zonal structure (Figure 9). Correla-
tion analysis indicates that Mg and Al have a strong correlation (coefficient corr. + 0.97), but
Fe has a negative relationship with them (—0.95 and —0.94, respectively). The relationship
between elements are clearly shown in the graph Mg + Al versus Fe (Table 5, Figure 12).
Cr-spinels can be separated by variations of Mg, Al and Fe contents into three groups.

Cr-spinels of the group I are characterized by a high Mg content (avg. = 8.79 wt %)
and Al (avg. = 15.64 wt %), low Fe (avg. = 13.63 wt %) and correspond completely to
the primary peridotite Cr-spinels [12,13,30]. Trace elements were not detected. This type
comprises the only core of the grains examined that predominate in the pyrite layer.

Cr-spinels from group II are characterized by Mg decreases (avg. = 4.99 wt %) and
Al (avg. = 9.55 wt %) under increasing Fe (avg. = 21.85 wt %). Trace elements were not
detected. This type was mainly found in slightly altered outer rims. Cr-spinels of group II
are mainly related to the chalcopyrite-pyrite layer.

Cr-spinels of group III are characterized by the highest Fe content (avg. = 33.78 wt %)
and the lowest contents of Mg (avg. = 1.22 wt %) and Al (avg. = 3.07 wt %). In some
samples, the concentrations of Mg and Al are 0.01 wt %. Half of analyzed Cr-spinels
are enriched in Si (avg. = 1.83 wt %), Ti (0.5 wt %), Mn (1.94 wt %), V (0.44 wt %), Cu
(2.19 wt %), Zn (1.5 wt %) and Cl (0.89 wt %). This type of Cr-spinel is composed of porous
highly altered grains and predominates in the chalcopyrite-pyrite layer.

All Cr-spinels examined could be attributed to the primary unaltered and secondary
hydrothermally altered types. Secondary hydrothermally altered Cr-spinels are character-
ized by a distinct degree of alteration, which is reflected in their composition. Hydrothermal
alteration initiates a progressive Mg and Al loss at increasing Fe and is formed owing to
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very extreme conditions (such as higher fluid /rock rations, more oxidizing fluids and/or
more prolonged fluid-rock interaction) [30].

@ Primary Cr-spinels from peridotites

I group @ Cr-spinels from pyrite layer

Primary Cr-spinels

X Cr-spinels from chalcopyrite-pyrite layer
W Cr-spinels (core) from vein-disseminated sample

A Cr-spinels {outer rims) from vein-disseminated sample

II group
Slightly hydrothermally
altered Cr-spinels

III group
Strong hydrothermally
altered Cr-spinels

15 20 25 30 35 40 45 50

Fe, %

Figure 12. Variations of Cr-spinels composition in axes Mg + Al and Fe. Group I (primary Cr-spinels)
Fe = 10-17 wt %, Mg + Al > 20 wt %, Cr/Fe > 2; group II (slight hydrothermally altered Cr-spinels)
Mg + Al = 10-20 wt %, Fe = 17-26 wt %, Cr/Fe = 1-2; group III (strong hydrothermally altered
Cr-spinels) Mg + Al < 10 wt %, Fe > 26 wt %, Cr/Fe < 1. The data of primary Cr-spinels from
peridotites (in blue) from [12,13].

4.1.2. St. 372

The recovered massive sulfides are very porous (Figure 13). The major mineral is
pyrite, and the minor consists of Fe oxides and hydroxides. There are insignificant amounts
of marcasite and baryte. Pyrite forms thin subparallel dendritic aggregates up to 4 cm.

These samples are characterized by abundant Fe oxides and hydroxides. Moreover, Fe
oxides are primary and younger than the pyrite ones. The central part of the dendrite is
composed of bluish-grey needle hematite. Hematite is replaced by goethite (Figure 14a).

Fe oxides are overgrown by subhedral crystals of pyrite (up to 0.05 mm). Reniform ag-
gregates occur occasionally (Figure 14b). Their central part contains concentrically layered
or radially radiant hematite and goethite. These structures are covered by cuboctahedral
pyrite. There are small relic of pyrrhotite as well as marcasite grains and baryte plates in
the voids between pyrite dendrites (Figure 14c). Sulfide samples contain accumulations of
mineralized tube worms (Figure 14d).

4.1.3. St. 373

The sampled sulfides are represented by porous pyrite and marcasite (Figure 15).
Pyrite and marcasite aggregates are nodulated, scalloped and are presented in approxi-
mately equal amounts. The admixture of baryte sometimes reaches 15%. Despite a simple
mineral composition, the samples are quite heterogeneous. There is abundant biogenic
material. Some samples contain small fragments of basalt and sediment. Each void has a
distinct rim composition.
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Hem+Gth s

Figure 14. Major and minor minerals of a sulfide sample from st. 372. (a) Hematite aggregates in the
central part of pyrite dendrites (sample 372-1/1). (b) Concentrically layered hematite aggregates in
the central part of kidney-shaped pyrite grains (sample 372-1/1). (c) Relic pyrrhotite overgrown by
marcasite (sample 372-1). (d) Mineralized tube worm in sulfides of st. 372.

Some voids contain pyrrhotite replaced by Fe oxides and rare isocubanite. Pyrrhotite
seems to have been precipitated first (Figure 16a).
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Figure 15. A general view of sulfide samples from st. 373. Porous massive sulfides oxidized from
the surface.

Figure 16. Textures and structures of sulfide samples from st. 373. (a) Relic pyrrhotite tabulars
replaced by goethite in cavity (sample 373-4). BSE image. (b) Chalcopyrite with isocubanite bordered
by hematite (sample 373-4). BSE image. (c) Radially layered aggregates of marcasite (sample 373-
3/1a). (d) Intergrowths of lamellar hematite in the center of marcasite dendrites (sample 373-4). BSE
image. (e) Baryte intergrowth with sulfide minerals. BSE image. (f) Dissemination of sphalerite in
marcasite. BSE image.
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Isocubanite with a chalcopyrite exsolution covered by hematite rims has been observed
(Figure 16b). Pyrite varies from fine-grained (massive aggregates) to idiomorphic cubic
(voids). P