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Abstract: In this study, to better understand the influence of hydrothermal processes on ore metal
accumulation in bottom sediments, we examined distribution of Fe, Mn, Cu, Zn, As, and Pb in core
of metalliferous sediments from the Pobeda hydrothermal cluster, and in core of non-mineralized
(background) carbonate sediments (located 69 km northwards). Mechanisms of Fe, Mn, Cu, and
Zn accumulation in sediments (12 samples) were evaluated based on sequential extraction of geo-
chemical fractions, including a conditional mobile (F-1, exchangeable complex; F-2, authigenic Fe-Mn
oxyhydroxides and associated metals; F-3, metals bound to organic matter/sulfides), and residual
(F-4), fixed in crystalline lattices ones. The element contents were determined by the XRF and AAS
methods, total carbon (TC) and total organic carbon (TOC) were determined using a Shimadzu
TOC-L-CPN. Mineral composition and maps of element distribution in sediment components were
obtained using the XRD and SEM-micro-X-ray spectrometry methods, respectively. In metalliferous
sediments, according to our data, the major Fe mineral phase was goethite FeOOH (37–44% on a
carbonate-free basis, cfb). In the metalliferous core, average contents (cfb), of Fe and Mn were 32.1%
and 0.29%, whereas those of Cu, Zn, Pb, and As, were 0.74%, 0.27%, 0.03%, and 0.02%, respectively.
Metalliferous sediments are enriched in Fe, Cu, Zn, Pb, and As, relatively to background ones. The
exception was Mn, for which no increased accumulation in metalliferous core was recorded. Essential
mass of Fe (up to 70% of total content) was represented by the residual fraction composed of crystal-
lized goethite, aluminosilicates, the minerals derived from bedrock destruction processes mineral
debris. Among geochemically mobile fractions, to 80% Fe of the (F-1 + F-2 + F-3) sum was determined
in the form of F-2, authigenic oxyhydroxides. The same fraction was a predominant host for Mn in
both metalliferous and background sediments (to 85%). With these Fe and Mn fractions, a major
portion of Cu, Zn, and Pb was associated, while a less their amount was found in sulfide/organic
fraction. In the metalliferous sediment core, maximal concentrations of metals and their geochemi-
cally mobile fractions were recorded in the deeper core sediment layers, an observation that might be
attributed to influence of hydrothermal diffused fluids. Our data suggested that ore metals are mostly
accumulated in sediment cores in their contact zone with the underlying serpentinized peridotites.

Keywords: hydrothermal field Pobeda; Mid-Atlantic Ridge; metalliferous sediments; biogenic
carbonates; ore metals; minerals; geochemical fractions

1. Introduction

The metalliferous sediments are unconsolidated deep-sea deposits that are formed in
the volcanically active areas on the ocean floor [1–7]. The source of the metal-bearing matter
in the metalliferous sediments is associated with volcanic rocks in the ocean crust. Most of
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the known accumulations of the metalliferous sediments, are confined to the Mid-Ocean
Rift System and back-arc spreading areas of the World Ocean. Hydrothermal sediments are
classified into two types: those derived from the plume precipitation (majority reported
from ridge flanks), and those derived from mass wasting of the ore material close to active
vent sites [8,9]. According to [6,10], about 5% of the hydrothermal ore-bearing matter that
enters the ocean in the hydrothermal solutions, are accumulated within the massive bodies
at the vents, and about 95% is deposited outside of them. The criteria to distinguish the
metalliferous sediments are geochemical modules proposed by [4,5].

A feature of the metalliferous deposits of the Mid-Atlantic Ridge (MAR) is that they
are composed of the biogenic carbonate sediments. The acid hydrothermal fluids of dif-
fusive type affect a distribution, preservation, and species composition of the plankton
and benthic foraminifers, leading to a partial dissolution and metasomatic substitution
of biogenic calcite with various hydrothermal minerals [11]. Microfossils of plankton
foraminifers (fraction larger than 0.1 mm) from carbonate sediments of the Ashadze-1
hydrothermal field (13◦ N, MAR), associated with ultramafic deep rocks, are character-
ized by a significant accumulation of Fe, Cr, Ni, Co, Zn, Cu, Pb, and Ag relative to the
specimens from background areas [12]. Trace element accumulation in shells of planktonic
foraminifers occurs during the biomineralization by including them into the crystal lattice
of calcite [13], as well as due to adsorption on the foraminiferal tests in sedimentation and
post-sedimentation processes [14].

At the Mid-Atlantic Ridge, the seafloor massive sulfides deposits, are enriched in
the ore metals (Cu, Zn, As, Au, Ag, U, etc.), whose concentrations are much higher than
those in the land-based volcanogenic massive sulfide [15,16]. The hydrothermal-derived
oxyhydroxide sediments have been recently associated with the 2011–2012 underwater
volcano eruption and the hydrothermal system established in the Canary Islands [17,18].
The hydrothermal micro-layers have been discovered within thick ferromanganese crusts
in seamounts from the Atlantic Ocean, showing the influence of hydrothermal plumes
during the growth process of ferromanganese deposits [19].

In recent years, a new type of the metalliferous and ore sediments formed by diffuse
flows has been established while examining hydrothermal fields in the Russian exploration
area at the Mid-Atlantic Ridge, 13◦–20◦50′ N [20–23]. In 2014–2015, during cruise 37 of R/V
“Professor Logachev” organized by the Polar Marine Geological Exploration Expedition,
the ore cluster Pobeda hosted in ultramafic rocks, was discovered. The Pobeda cluster’s
structure is composed of the mafic–ultramafic rocks, biogenic carbonate, metalliferous, and
ore-bearing sediments [24,25]. Mineral composition and trace element admixtures in the
massive sulfide ore changes with a distance from the high temperature vent fluids: pyrite,
wurtzite, isocubanite, and sphalerite, dominated at foot of the black smoker’s ore body, are
replaced with marcasite-pyrite in diffusers developed in sediments [26,27].

The geochemical studies of the Pobeda hydrothermal sediments have revealed that
the elemental composition was formed due to the interacting three factors: hydrothermal
(Fe, Cu, Pb, As, Zn); lithogenic, combining terrigenous and the minerals derived from
bedrock destruction processes (Al, Si, Ti, Mg, K), and biogenic (Ca, Sr) [28]. Input of Si into
the metalliferous sediments was found to be related to aluminosilicate minerals (lithogenic
factor), while the Si biogenic and hydrothermal origin was not excluded [29]. At the same
time, information about the trace metal occurrence forms or geochemical fractions that are
known to reflect a contribution of different processes and mineral carries to the ore metals
accumulation in sediments, is a scarce enough. In the case of the Pobeda cluster’s sediment
cores, little is known about the relationship of different sediment components and the ore
metal accumulation.

In this paper, based on the comparative analysis of the elemental and mineral composi-
tion of metalliferous sediments from the Pobeda hydrothermal cluster with the background
ones, we aimed: (1) to determine the down-core distribution of Fe, Mn, Cu, Zn, and Pb, as
well as CaCO3 and TOC, (2) to quantify the geochemical fractions in sediments, based on
the sequential chemical leaching; (3) to clarify mechanisms of metal accumulation using
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the micro-X-ray spectral analysis technique. Besides, given that in the organisms, the
bioavailable forms of trace elements are mostly accumulated, it is of importance to evaluate
their portion in total content of some toxic heavy metals from viewpoint of their potential
risk for bottom fauna.

2. Materials and Methods
2.1. Geological Setting and Sampling

The Pobeda hydrothermal cluster is located at the Mid-Atlantic Ridge between 17◦07′

and 17◦08′ N at the water depths between 1950 and 2400 m (Figure 1a) on the Eastern wall
of the rift valley, whose slope is strongly dissected by numerous discharges and cracks
(Figure 1b).
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Figure 1. The Pobeda ore cluster’s location among the known hydrothermal fields at the Mid-Atlantic Ridge (a) and scheme
of the rift valley (b) (https://motherboard-images.vice.com/content-images/contentimage/14339/1407427503312474.jpg,
accessed on 31 May 2021).

The geological structure of the Pobeda cluster involves basalts, rocks of deep intru-
sive gabbro-peridotite complex, and bottom sediments. The largest spread are gabbro-
peridotites and bottom sediments, occupying more than half of the field area. The deep
rocks are composed of the serpentinized and calcified peridotites, serpentinites, gabbroids,
serpentine-chlorite rocks, and pyroxenites [24,25,30]. According to our data, the Holocene–
Upper Pleistocene deposits are represented by carbonate biogenic coccolite-foraminiferal
sediments, with admixture of the minerals derived from bedrock destruction processes,
and pteropod detritus [22].

https://motherboard-images.vice.com/content-images/contentimage/14339/1407427503312474.jpg
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For this paper we investigated the two sediment cores. Core 184k (17◦08.418′ N,
2544 m depth), the 70-cm long, was composed of the metalliferous carbonate sediments
located in the center of the Pobeda ore cluster. Core 215k (17◦44.899′ N, 3535 m depth), the
110-cm long, was located 69 km northwards the Pobeda cluster, this core was presented by
the background carbonate sediments. Sediment cores were taken with a box-core sampler
in an undisturbed state.

2.2. Geochemical and Mineralogical Analyzes

Geochemical partitioning of Fe, Mn, Cu, and Zn in sediment cores was estimated
based on sequential leaching procedure of the specimens (mass of 500 mg). A sequential
leaching procedure was applied to separate the elements having different geochemical
lability [31,32]. The following geochemical fractions were examined: F-1—an exchangeable
complex which consists of elements adsorbed mainly onto the clay and carbonate parti-
cles, the desorbing solution was acetate buffer (4 M CH3COOH + 1 M CH3COONa) [33];
F-2—amorphous authigenic Fe-Mn oxyhydroxides and related trace elements, the reduc-
tion reagent was 2 M NH2OH·HCl + 4 M CH3COOH [34]; F-3—metals associated with
organic matter and sulfides, the oxidation reagent was a mixture of 12 M H2O2 and 0.1 M
HNO3 [35]; F-4—residual (complete acid decomposition with the mixture of concentrated
HCl + HNO3 + HF). The first three fractions allow to estimate a contribution of conditional
geochemically labile metal fractions, while the fourth one, that contains refractory com-
pounds (aluminum silicates, quartz, clastic minerals, crystallized Fe oxyhydroxides), is
considered as a geochemically inert fraction. According to our mineralogical examination,
in case of metalliferous and ore-bearing sediments, fraction F-4 contains not only quartz
and aluminosilicates, but the crystallized goethite (FeOOH) of the hydrothermal origin,
as well as the fine debris of seabed rocks. For the leaching procedures, the Teflon and
low density polyethylene vessels were used. Before the chemical treatment, samples were
dried and powdered. Only the ultrapure reagents were used; the concentrated nitric acid
was additionally distilled in the Teflon Sub boiling system Berghof BSB-939-IR. Blank
concentrations were as follows (µg L−1): Fe, Mn 0.3; Cu and Zn 0.1. At all leaching stages,
the proportion sample: leaching reagent was 1:2. The leaching procedure was performed in
the ultrasonic bath at 70 ◦C for 4 h. After cooling, the sample solutions were centrifuged for
30 min at speed 3000 rpm. The supernatant liquid was collected with a plastic syringe-filter
into a Teflon bottle, followed by evaporation of the sample solution to the wet salts, which
were then dissolved with 2 mL of 1 M HNO3. The final volume of the solution (15 mL) was
set with the deionized water. After the three leaching stages, the residual solid sample was
subjected to complete acid destruction by use of Teflon vessels in a Speed Wave microwave
oven (Berghof Products+Instruments, GmbH, Mühlhausen, Germany) at 150 ◦C for 3 h.
The metal concentrations in leachates were quiantified by the ICP-MS (Agilent 3500, Santa
Clara, CA, USA). The effectiveness of the chosen procedure of sequential extraction was
repeatedly tested by the European Community Bureau of References [36–38].

The elemental analysis of the bulk sediments (dried and powdered) was performed
by the XRF method on the Spectroscan MAKS-GVM (Kortek Company, Moscow, Russia).
The analysis accuracy was controlled with the Certified Reference Material of the National
Institute of Standards of Canada SRM NIST 2702 (marine bottom sediments) with yielding
deviation 0.7% to 9.5%.

Mineralogical analysis of sediments was carried according to the standard methods of
XRD diffractometry [39,40] by use of a D8 ADVANCE diffractometer (Bruker AXC, Karl-
srue, Germany), Cu-Kα, with Ni 0,02-filter, 40 kV, 40 mA, with linear detector LYNXEYE.
Scanning in discrete mode in steps of 0.02◦ θ, exposure of 4 s/step in the range 2.0◦–70◦ 2θ,
with rotation. For primary processing, interpretation of spectra, and calculation, the pro-
grams DIFFRAC.EVA, DIFFRAC.TOPAS (Quantitative Rietveld analysis, DIFFRAC.EVA V
5, DIFFRAC. TOPAS 5 version) was applied. Mass quantitative analysis was performed
using corundum numbers from the ICDD database. The methods described were applied
to identify clay minerals and determine their quantitative proportions. The identification of
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clay minerals was performed on oriented air-dried samples prepared from the clay fraction
suspension separated from the sample in distilled water [39,40]. Subsequently, samples
were saturated with ethylene glycol (for the diagnosis of minerals of the smectite group, as
well as mixed-layered formations with swollen layers) and warmed at 550 ◦C (in cases of
problems with the diagnosis of kaolinite and chlorite). Special cuvettes, being a kind of
optical shutters for background scattering made of a single silicon crystal, were used for
precision studies.

Maps of element distribution in sediment components were obtained by use of a
scanning electron microscope equipped with an energy-dispersive spectrometry detector
(SEM VEGA 3, TESCAN, Brno-Kohoutovice, Czech Republic). Contents of total carbon (TC)
and total organic carbon (TOC) were determined using a Shimadzu TOC-L-CPN analyzer
(Tokyo, Japan); total inorganic carbon (TIC) was calculated as a difference between TC
and TOC. Statistical data processing was performed by the use of the software package
Statistica 10 (TIBCO Software Inc., Palo Alto, CA, USA). Correlations between element
concentrations in the sediment samples examined were calculated using Spearman’s rank
correlation coefficients (Spearman correlation; a non-parametric measure of the strength of
two variables).

3. Results
3.1. Distribution of CaCO3 and Major Elements Down the Cores

Contents of total organic carbon (TOC), total inorganic carbon (TIC), and some major
elements in the bulk sediments of 184k and 215k cores are listed in Table 1. Core 184k
is composed of brown coccolite-foraminiferal carbonate sediments soaked with iron hy-
droxides. Down the core, CaCO3 content showed a regular decrease from 77% to 20%,
particularly at depths of 40 and 70 cm (Figure 2a), where metalliferous sediments became
the ore-bearing ones (due to strong growth of Fe contents, as can be seen in text below). In
the background core 215k, the major portion of sediment is also presented by biogenic cal-
cite (CaCO3) with maximal content of 89% in surface layers and insignificant down the core
decrease to 70% (Figure 2b). The both cores, 184k and 215k, are depleted in TOC, whose
average content is 0.15% and 0.08%, correspondingly (Table 1). So, a vertical distribution
pattern of CaCO3 differs noticeably in both cores. The lower average CaCO3 content, as
well as it’s the down-core regular significant decrease in the 184k, might be considered as
one of the metalliferous sediment features.

Table 1. The total organic carbon (TOC), total inorganic carbon (TIC), and some major elements in
the bulk sediments of 184k and 215k cores from the hydrothermal cluster Pobeda.

Core Depth, cm TOC, % TIC, % Si, % Al, % Ca, % Mg, % Sr, %

184k

0–5 0.14 9.04 6.78 2.00 27.36 1.39 0.21
20–25 0.14 6.41 7.98 2.17 21.98 1.10 0.16
30–40 0.11 6.00 6.12 2.29 22.35 0.74 0.15
40–45 0.19 1.83 5.78 2.50 7.62 0.46 0.95
60–65 0.18 2.05 6.15 2.55 9.59 0.66 0.65

Average 0.15 5.07 6.56 2.36 17.79 0.87 0.40

215k

0–5 0.17 10.63 6.50 1.86 28.30 0.98 0.19
30–35 0.05 9.97 6.90 1.95 27.90 0.95 0.16
40–45 0.07 8.67 10.44 2.41 24.71 1.01 0.13
50–55 0.04 8.75 8.68 2.10 26.69 0.96 0.14
80–85 0.07 8.34 9.98 2.48 24.09 0.97 0.12

100–110 0.09 8,79 9.83 2.39 24.86 0.96 0.14
Average 0.08 9.19 8.75 2.20 26.09 0.97 0.15
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brown, dense, silty-pelitic ooze, with bioturbation patches; 3—homogenous coccolite-foraminiferal,
dark-brown silty-pelitic ooze; 4—homogenous coccolite-foraminiferal, light-brown, dense, silty-
pelitic ooze with sandy admixtures.

At the same time, the down-core variation of lithogenous elements Si and Al, as well
as Mg, is insignificant in both the cores (Table 1). The sum of Si and Al doesn’t exceed 12%,
while sum of the carbonate forming elements TIC and Ca, is three times more on average.
This fact confirms a subordinate contribution of the lithogenous components in the studied
sediments. Note that Sr, being a geochemical analogue of Ca, exhibits an inverse trend
in vertical distribution: in the depth interval of 40–70 cm, where the Ca content sharply
decreased three times, content of Sr increased three times comparing to the above layer.

3.2. Distribution of the Ore Metals in Two Cores

One of the criteria for distinguishing metalliferous sediments is a geochemical module,
based on a proportion between (Fe + Mn) and lithogenous components. According to [4], in
metallifeous sediments, a value of (Fe + Mn)/Al ratio exceeds 2.5. According to calculated
values from Table 1 and Table S1, the Boström module ranges from 2.9 to 12.7 in core184k
(Table S1), that confirms its belonging to metalliferous sediments. Maximal values of
this module were calculated for the interval of 40–70 cm of 184k core, where Fe content
exceeded 30%, cfb. Taking into account the terminology definition [5,41], the lower part of
this core refers to the ore-bearing sediments. At the same time, throughout the core 215k,
the Boström module’s values changed 1.1 to 1.7 (Table S1).

Since carbonate material constitutes a significant proportion of the sediment studied
(Figure 3), we have recalculated concentrations of metals for a carbonate free base (cfb). The
average ore metal concentrations in these two cores on cfb are listed in Table 2. Comparing
these data, one can see that metalliferous sediments, core 184k, are enriched in Fe, Cu, Zn,
Pb, and As, 2 to 5 times, comparing to the background core 215k, as well to the pelagic clays.
On the contrary, in the background sediments, where Mn average content is about twice



Minerals 2021, 11, 591 7 of 16

as much, a ratio Fe/Mn (5.90) corresponds to that for pelagic clays (5.96). The depletion
in Mn and enrichment in Fe, Cu, Pb, As, Zn of metalliferous sediments from the Pobeda
cluster was observed in [28].
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The most contrasting metal enrichment of core 184k was detected by using the en-
richment factor EF = (Eli/Al)sample/(El/Al)UCC, where (Eli/Al)sample—ratio of the average
contents of the i-element and Al in sediment sample, (Eli/Al)UCC—the same for the Upper
Continental Crust [42]. In the ore-bearing core 184k, the maximal EF was calculated for Cu
(1270), while for the rest of metals EF values were much lower: 180 (Zn), 125 (Pb), 60 (As),
24 (Fe) (Figure 3). The background core 215k is also enriched in metals relatively UCC,
however, its EF values are significantly lower. Note that Mn is the only metal whose EF
values were the same (EF = 8) for in both sediment cores.

Table 2. Average contents of the ore metals (%, carbonate free base) in 184k and 215k in comparison
to the pelagic clays [43].

Fe % Mn % Cu ppm Zn ppm Pb ppm As ppm

184k 32.1 0.29 7438 2692 328 196
215k 2.86 0.63 620 408 88 109

Pelagic clays [43] 6.08 1.02 387 248 89 19

The distribution of the ore metals’ bulk contents and those for cfb, in two cores is
displayed at Figure 4.

In the ore-bearing core 184k, the Fe contents began to grow at the depth of 35 cm
reaching up to 40% (on the cfb) in the basal layer 65–70 cm (Figure 4a). A significant
increase in the Cu, Zn, Pb, and As contents, expressed in both natural bulk sediments,
and cfb, was detected also at the depth of 35 cm, which continued down the core. Note,
that at the same horizon, a sharp decrease in CaCO3 content was recorded (Figure 2a). At
the same time, in background core 215k, the ore metals displayed another distribution
pattern: Fe, Cu, Zn, Pb, and As contents (cfb) are decreased gradually, while their contents,
expressed in both natural bulk and cfb) showed no change down the core (Figure 4b). It
is of interest, that Mn displayed a close distribution pattern in both the cores, namely, an
increase only in the surface layer; the latter was likely caused by the diagenetic process.
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3.3. Distribution of Geochemical Fractions of Metals in Two Cores

The heavy metal partitioning between geochemical fractions allowed us to quantify a
contribution of conditional labile fractions (F-1, F-2, and F-3) versus refractory compounds
(F-4) into the metal accumulation in sediments. In a geochemically labile lithogenic fraction,
elements occur in the exchangeable complex, associated with the authigenic amorphous
Fe-Mn oxyhydroxides, as well as bound to organic matter or sulfides. In lithogenic fraction,
elements are fixed in the crystalline structure of minerals. Distribution of selected geochem-
ical fractions in 184k and 215 k cores (Figure 5), suggested that the major amount of Fe (up
to 70% of total content) was represented by the refractory F-4 fraction. From our data on
mineral composition, in case of Fe, this fraction is composed of crystallized goethite, as
well as of clay, clastic, and the minerals derived from the bedrock destruction processes.
Among geochemically mobile fractions (F-1, F-2, and F-3), to 90% Fe of the (F-1 + F-2 + F-3)
sum was determined in the form of F-2, authigenic oxyhydroxides. Manganese is the most
labile metal, since the Mn-oxyhydroxides fraction F-2 provided a predominant portion
(55% to 85%) of its amount in both cores (Table S1, Figure 5).

In metalliferous sediment core 184k, the higher concentrations of Fe, Zn, and Cu (3
to 5 times comparing to overlying layers), as well as their geochemically mobile fractions
were recorded in the deeper layers, an observation that might be attributed to influence of
hydrothermal diffused fluids. At the same time, in the background core 215k, proportion
between different fractions did not changed noticeably in the down-core metal distribution.
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Note that to 25% of total content of Zn and to 30% that of Cu are associated with the Fe
amorphous authigenic oxyhydroxides fraction. The organic fraction did not exceed 10%
of majority of metals (Figure 5). The exception is Zn in the core 215k where this fraction
amounted a noticeable portion (to 60% of Zn total content) in surface layers.

Minerals 2021, 11, 591 9 of 17 
 

 

In lithogenic fraction, elements are fixed in the crystalline structure of minerals. Distribu-

tion of selected geochemical fractions in 184k and 215 k cores (Figure 5), suggested that 

the major amount of Fe (up to 70% of total content) was represented by the refractory F-4 

fraction. From our data on mineral composition, in case of Fe, this fraction is composed of 

crystallized goethite, as well as of clay, clastic, and the minerals derived from the bedrock 

destruction processes. Among geochemically mobile fractions (F-1, F-2, and F-3), to 90% 

Fe of the (F-1 + F-2 + F-3) sum was determined in the form of F-2, authigenic oxyhydrox-

ides. Manganese is the most labile metal, since the Mn-oxyhydroxides fraction F-2 provided 

a predominant portion (55% to 85%) of its amount in both cores (Table S1, Figure 5). 

 

Figure 5. Geochemical fractions of metals in the metalliferous (St.184k) and background (St. 215k) cores. Fractions: F-1, 

exchangeable elements adsorbed mainly onto the clay and carbonate particles; F-2, authigenic Fe-Mn hydroxides and re-

lated trace elements; F-3, bound to organic matter or sulfides; F-4, refractory, metals fixed in crystalline lattices of mineral 

particles. 

In metalliferous sediment core 184k, the higher concentrations of Fe, Zn, and Cu (3 

to 5 times comparing to overlying layers), as well as their geochemically mobile fractions 

were recorded in the deeper layers, an observation that might be attributed to influence 

of hydrothermal diffused fluids. At the same time, in the background core 215k, propor-

tion between different fractions did not changed noticeably in the down-core metal distri-

bution. Note that to 25% of total content of Zn and to 30% that of Cu are associated with 

the Fe amorphous authigenic oxyhydroxides fraction. The organic fraction did not exceed 

10% of majority of metals (Figure 5). The exception is Zn in the core 215k where this frac-

tion amounted a noticeable portion (to 60% of Zn total content) in surface layers.  

A sum of conventional labile fractions (F-1 + F-2 + F-3) of elements, is considered as 

a bioavailable portion that is predominantly accumulated by the bottom fauna. In Table 

S4, there are calculated data on the sum (F-1 + F-2 + F-3) of total contents for some heavy 

metals. While comparing the two cores, one can see that in the background sediments 

215k, percentages of bioavailable forms of a potentially toxic heavy metals Zn and Cu is 2 

to 3 times higher than those in metalliferous core (Figure 6). Thus, in the latter we might 

suppose a reduced bioaccumulation of Zn and Cu. At the same time, a percentage of the 

Fe and Mn bioavailable fractions doesn’t differ significantly between two sediment cores. 

Figure 5. Geochemical fractions of metals in the metalliferous (St.184k) and background (St. 215k) cores. Fractions: F-1,
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A sum of conventional labile fractions (F-1 + F-2 + F-3) of elements, is considered as a
bioavailable portion that is predominantly accumulated by the bottom fauna. In Table S4,
there are calculated data on the sum (F-1 + F-2 + F-3) of total contents for some heavy
metals. While comparing the two cores, one can see that in the background sediments
215k, percentages of bioavailable forms of a potentially toxic heavy metals Zn and Cu is 2
to 3 times higher than those in metalliferous core (Figure 6). Thus, in the latter we might
suppose a reduced bioaccumulation of Zn and Cu. At the same time, a percentage of the
Fe and Mn bioavailable fractions doesn’t differ significantly between two sediment cores.

3.4. Mineral Composition of the Sediments in Two Cores

The XRD data on the mineral composition in the natural bulk sediments (grain-size
>0.05 mm) for cores 215k and 184k are listed in Table S2. The major part of minerals in core
184k is presented by calcite, whose content reached 77% in the upper layers, exhibiting
a decrease down the core. These values of CaCO3 contents and those determined above
by the TIC analysis (Figure 2a), are in a rather good agreement. The main Fe mineral
phase was goethite FeOOH (37–44% on a carbonate-free basis, cfb). From data of the
SEM-micro-X-ray images, amorphous Fe-Mn oxyhydroxides, are present in sediments.
The XRD analysis identified also an admixture of pyrite, and a rather small quantities
(≤10–12%) of talc, serpentine (fragments of changed ultra-mafic rocks), quartz, and the clay
minerals (smectite). A total amount of these minerals increased down the core, reaching
up to 50% (cfb) in the basal layer. At the same time, there were no fragments of feldspars,
pyroxenes, and amphiboles. In the background core 215k, the XRD analysis revealed the
predominance of calcite (to 86%), while a much less portion was presented by terrigenous
minerals and those derived from the bedrock destruction processes, composed of albite,
potassium feldspars, pyroxenes, amphiboles, quartz, talc, serpentine, chlorite, kaolinite,
illite, smectite, and palygorskite.
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3.5. Data on SEM-Micro X-ray Spectral Analysis of Selected Specimens from the Ore-Bearing and
Background Sediment Cores

Maps of the element distribution in sediment components were obtained by use of
SEM micro-X-ray spectral analysis. From our data, in core 184k, at depths of 38–42 cm
and 65–70 cm Fe-oxyhydroxides composed a major portion of sediments, forming both the
finely, and the coarser dispersed isometric particles (Figures 7 and 8).
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These particles by shape and size (to 0.2 mm) (Figures 7a and 8a), as well as by
Ca and oxygen distribution maps (Figure 7b,d and Figure 8b,d), correspond to that of
foraminiferal CaCO3 tests. The Fe and oxygen distribution maps (Figures 7c and 8c) depict
a calcite foraminiferal shell shape, while those of Fe and Ca exhibit an inverse picture.
These data support our suggestion about a substitution of Ca in foraminiferal tests with Fe
oxyhydroxides, mainly goethite.

At the same time, in the background core, 215k, at the depth of 100–110 cm, distri-
bution maps exhibit a clear association of Ca (Figure 9a,b) and oxygen (Figure 8d) with
foraminiferal tests, while for Fe, no such a relation was observed (Figure 9c). Angular and
irregularly shaped lithogenic particles (fragments of aluminosilicates) are traced by oxygen
(Figure 9d), as well as by Al and Si (Figure 9e,f respectively).

3.6. Correlation Relationships between Elements

Results of the Spearman correlation analysis between the ore metals (contents in
the cfb) and the other elements (contents in bulk sediment) are in Table S3. In the ore-
bearing core 184k, the significant correlation coefficients (R2, p < 0.05) was calculated
for the following pairs of ore elements: Fe-Zn, 0.875; Fe-Cu, 0.746; Fe-Pb, 0.522; Fe-As,
0.352; Cu-Zn, 0.932; Fe-Mn, –0.969, Mn-Zn, –0.865; Mn-Cu, –0.672; Mn-Pb, –0.717; Mn-As,
0.273. These values (except of Fe-As and Mn-As) indicate a significant positive relationship
between distribution of Fe, Zn, Cu, and Pb, on the one hand, and a significant negative
relationship between Fe and Mn, as well as between Mn and Zn, Cu, and Pb, on the other
hand (Table S3). On the contrary, in 215k background core, no positive relations between Fe
and other ore metals was found, but the latter showed the significant positive correlation
with Mn: Mn-Zn, 0.919; Mn-Cu, 0.922; Mn-Pb, 0.896; Mn-As, 0.938. So, we might conclude
that in the ore-bearing sediments, the main carriers of Zn, Cu, Pb (and to a lesser extent As),
are the mineral phases of iron oxyhydroxides, while in the background core, these elements
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are associated with manganese oxyhydroxides. Correlation coefficients for CaCO3, Ca, Mg,
and Sr (in natural bulk sediment) were as follows: Ca-CaCO3 = 0.954, that is quite natural
for biogenic carbonate sediments. At the same time, a significant negative correlation
Mg−Ca = −0.974, Ca−Sr = −0.844, and Sr−CaCO3 = −0.72, likely indicates a significantly
different process of Ca and Sr accumulation in sediments.
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4. Discussion

The above noted vertical decrease in content of CaCO3 in the 184k core (Figure 2a) can
be considered as one of the characteristic features for the metalliferous sediments of the
Pobeda ore cluster. Core 184k meets geochemical criterion for distinguishing metalliferous
sediments [4], and its lower part, starting from depth of 35 cm and deeper, where the Fe
cfb contents exceeded 30%, in accordance to terminology definition [5,41] refers to the
ore-bearing sediment. At the same depth of 184k core, a significant growth of the Fe,
Zn, Cu, Pb, and As, contents. Their average contents exceeded 2 to 10 times those for
background core 215k and pelagic clays, while Mn, on the contrary, in 184k core, exhibited
the decreased average (by a factor of 2) comparing to background 215k core. These our
observations are close to those of [28] for the Pobeda hydrothermal sediments which are
enriched in Fe, Cu, Pb, As, Zn, and Cr, but depleted in Mn.

Taking into account the fact that in hydrothermal fluids that are derived from the
circulation systems hosted in ultramafic rocks, the Mn concentration is much higher
compared to that of Fe [8], a question arose about the reasons for difference in the Fe
and Mn contents and vertical distribution patterns in metalliferous sediments. An excess
of Fe was attributed to entirely hydrothermal processes, while the major part of Fe was
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precipitated from fluids within hydrothermal fields [5]. At the same time, a depletion
in Mn of metalliferous sediments was caused by an extremely low coefficient of the Mn
differentiation with a distance from hydrothermal vent edifice, this coefficient for Mn is
3 to 4 order of magnitude lower than that for Fe [7]. Such a difference was related to
a weak fixation of Mn in the ore material that resulted to the Mn transport beyond the
hydrothermal field [7]. Based on our earlier data, an additional reason for the metalliferous
sediments’ depletion in Mn is proposed. Microfossils of planktonic foraminifers, selected
from sediments of hydrothermal field Ashadze-1 (13◦N, MAR) hosted in ultramafic rocks,
revealed no elevated accumulation of Mn in specimens sampled nearby vent, unlike Fe, Ni,
Co, Cr, and Ag, whose contents were to 10 times higher comparing to the specimens from
background area. Meanwhile, the elevated content of many elements (Cd, Co, Cr, Cu, Fe,
Mn, Ni, As, and Pb) in foraminiferal shells of Globigerina, Globorotalia, Globigerinoides, and
Orbulina, is a common case for the Holocene–Upper Pleistocene sediments of the Central
Atlantic, sampled far from MAR; accumulation of these metals was attributed to the metal
adsorption on the surface of calcite tests and inside their pores, as well to the diagenetic
processes [14].

As it is known, there is a difference in the Fe and Mn behavior in the redox processes,
Fe2+ is more sensitive to oxidation than Mn2+ [44,45]. The latter apparently leads to faster
oxidation and precipitation of Fe relatively Mn [46,47]. A notable trend of the Mn content
growth in the upper layers of sediment cores at the hydrothermal field Pobeda, as well
at the Petersburg field (19◦50′ N, MAR) [11], serve an obvious result of the increased
oxidizing environment that are favorable to the Mn oxidation and precipitation there
comparing to lower part of the cores where the Eh values were lowered due to influence of
hydrothermal fluids.

A distinctive feature of the ore-bearing core 184k is a sharp increase, started from
depth of 35, of the Fe, Cu, Zn, Pb, and As contents in natural sediment and in cfb, with the
exception of Mn (Figure 4, Table S1). The examination of geochemical fractions showed that
growth of Fe, Cu, and Zn contents in the lower part of the core (35–70 cm) was provided
by a significant increase (three to five times in comparison to the above layers) of fraction
F-2, the amorphous Fe-Mn oxyhydroxides (Figure 5). This fact is attributed to an influence
of hydrothermal fluids of diffusive type which supply the ore metals into the sediments
due to deep circulation systems hosted in ultramafic rocks at the Pobeda ore cluster. At
the same time, beyond zone of hydrothermal activity, in background sediments of 215k
core, metal partitioning between geochemical fractions showed no noticeable change in
the down-core distribution (Figure 5). In both cores, Mn is the most labile metal whose
accumulation was mostly provided (55% to 85% of total content) by the oxyhydroxides
(fraction F-2).

In the background core 215k, a distribution patterns of metal geochemical fractions
differ a little from those in the bottom sediments of the subarctic White and Arctic Barents
Seas [48–51], as well as in the oxidized sediments of the Black Sea [52]. Manganese being a
redox sensitive element in various geochemical environments, proved to be the most labile
metal, whose sum of labile fractions is about 60% on average from its total contents.

The significant correlation relationships, the positive ones between Fe and the other
ore metals (except Mn), and the negative ones between Fe and Mn, might suggest a main
role of the Fe mineral phases in accumulation of the ore metals in metalliferous sediments.
On the other hand, in the background carbonate sediment core 215k, Cu, Zn, Pb, and As
exhibited a significant correlation with Mn, that indicates their close association during
accumulation in sediments, and the mineral phases of manganese can be considered as the
main carriers of these ore metals.

Data on the distribution maps of elements (SEM micro-X-ray spectral analysis) in core
184k, confirmed our assumption that in the ore-bearing sediments, a substitution of calcite
foraminiferal shells with Fe in form of oxyhydroxides, mostly with goethite, took place
(Figures 7 and 8). At the same time, in the background core 215k, such a replacement was
not observed (Figure 9).
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5. Conclusions

The comparative research of geochemical and mineralogical data for the metalliferous
sediment core from the Pobeda hydrothermal cluster and the background ones, let us to re-
veal some characteristic features in distribution of major and ore elements. In metalliferous
sediment core 184k, the down-core sharp decrease in the CaCO3 content (77% to 20%), par-
ticularly at depth of 40–70 cm, was coherent with the maximal content of Fe oxyhydroxides
(44% cfb) in these deep layers. Such a character of down-core changes allowed us to assume
that calcite was replaced with Fe oxyhydroxides, mostly, the hydrothermal goethite.

The data on distribution maps of elements in metalliferous core, support our sugges-
tion about substitution of Ca in foraminiferal calcite tests with the Fe of oxyhydroxides.
Such a character of change is obviously related to processes of metasomatic alteration
of biogenic calcite induced by influence of the hydrothermal fluids. Meanwhile, in the
background core, only an insignificant down-core change in CaCO3 content was observed,
and the distribution maps exhibited a clear association of Ca and oxygen with foraminiferal
calcite tests, while for Fe no such a relation was observed.

In the lower part (depth of 40–70 cm) of the metalliferous core, a sharp increase in
total cfb contents of Fe, Cu, Zn, Pb, and As, was recorded. At the same time, the down-core
growth in the conditional geochemically mobile fractions Fe, Cu, and Zn, as well as their
residual form, that included the crystallized hydrothermal minerals and debris of modified
ultramafic minerals, took place. This observation that might be attributed to influence of
hydrothermal diffused fluids and fragments of transformed rocks.

The analysis of geochemical fractions of the ore metals confirms our previous research
data on the important role of authigenic Fe oxyhydroxides, both amorphous and crystal-
lized, in transformation of carbonate biogenic sediments into the ore-bearing ones. Our
data suggest, that elevated accumulation of the ore metals occurred in contact zone of
sediments with the underlying serpentinized peridotites.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min11060591/s1, Table S1: Average contents of metals (ppm) in the selected geochemical
fractions of metalliferous (st. 184k) and background (st. 215k) sediment cores, hydrothermal cluster
Pobeda, the Mid-Atlantic Ridge (17◦07′–17◦08′ N); Table S2: The XRD data on the mineral composi-
tion of sediment cores 215k and 184k from the hydrothermal cluster Pobeda, the Mid-Atlantic Ridge
(17◦07′–17◦08′ N); Table S3: Contents of ore metals (carbonate free base) in cores 184k and 215k, and
Spearman correlation coefficients for pairs of elements; Table S4: Sum of labile fractions F-1, F-2, and
F-3 (percentage of total content) in the 184k and 215k sediment cores.
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