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INTRODUCTION

Clastic ores (ore clastics) have been described in
massive sulfide deposits of Canada, for instance, at
Buchans, Newfoundland (Binney, 1987), and Rudny
Altai at the Nikolaevskoe, Kamyshinskoe, and Ridder–
Sokolnoe deposits (Dergachev et al., 1986; Pak and
Dergachev, 1993). Moreover, they form an important
component of many massive sulfide deposits around the
world (Dergachev, 2010) and, according to various
authors, may constitute up to 75% of the ore (Spence,
1975).

The genesis of massive sulfide deposits has been dis�
cussed in many previous publications (Massive Sul�
fide…, 1950; Betekhtin et al., 1953; Skripchenko, 1972;
Borodaevskaya et al., 1979; Copper Massive…, 1988,
1992; and others). Wall rocks around the massive ore�
bodies form an important constituent of the sulfide
deposit. Earlier studies of ore�bearing hydrothermal
sedimentary rocks (Maslennikov, 1999) revealed a
number of different facies, such as clastic ores (ore clas�
tic turbidites), gossanites, jasperides, and umbrites, as
well as silicites and pelitolites. These sediments form a
continuous sequence of lithofacies from a sulfide
mound composed largely of ore components of hydro�
thermal–metasomatic origin to background pelagic
sediments (siliceous and/or clayey). Ore clastic turbid�
ites are transitional between metasomatic sulfides (as a

product of mechanical disintegration of sulfide struc�
tures) and sediments, because they include interbedded
sulfide�rich and jasperoid quartz–hematite sediments,
e.g., gossanites containing clay minerals. The most
detailed description of the textural, structural, and min�
eralogical features of clastic sulfide lithologies of the
Urals was obtained for the Molodezhnoe, Yaman�Kasy,
and Saf’yanovka deposits (Safina and Maslennikov,
2008; Maslennikov et al., 2012). The low degree of
metamorphism at these deposits (Zaikov and Maslen�
nikov, 1987; Zaikov et al., 1995; Koroteev et al., 1997;
Maslennikov, 2006) allows a comparison between the
compositions of their sedimentary facies and modern
proximal hydrothermal–metasomatic facies.

However, the mechanisms of their accumulation
and postdepositional changes are still a matter of debate
due to the complexity of reconstruction of postsedi�
mentation history. The origin of any given hydrother�
mal sedimentary deposit can generally be inferred from
subtle features (individual minerals, fluid microinclu�
sions, and chemical composition) that appear to be pre�
served in the sediments during diagenesis, catagenesis,
and epigenesis, whereas the process itself can be rarely
observed in nature. This prevents a direct comparison of
recent sediments that have not been seriously altered by
postdepositional processes and their ancient equiva�
lents, which underwent multiple mineral and chemical
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transformations. A further complexity arises from the
processes related to the ascent of reducing hydrother�
mal solutions through proximal hydrothermal–meta�
somatic sedimentary facies (infiltration metasomatism)
and the downward inflow of oxidizing seawater (infil�
tration). Grainites deposited by a grain flow, the
present�day equivalents of the Devonian ore clastic tur�
bidites, were used to reconstruct the conditions of their
formation. The grainites of hydrothermal fields in the
Atlantic Ocean are Holocene–Pleistocene ore clastic
turbidites, which were formed in a similar environment
by the destruction of high�temperature black smoker
sulfide chimneys. They were discovered in the proximal
hydrothermal sedimentary units of the Semenov ore
cluster located at 13°30′ N of the Mid�Atlantic Ridge
(MAR) during cruise 32 of the R/V Professor Ligachev
in 2009 (Beltenev et al., 2007, 2009a, 2009b) and were

first described by Rusakov et al. (2013). A comparison
of these turbidites with their Devonian equivalents is the
focus of this study.

Study Area

The Molodezhnoe deposit lies within the Uzelga
massive sulfide ore field, which is located in the Magni�
togorsk metallogenic zone. The geologic section con�
sists of the ore�hosting Karamalytash Formation (D2kr)
and the overlying Ulutau Formation (D3ul) of Middle
and Late Devonian age (Copper Massive…, 1988;
Maslennikov, 1999) (Fig. 1a). The Karamalytash For�
mation is composed of three distinct units: a footwall
basalt unit, an ore�hosting rhyodacite unit, and an over�
lying rhyolite unit. The deposit is of Eifelian age (Def).
The Ulutau Formation is composed of andesites, lime�
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Fig. 1. Study area, Molodezhnoe deposit. (a) Position of the orebody, formation boundaries (ul—Ulutau, kr—Karamalytash),
and thermal field in a cross�section view (Baranov, 1987); (I–I)—vertical section of volcanosedimentary sequences (Zaykov
et al., 1995): (1) copper–zinc massive sulfide ore; (2–4) Karamalytash Formation rocks: (2) basalt, (3) lava and volcanomictic
rhyodacite, and (4) coarse� to fine�porphyritic rhyolite and dacite; (5–7) Ulutau Formation rocks: (5) limestone, (6) andesite,
and (7) siltstone and sandstone. (b) Schematic internal structure of the orebody and hydrothermal–sedimentary rocks (Maslen�
nikov, 2006): (8) clastic ore and (9) Si–Fe metasediments (gossanites).
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stones, and volcanomictic sandstones in the lower part
and siltstones and sandstone in the upper part. The
deposit comprises four orebodies, two of which contain
the main ore reserves. Clastic sulfides are localized on
the top and at the flanks of the major orebody (Fig. 1b)
and entirely constitute the second orebody. The sheet�
like and lenslike orebodies occur at a depth of 80–
300 m and have sharp contacts with volcanic rocks. A
distinct geochemical aureole at this deposit was
observed only locally in the footwall volcanic sequences
and represents a high�temperature hydrothermal fluid
circulation zone, because it almost completely coin�
cides with the metasomatic aureole (Baranov, 1987). It
is poorly developed or absent in the overlying rocks,
indicating minor changes in the primary geochemical
composition of hydrothermal sedimentary sequences.

Intense volcanic activity in the region was probably
favorable for the preservation of most primary textures
and sedimentary structures as well as mineral and
chemical compositions of turbidites at the Molodezh�
noe deposit. The sulfide ores and their host rocks
became buried beneath a thick layer of volcanics (rhyo�
dacites, dacites, and basaltic andesites), which led to
specific conditions of postsedimentary modification
(including lithification) of the sediments in a relatively
closed environment, producing only little changes in
their mineralogical and geochemical compositions.

Objects of Study

Samples used in this study include clastic sulfides
collected from the best explored Molodezhnoe deposit
and sandy barite–sulfide rocks from the Vostochnoe
deposit of the Semenov ore cluster. Structures and tex�
tures, as well as mineral and chemical compositions
were analyzed in samples of Pleistocene turbidites (col�
umn 32l�362) and three samples of Devonian clastic
sulfides provided by the Institute of Mineralogy, Ural
Branch of the Russian Academy of Sciences: samples 1
and 2 of proximal facies (Figs. 2, 3) and sample 3 of dis�
tal facies (Fig. 4). The lithology, mineralogy, and chem�
ical compositions of these three samples were first
described by Maslennikov et al. (2012). The results of
our investigations are described below.

METHODS

Structural and textural features of the samples were
examined in polished sections and thin sections under a
binocular and a petrographic microscope (analyst
V.Yu. Rusakov). Based on the preliminary lithological
description, individual layers and interlayers were iden�
tified in the samples for more detailed mineralogical
and chemical analysis. Mineralogical analysis was per�
formed using X�ray diffraction, in reflected light on pol�
ished sections, and in transmitted light on thin sections
(analyst V.Yu. Rusakov), which were prepared for
microinclusion studies. Finer grains were studied in the
polished thin sections at the Vernadsky Institute of
Geochemistry and Analytical Chemistry, Russian

Academy of Sciences, using a Camebax SX�100 scan�
ning electron microscope equipped with an analytical
system for the determination of the chemical composi�
tions of individual grains and 2D X�ray elemental map�
ping of selected areas in a thin section (analysts
N.N. Kononkova and V.Yu. Rusakov). The composi�
tion of clay minerals was determined at the Geological
Institute, Russian Academy of Sciences.

The chemical compositions of selected areas cut from
the samples were determined at the Vernadsky Institute
of Geochemistry and Analytical Chemistry, Russian
Academy of Sciences, using X�ray fluorescence (XRF),
which is based on the measurement of the intensity of
characteristic radiation emitted from the atoms of ele�
ments present in the sample. The analyses were per�
formed with an AXIOS Advanced PANalytical
B.V. (Holland) spectrometer equipped with an X�ray
source with a rhodium anode. A suite of 36 reference
materials including bottom sediments, soils, and rocks
(SDO, SGHM, SGH, SCR, SDPS, etc.) was used as
standards for the construction of calibration curves and
quantitative determination of the concentrations of
20 elements (Na, Mg, Al, Si, P, K, Ca, Ti, Mn, Fe, S, V,
Co, Cu, Zn, As, Sr, Zr, Ba, and Pb) (Table 1). The anal�
yses were conducted under the guidance of I.A. Rosh�
china.

The proportions of minerals in the samples were cal�
culated from the chemical analyses of rocks and miner�
als. Based on the data on mineral composition, the con�
tent of each mineral was calculated from the content of
the component elements using a special software. The
calculation results are given in Table 2.

The homogenization temperatures of fluid inclusions
in ores and wall rocks (volcanic and sedimentary) were
measured in polished thin sections (analyst V.S. Kar�
pukhina) (Table 3).

The composition of organic matter (contents of
organic carbon and other organic materials) was deter�
mined by Rock�Eval pyrolysis using a Rock�Eval 6
instrument. The method is based on programmed heat�
ing of a small amount of rock (100 mg) in an inert atmo�
sphere (helium or nitrogen) in a temperature range of
100–850°C to quantitatively determine the contents of
hydrocarbons (CH) and oxygen�containing com�
pounds (CO2) released during the cracking of insoluble
organic matter (kerogen) contained in the sample. The
total organic carbon content (TOC) was measured by
oxidation under an air flow. The hydrogen (HI =
mg HC/g TOC) and oxygen (OI = mg CO2/g TOC) indi�
ces were used to identify oxygen�containing organic com�
pounds (Table 4). In addition, the δ13С value of organic
matter was determined in sample 1 using a DELTA�plus
Finnigan mass spectrometer (USA) at the Vernadsky
Institute of Geochemistry and Analytical Chemistry,
Russian Academy of Sciences (analyst V.P. Strizhev).
All samples were pretreated with a 2% HCl solution to
remove carbonate material. Similar measurements were
performed for sample 3 without acid pretreatment
(organic + inorganic carbon).
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Fig. 2. Proximal ore clastic turbidite (sample 1). Molodezhnoe massive copper sulfide deposit (Southern Urals).

MATERIALS

Holocene–Pleistocene Turbidites

Column 32l�362 (13°30.361′ N, 44°53.186′ E, 2857 m
water depth) is 45 cm long. Seven intervals were recog�
nized in this column on the basis of color, texture, and
structure. The upper interval (0–2 cm) is composed of
brown fluidized iron hydroxide–sulfide–barite mud,
containing rare foraminiferal tests and 6 wt % biogenic

carbonates. Interval 2–7 cm consists of brownish, more
compact, but still soft and wet iron hydroxide–barite
sediments and can be distinguished from the above
interval by the presence of bioturbation spots. Late
Pleistocene age is indicated for both intervals (0–7 cm)
by the foraminiferal assemblages. Interval 7–13 cm is
composed of yellowish to orange carbonate�free sedi�
ments. The mineral composition of the layers was not
determined. Interval 13–21 cm is composed of grey
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Fig. 3. Proximal ore clastic turbidite (sample 2). Molodezhnoe massive copper sulfide deposit (Southern Urals). Part of the tur�
bidite (rectangle in the left image) is shown in the inset at a higher magnification.
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Fig. 4. Distal ore clastic turbidite (sample 3). Molodezhnoe massive copper sulfide deposit (Southern Urals). Part of the turbidite
(rectangle in the left image) is shown in the inset at a higher magnification.
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barite–sulfide sand in the form of grainite deposited by
a grain flow (distal turbidites). The base of this interval
contains a 0.5 cm�thick layer of barite–sulfide sand of
reddish color (due to fine chalcopyrite grains) admixed
with iron–chert aggregates. Interval 21–24 cm consists
of brown to orange carbonate�free sediments. The min�
eral composition of the layer was not determined. Inter�
val 24–31 cm consists of grey barite–sulfide sand simi�
lar to that in interval 13–21 cm. The base of this interval
also contains a 1 cm�thick layer with an admixture of
iron–chert aggregates and fine chalcopyrite grains.
Interval 31–45 cm consists of carbonate�free barite–
iron hydroxide sediments, brown to orange in color.
The topmost 9 cm have a bioturbated texture. Bioturba�
tion spots constitute 50% of this interval, rendering the
sediment a grey color.

Devonian Turbidites

All samples are similar in their structural features
and consist of horizontal quartz–hematite layers inter�
bedded with clastic sulfide ores of pyrite and pyrite–
chalcopyrite compositions. Based on mineralogical and
textural observations, these layers can be divided into
three lithotypes: jasperoid quartz–hematite layers (gos�
sanite, a lithified product of ore�bearing sediments) and
fine� and coarse�grained clastic ore�bearing turbidity
current deposits (Table 2), which are referred to as clas�
tic ore sediments based on the presence of layers of ore
clasts. The structure of the vertical section of these sed�
iments is defined by their transitional lithofacies posi�
tion between a massive orebody (of metasomatic origin)
and iron�oxide deposits (of hydrothermal–sedimentary
origin). Such ore clastics are sometimes referred to as
banded ores because of the interlayering of ores (sul�
fides) and quartz–hematite rocks. They can be divided
into proximal and distal facies (rhythmites) based on
the clast size and lithodynamic characteristics. For

example, sulfide ores containing gravel�sized or larger
ore clasts are classified as proximal facies deposited
close to the source of ore materials, and smaller�sized
(mostly sand�sized) sulfides are assigned to distal facies
deposited at a distance from the massive orebody. The
products of destruction of high�temperature black
smoker sulfide chimneys transported by gravity (turbid�
ity) currents to adjacent seafloor topographic lows are
the main source of ore material.

Sample 1 can be conditionally subdivided into five
intervals. The upper interval (0–4 cm) is composed of
jasperoid quartz–hematite aggregates with a micro�
breccia�like texture (Fig. 2), which can be classified as
gossanite based on mineralogical and textural observa�
tions. This interval consists of interbedded ruddy and
deep red layers. Light�colored (ruddy) layers are domi�
nated by hematite, and darker (deep red) layers are rich
in quartz. The contacts between these layers (1 cm�thick
and more) are sharp, although erratic inclusions of one
layer in the other are present, indicating horizontal
transport of the sediment during deposition. Dissemi�
nated fine grains of pyrite and, more rarely, chalcopyrite
and sphalerite are found at the base of this interval. The
contact with the underlying interval is obscure and
strongly brecciated in places.

Interval 4–8 cm consists of coarse�grained clastic
ores represented by fragments of sulfide grains mixed
with quartz and hematite grains. The uppermost part is
dominated by fine gravel�sized ore clasts, which
coarsen toward the base of the layer, where ore frag�
ments up to 1 cm in size are present. The base of this
interval contains a 0.5 cm�thick layer of well�sorted
sand�sized sulfide grains. The interval displays grain�
size grading and no mixing between the upper coarse�
grained and lower fine�grained clastic sulfides. More�
over, the upper and lower parts are separated from one
another by a thin (2–3 mm) quartz–hematite layer,
which probably served a glide horizon of the upper tur�

Table 3. Homogenization temperatures (°C) of fluid inclusions in hydrothermal minerals from the wall rocks and ores of
the Molodezhnoe copper massive sulfide deposit (Southern Urals) (Karpukhina et al., 2013)

Volcanic wall rock Massive ore Colloform 
and banded ore Recrystallized ore Recrystallized 

cross�cutting ore veins

135–270 150–325 150–210 190–300 265–325

Table 4. Organic carbon content (wt %), hydrogen index (HI), oxygen index (OI), and carbon isotopic composition (δ13C, ‰)
of gossanite and clastic ore layers

Sample no. LT Corg HI OI OI/HI δ
13C

1 Gossanit 0.02 35 893 26 –26.93

Clastic ore 0.03 14 305 22 –26.74

3 Gossanit 0.03 199 1075 5 –5.59*

Clastic ore 0.1 47 289 6 –7.31*

* Without HCl treatment.
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bidite. Load casts below dense sulfide grains (Fig. 2)
indicate that the primary iron hydroxide�bearing sedi�
ments were water�rich and plastic.

Interval 9–16 cm represents a mixture of fine� and
coarse�grained clastic sulfides with a distinct grada�
tional structure. It is separated from the above interval
by a distinct undulated quartz–hematite layer at 8–
9 cm. The interval is characterized by increasing
amounts of coarse�grained sulfides toward its base, and
the grain size increases from sand to gravel. The upper
part of the interval contains a carbonate cement, and
chalcopyrite cementing pyrite clasts becomes more
abundant in the central part.

Interval 16–(21–23) cm consists of quartz–hema�
tite sediments. Its thickness increases from left to right
in Fig. 2. The textures, structures, and mineralogy of
this interval are similar to those of interval 0–4 cm. Its
base contains two layers of fine�grained clastic sulfides,
ranging in thickness from 0.5–1 cm (upper) to about 2–
3 mm (lower).

The lowermost part of this column at (21–23)–
30 cm is composed of ore clastic sediments consisting of
poorly sorted, coarse, gravel�sized sulfides with numer�
ous erratic quartz–hematite inclusions less than 0.5 cm
in size. The sediments of this interval show less devel�
oped grain�size grading compared with intervals 4–
8 cm and 9–16 cm and are hereafter referred to as
poorly graded clastic sulfides.

The structural and textural features of sample 2 are
similar to those of sample 1. Based on mineralogical
and textural observations, this sample can be divided
into the upper (0–12 cm) interval of quartz–hematite
composition and the lower (12–22 cm) interval of clas�
tic sulfides (Fig. 3).

The upper (0–12 cm) interval displays laminated
and brecciated sedimentary textures. Some layers are
disturbed by pinching out. A horizon at 7–10 cm is dis�
sected by fine�grained clastic sulfides with traces of
postsedimentary folding (see the upper part of a higher
magnification image in Fig. 3).

The lower (12–22 cm) interval can be conditionally
divided into three distinct layers: upper (12–15 cm),
middle (15–20 cm), and lower (20–22 cm), consisting
of coarse�grained, poorly graded, and fine�grained clas�
tic sulfides, respectively. Texturally, it is similar to inter�
val 4–8 cm of sample 1, but differs from it in that a layer
of poorly graded clastic sulfides occurs between the lay�
ers of coarse� and fine�grained sulfide ores.

The progressive grain�size grading in the turbidites
probably took place during their transport by gravity
flows along the seafloor. As the turbidites move downs�
lope, the coarsest sulfide grains settle out first (forming
coarse�grained clastic ore deposits), which results in a
progressive downslope fining and deposition of fine�
grained clastic ore sediments. The underlying fluidized
and plastic layer of iron hydroxide sediments serves as a
glide plane for the turbidite. Large and heavy clasts tend
to fall out of the flow and be trapped in this viscous layer.

An isolated large sulfide clast surrounded by quartz–
hematite sediments is clearly seen at the base of the tur�
bidite at 20–22 cm (Fig. 3).

Sample 3. The absence of large sulfide clasts and
more quiet hydrodynamic conditions during the depo�
sition of the distal (fine�grained) clastic sulfides pro�
moted the development of distinct horizontal layering,
which enabled a more detailed structural and textural
characterization of the vertical section. As noted above,
distal fine�grained sulfide clastics are sometimes
referred to as rhythmites to emphasize a succession of
repeated layers in the vertical section, in which each
layer has a similar vertical pattern. Structurally and tex�
turally, this sample bears a notable resemblance to the
sandy barite–sulfide layers in column 32l�362.

The sample can be conditionally divided into three
layers with jasperoid quartz–hematite sediments in the
upper (0–5 cm) and lower (9–15 cm) layers and sandy
(fine�grained) clastic sulfides in the middle (5–9 cm)
layer (Fig. 4). Similar to the above samples, the quartz–
hematite sediment exhibit horizontal layering, with
light (ruddy) and dark (deep red) layers less than 1 cm
thick. The hematite and quartz grains are isolated from
each other and often have no distinct boundaries, with
the exception of detrital quartz grains embedded in a
fine�grained matrix of quartz and hematite. Generally,
the texture of hematite is fine�grained, with very finely
disseminated sulfide minerals in places. The upper layer
contains thin barite veins cutting across the horizontal
layering in different directions. The lower quartz–
hematite layer is richer in barite, which occurs as iso�
lated grains.

The clastic sulfide layer displays a fine�grained tex�
ture and well�developed grain�size grading (smaller sul�
fide grains coarsen from top to bottom in the layer)
(Fig. 4). It is well seen that this layer contains isolated
large grains of quartz and hematite, from several milli�
meters to a few tens of millimeters in size, which are
probably erratic inclusions from the other layers. Exam�
ination under high magnification shows individual
cubic crystals and massive grains of pyrite with decom�
position textures and later chalcopyrite veinlets. The
middle layer of clastic sulfides has a carbonate cement
and is lighter in color. Close to the base of this layer, the
spaces between pyrite grains are almost completely
filled by chalcopyrite, which gives this layer a golden
shade. As noted above, similar interlayers containing
abundant grains of chalcopyrite are also present at the
base of the barite–sulfide turbidites in column 32l�362.
Therefore, it can be concluded that calcite and chal�
copyrite were precipitated within the turbidite layer and
at its base, respectively, at a postsedimentary stage of
deposit formation.

As noted above, the mineralogical composition of
samples was determined by XRD and using binocular
and petrographic microscopes and a scanning electron
microscope. The contents of major ore minerals were
calculated from the whole�rock chemical data. The
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results for individual layers and interlayers are given in
Table 2. It can be seen that the distinguished mineral
types of sediments (MTS) are more informative com�
pared to the lithotypes that were identified based on
mineralogical and textural observations. For example,
based on the contents of major minerals, we distin�
guished two types of gossanites: iron oxide (IO) and bar�
ite–iron oxide (BIO), and three types of sulfide clastics:
barite–iron oxide–sulfide (BIOS), iron oxide–barite–
sulfide (IOBS), and barite–sulfide (BS). The mineral
composition will be described in detail separately for
each type of sediments.

IO. The main minerals in this type of sediments are
quartz and hematite (sometimes clay minerals), and the
minor phases are clay minerals (ferromagnesian alumi�
nosilicates, chlorites) and barite (Table 2). Pyrite, chal�
copyrite, sphalerite, and apatite (rarely, Cu sulfosalts
and tellurides) are accessory minerals. As noted above,
these sediments form horizontal layers with strong ver�
tical variations in major mineral contents. Microscopic
examination reveals vague boundaries between rela�
tively large quartz–hematite and hematite–quartz
aggregates. Thin barite veinlets are locally present along
the grain boundaries.

Higher magnification SEM images show that hema�
tite, quartz, and ferromagnesian aluminosilicate (chlo�
rite) grains are intergrown with each other and have
vague boundaries. The impressions of shells replaced
with hematite are present. Hematitization of foramin�
iferal tests is typical of present�day hydrothermal sedi�
mentary facies of the Central Atlantic due to the disso�
lution of biogenic carbonate by reducing and acid ore�
bearing solutions. The tests are often filled with chlorite
and quartz and are overgrown by a chlorite�group ferro�
magnesian aluminosilicate. This clay mineral contains
visible segregations of secondary quartz, which, like
hematite, may replace carbonates. Fragments of cal�
cium carbonate shells are also common. However, in
the IO� and BIO�type aggregates, calcium is commonly
hosted by apatite crystals.

The primary quartz–hematite rock was probably a
mixture of iron hydroxides and amorphous silica with
minor amounts of clay minerals. It was shown that in
the TAG, Krasnov, and Semenov fields (Gurvich, 1998;
Rusakov et al., 2011, 2012, 2013), the main compo�
nents are Fe–Si and Si–Fe phases hardly identifiable in
XRD patterns, as well as clay minerals (e.g., nontronite)
sometimes containing native sulfur and sulfide miner�
als. It should be noted that, according to deep sea drill�
ing data, nontronite is absent in ancient metalliferous
sediments. It seems likely that nonotronite can only
form in a narrow range of Eh and pH and is replaced by
another mineral or minerals (in our case, chlorite) dur�
ing diagenesis.

BIO. Unlike the above type, the BIO�type sediments
contain higher amounts of barite, which is one of the
major minerals (>10 wt %) (Table 2). Barite is present as
finely disseminated particles or thin veins in IO and as

large grains with clearly identifiable crystals in BIO. The
higher barite content generally reflects the interaction
between ore�bearing solutions and seawater, because
hydrothermal solutions are the main source of Ba, and
seawater is a source of sulfate sulfur.

BIOS. The main minerals in this type are sulfides
(pyrite and, sometimes, chalcopyrite), hematite, and
barite, and the minor minerals are chalcopyrite,
sphalerite, calcite, and siderite (Table 2). This type is
typical of distal (fine�grained) clastic sulfides, although
it was also found in coarse�grained clastic ores (sample 1,
layer 4–6 cm and sample 2, layer 12–15 cm). The
distribution of grain size and mineral components in the
clastic sulfide layer (5–9 cm) of sample 3 has a distinct
vertical stratification (Fig. 5). For example, the top of
the layer is characterized by the highest pyrite and
hematite contents. The content of calcite and chal�
copyrite progressively increases with depth. Both min�
erals form layers that grade into each other. As noted
above, chalcopyrite occurs as fracture filling in pyrite,
whereas calcite cements clasts. Massive homogeneous
chalcopyrite grains at the base of the layer form isolated
fine inclusions in a quartz–hematite rock. Quartz grain
size also increases from top to bottom in the layer.

IOBS�type sediments are characterized by larger
and more massive sulfide clasts and higher barite con�
tent compared to the above facies (Table 2). They are
typical of proximal turbidites (coarse�grained clastic
deposits), but, compared with the distal turbidites, show
much lower contents of hematite and clay minerals.

BS�type sediments are characterized by the presence
of both coarse clastic and poorly sorted (poorly graded)
sulfides. The main mineral is pyrite (rarely chalcopy�
rite), the minor minerals are barite and chalcopyrite,
and calcite occurs in accessory amounts (Table 2).
These sediments exhibit little or no grading in grain
size, which suggests deposition in the vicinity of the
source of ore material (at the base of black smoker
chimneys).

Thus, based on the mineralogical and textural obser�
vations, the clastic ore facies can be subdivided into
three subfacies: poorly graded clastic ores, coarse�
grained clastic ores, and fine�grained clastic ores. They
form a lithofacies sequence reflecting continuous
changes in the lithodynamic conditions of turbidite
deposition with distance from a massive orebody to gos�
sanites.

Chemical Composition

Fe–Si–Al. The highest Fe (40–66 wt %), Si (10–
20 wt %), and Al (3–10 wt %) contents are characteris�
tic of quartz–hematite layers in gossanites (Fig. 6). The
main minerals hosting these elements are hematite
(Fe), quartz (Si), and chlorite (Al). However, sample 3
has lower Fe (<40 wt %) and higher Si (>15 wt %) con�
tents compared with similar layers in other samples
(Table 1), which may reflect a greater distance from the
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source area. This suggestion is supported by the Fe/Al
ratios of gossanites: 13–296 in sample 1, 5–60 in sam�
ple 2, and 4–22 in sample 3. Therefore, the lithofacies
conditions of accumulation of quartz–hematite sedi�
ments in our samples form a continuous sequence
toward decreasing Fe (major ore element) and increas�
ing Si and Al (as diluters). In column 32l�362, the Fe/Al
ratio is 87.5 for clastic ores and 26–68 for iron hydrox�
ide sediments, suggesting their transitional position in
this sequence.

The lowest Fe (20–40 wt %), Si (5–12 wt %), and Al
(0.5–4 wt %) contents are characteristic of the ore tur�
bidites, in which Fe is present mostly in sulfide miner�
als, and Si and Al, in quartz and aluminosilicates,
respectively (Table 2). The presence of two horizons (9–
11 and 23–25 cm) with anomalous Si content
(13.6 wt %) in sample 1 (Table 1) may indicate the
additional input of Si to the sediment before lithifica�
tion. For example, in the Krasnov field (MAR 16°38′
N), the highest amorphous silica content (Si > 10 wt %)
was reported from a column closest to the center of the
orebody (Rusakov et al., 2011). These conclusions
agree with our assumption on the most proximal loca�
tion of sample 1 to the source area.

Ca–P. The average Ca content of the Devonian
samples is not higher than 2.5 wt %, except for intervals
9–11 cm in sample 1 and 6–8 cm in sample 3 (3.6 and
10.0 wt %, respectively) (Table 1). As noted above, Ca
occurs mostly as apatite in the gossanites, whereas, in
the overlying horizons, it is present as calcite, which is
indicated by peaks in the Ca/P curve (shown by the
arrow in Fig. 6) and the Ca–P plot (Fig. 7).

The P content is highest in quartz–hematite layers
(0.5–1.2 wt % P), where it occurs only in apatite,
and lowest in clastic ore layers (<0.3 wt % and
mostly <0.05 wt %). Iron hydroxides, the strongest
natural sorbents (Rudnicki and Elderfield, 1993) were
probably the main source of P in the sediments.

Cu, along with Mn, is the most mobile metal in the
sediments studied. Appreciable amounts of Cu were
observed in the clastic sulfide layers (>2 wt %), while the
Cu content of the gossanites is very low (<0.1 wt %).
Copper occurs mainly in chalcopyrite, but is also
present as sulfosalts in iron oxide sediments. The pre�
cipitation of sulfosalts was probably caused by the defi�
cit of reactive sulfur species in the pore waters of IO�
and BIO�type sediments.

Mn. As seen in the diagrams of vertical Mn distribu�
tion in the studied sediment sections (Fig. 6), the high�
est Mn content (>0.1 wt %) was found in quartz–hema�
tite layers within gossanites, except for sample 3, where
Mn content in the upper (0–5 cm) gossanite layer is less
than 0.05 wt %. The Mn contents of clastic ores are
<0.1 wt % and often close to the detection limits of the
XRF analyzer. The major Mn minerals in the Devo�
nian–Silurian hydrothermal–sedimentary deposits of
the Urals were determined in umbrites, where Mn
mainly forms oxide (hausmanite), silicate (braunite,

rhodonite, tephroite, and caryopilite), and carbonate
(Mn�calcite and rhodochrosite) minerals (Starikova
et al., 2004; Maslennikov and Ayupova, 2007). No Mn
minerals and significant Mn–Si correlations were iden�
tified in our samples. However, a significant correlation
between Mn and Al may indicate a link between Mn
and aluminosilicates.

Organic Matter

Layers of different mineralogical types show a non�
uniform distribution of Corg content, which is generally
higher in clastic ores than in gossanites and tends to
increase with distance from the center of the orebody
(hydrothermal vent) (Table 4), and the OI/HI ratio
decreases in the same direction. Therefore, with
increasing TOC values, the content of hydrocarbons
(СНn) increases with respect to oxygen�containing
compounds. This may reflect the increasing proportion
of planktonic organic matter from proximal to distal
sediments. Previous studies showed that the filamen�
tous Si–Fe aggregates produced by Fe�oxidizing bacte�
ria play a key role in the formation of proximal metallif�
erous sediments at active hydrothermal fields (Dhillon
et al., 2003; Emerson et al., 2007, 2010; Davis and
Moyer, 2008; Hodges and Olson, 2009; Rato et al.,
2009). These bacteria were shown to be able to oxidize
Fe2+ to Fe3+ and utilize the released energy for СО2 fix�
ation (Kennedy et al, 2003; Emerson et al., 2007, 2010).
The high OI values of the proximal clastic ore
(sample 1) may also reflect the predominant role of
СО2 in the activity of microorganisms from habitats in
proximity to the center of the orebody.

The carbon isotopic composition of organic matter
in sample 1 (Table 4) is close to the average values of
Devonian marine sediments, δ13С = –(30–26)‰
PDB (Galimov, 1999). Moreover, well�preserved car�
bonaceous material from the Early Archean (3240 Ma)
Sulphur Springs massive sulfide deposit in the Pilbara
block showed almost identical δ13С values of –(34.0–
26.8)‰PDB (Duck et al., 2007). However, it was also
noted that this carbon isotopic composition cannot be
regarded as a reliable indicator of the sedimentation
basin, because it is a product of the destruction of
hydrocarbons and proteins accompanied by the enrich�
ment in more stable lipids, lignin, and cellulose (Hoefs,
1980). Therefore, the isotopic composition of organic
matter becomes progressively enriched in 12C with
increasing geologic age of rocks. The data from sample
3 (without HCl treatment) suggest the predominance of
inorganic carbon, as is typical of most sedimentary car�
bonate rocks. Numerous investigations indicated that
the inorganic carbon to organic carbon ratio
(Ccarb/Corg) is equal to approximately 4 : 1 and remained
almost unchanged over geologic history (Broecker,
1970; Schidlowski et al., 1979). Given the carbon isoto�
pic composition of modern marine carbonates δ13С ~
0‰, the average isotopic composition of the studied
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sediments (including carbonates) should be equal to
δ13Сbulk = –(26.93–26.74)/4 ~ –6.7‰. According to
Galimov (1968, 1999), the average isotopic composi�
tion of different forms of carbon, considering their mass
in the Earth’s sedimentary cover, approaches δ13С =
⎯5‰. Both values agree well with our results (Table 4).
Moreover, our results are close to the average (Ccarb +
Corg) composition of marine carbonate sediments,
δ13С = –(14.7–5.1)‰ (Ivanov and Lein, 1980). These

data may indicate a low degree of carbon isotope frac�
tionation in the sediments studied during the postsedi�
mentary stage.

DISCUSSION

The major mineral compositions of our samples and
their modern equivalents (Holocene–Pleistocene) are
compared in Table 5. It can be seen that the mineral
composition of the quartz–hematite gossanites is
poorly correlated with that of iron hydroxide muds of
the Semenov hydrothermal cluster. Atacamite is absent
in the Devonian sediments. This mineral is associated
in sediments with biogenic carbonate material and sta�
ble over a narrow range of pH < 8 under strongly oxidiz�
ing conditions (at high positive Eh values of >200). In
addition, atacamite is unstable at temperatures higher
than +(10–13)°С in the carbonate rock–seawater sys�
tem (Rusakov et al., 2013). Modern sediments are char�
acterized by higher contents of sulfides and barite
(SBIH and IHSB types). The absence of their direct
equivalents in the rocks of the Molodezhnoe deposit
may indicate postsedimentary sulfide oxidation, i.e.,
the transformation of the SBIH and IHSB types into
the BIO type. Compared with modern distal ore clastic
sediments (barite–sulfide sand, BSS), their ancient
equivalents have higher iron oxide contents; i.e., the
BS�type sediments can be transformed into the BIOS
and IOBS types owing to oxidizing reactions. This is
illustrated by the Cu–S–Fe/4 diagram (Fig. 8). More�
over, the Holocene–Pleistocene sediments of the
Semenov hydrothermal cluster have higher Cu contents
compared with the sediments of the Molodezhnoe
deposit, except for horizon 6–8 cm of sample 3. We sug�
gest that the copper released by the oxidation of primary
sulfide minerals is redeposited in other horizons as sec�
ondary chalcopyrite. The arrows in Fig. 8b depict the
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Fig. 7. Ca–P diagram for (1) sample 1, (2) sample 2, and
(3) sample 3.

Table 5. Comparison of major mineral compositions of modern and Devonian ore�bearing hydrothermal sediments

Semenov ore cluster 
(Rusakov et al., 2013) Molodezhnoe deposit (this study) Alteration factor

Atacamite–iron hydroxide (AIH) Not detected Atacamite dissolution

Atacamite–barite–iron hydroxide (ABIH) Not detected Atacamite dissolution

Iron hydroxide (IH) Iron oxide (IO) Dehydration

Barite–iron hydroxide (BIH) Barite–iron oxide (BIO) Dehydration

Sulfide–barite–iron hydroxide (SBIH) Not detected Sulfide oxidation

Iron hydroxide–sulfide–barite (IHSB) Not detected Sulfide oxidation

Not detected (barite–sulfide, BS) Barite–iron oxide–sulfide (BIOS) Sulfide oxidation

Not detected (barite–sulfide, BS) Iron oxide–barite–sulfide (IOBS) Sulfide oxidation

Barite–sulfide sand (BSS) Barite–sulfide (BS) –

* The inferred original composition is shown in parentheses.
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trend of chemical compositions resulting from the oxi�
dation of sulfides and redeposition of Cu as chalcopy�
rite in the other horizons. It should be noted that the
aforementioned horizon is also strongly enriched in cal�
cite (Table 2).

Since modern sediments were sampled using a box
corer suitable for loose sediments, more consolidated
coarse�grained ore clastics were not used in our analy�
sis. The latter were sampled using a video�guided grab
sampler, which destroys the primary vertical stratifica�
tion in sediments. The collected sediment is a mixture
of ore clasts of different dimensions (from sand�sized
particles to rare massive fragments up to ~0.5 m in
diameter) and water�rich iron hydroxide muds. Similar
ore clastic sediments are also widespread in other
hydrothermal fields of the Atlantic Ocean. The visual
inspection with a video camera indicates that the sur�
face of these sediments is covered by bacterial mats with
numerous living organisms: fishes, eyeless crabs more
than 20 cm long, and large carbonate shells of bivalve
mollusks (5–10 cm). Part of ore clasts consist of large
(n10 cm) consolidated fragments of hematitized aggre�
gates.

The above results demonstrate that the Devonian
clastic ore turbidites differ from their modern equiva�
lents in (1) the absence of low�temperature mineral
assemblages; (2) higher contents of oxidation products
in lithified sediments, which reflect the effects of seaf�
loor weathering (halmyrolysis); and (3) sediment dehy�
dration resulting in the replacement of iron hydroxides
by hematite and amorphous silica by quartz.

Sedimentation. The presence of clastic ores of differ�
ent grain sizes and mineralogical types in a single sam�
ple suggests that the growing orebody comprised a sys�
tem of vertical structures (located close to each other),
which appeared and collapsed periodically (Figs. 9a,
9b). The collapse of the chimneys was probably caused
by the oxidation of sulfides and the destruction of their
pyrite matrix due to the infiltration of seawater along
fractures into the sulfide mound. This is indicated by
the decomposition textures of large pyrite grains in clas�
tic ores. The products of their destruction carried by
turbidity flows were deposited at the base of the growing
ore mound and interbedded with finely dispersed
hydrothermal–sedimentary material (iron hydroxide
muds) forming bedded deposits along contacts with
massive orebodies.

As shown above, the hydrothermal–sedimentary
material and massive sulfides underwent strong oxidiz�
ing influence of seawater during the sedimentation
stage. This was clearly manifested in the formation of
quartz–hematite layers (IO�type sediments). Because
of the presence of abundant hematite grains replacing
earlier sulfide minerals, these sediments are interpreted
to be formed after sulfides. It should be noted, however,
that sulfide oxidation products associate with abundant
quartz–hematite and hematite–quartz grains produced
by the crystallization of Si–Fe and Fe–Si gels of
entirely hydrogenous (possibly, biogenic) origin. Previ�
ous studies of ore�bearing sediments from the Krasnov
and Semenov hydrothermal fields showed that, along
with sulfide oxidation products, iron oxyhydroxides in

(a) (b)

S

Cu Fe/4

BSS

IHSB

IHB

BIH

IH
ABIH

AIH

1 2 3 4 5

S

Cu Fe/4

BS

 Secondary chalcopy� IOBS�BIOS

BIO

IO

rite sediments
Sulfide oxidation

Sample 3
hor. 6–8 cm

Fig. 8. Cu–S–Fe/4 diagram (wt %) for (a) modern ore�bearing sediments of the Semenov ore cluster (Rusakov et al., 2013) and
ore clastic turbidites of the Molodezhnoe massive copper sulfide deposit (this study). (1–2) Holocene–Pleistocene sediments:
(1) Northwestern field and (2) Eastern field; (3–5) Devonian sediments: (3) sample 1, (4) sample 2, and (5) sample 3. For other
explanation, see Table 5 and text.
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these sediments may be hydrogenous colloidal X�ray
amorphous gels with relatively high Si contents (Rusa�
kov et al., 2011, 2013). It was shown that a wide range of
colloids, including silica particles, may be formed by the
interaction of hydrothermal solutions with seawater
(Rusakov, 2007).

The rate of sediment accumulation is considered the
main mechanism controlling the degree of oxidation.
The data on the vertical sections of ore�bearing sedi�

mentary columns
1
 from the Semenov field (Rusakov

et al., 2013) show that oxidation processes usually
affected only the upper sedimentary layers, which were in
contact with seawater, whereas the ore clastic turbidite lay�
ers were weakly oxidized. Closed�system sulfide oxida�
tion decreases the amount of free oxygen, thus strength�
ening the reducing properties of the pore solutions in
sediments, which in turn enhances the dissolution of
biogenic carbonates and transfer of some mobile metals
from a solid to an aqueous phase. The preservation of

1 Ore�bearing sediments are defined here as metalliferous sedi�
ments with high contents of Cu and Zn, Cu + Zn > 0.25 wt %,
when recalculated to carbonate�free material (Beltenev et al.,
2006).

large pyrite grains also indicates reducing conditions in
the turbidite layers. Therefore, these sediments were
deposited as alternating layers with different Eh–pH
conditions (oxidizing conditions in the IO�type sedi�
ments and reducing conditions in the BS�type ore clas�
tic turbidites).

Secondary minerals (authigenesis). The accumula�
tion of secondary chalcopyrite reflects the postsedi�
mentary effects of copper�bearing solutions on the sed�
iments studied. There are at least two possible mecha�
nisms of formation of secondary copper minerals in this
type of deposits. The first mechanism is infiltration
metasomatism involving the effect of ascending diffuse
flows of hydrothermal solutions. As opposed to the jet
flow, the boundary of the diffuse flow may be a continu�
ous front line, which travels upsection without destroy�
ing the primary stratification of sediments (Fig. 9c).
The second mechanism involves copper leaching from
sulfides owing to the infiltration of cold oxidizing sea�
water into the porous sulfide matrix. Seawater pene�
trates into an orebody or metalliferous sediments and
reacts with sulfide minerals (Fig. 9d). As a result of this
reaction, sulfide is converted to hydroxide (Nordstorm,
1982), (Me)Sn → Fe(OH)3, while copper and part of

(a) (b)

(c) (d)

Diffuse infiltration
of ore�bearing solutions
through hydrothermal–

sedimentary rocks

Percolation of seawater inside hydrothermal–sedimentary rocks
and orebody accompanied by the formation of iron hydroxide

cap rocks

Fig. 9. Main stages of the formation of a hydrothermal orebody and wall rocks of hydrothermal–sedimentary origin during sedi�
mentation and subaqueous diagenetic phases: (a) immature field with isolated ore structures; (b) hydrothermal field at peak
hydrothermal activity, the growth of ore structures is accompanied by deposition of ore clastic sediments; (c) mature field with
waning hydrothermal activity, copper removal to the outer zone of the ore structure triggers formation of secondary copper min�
erals in clastic ores (infiltration–metasomatic phase); (d) inactive field where oxidation prevails (infiltration phase).
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iron are released as chlorides into the solution. The
influence of both mechanisms on secondary mineral
formation has been described in detail using the
Semenov field as an example (Rusakov et al., 2013). It
should be noted that, at a certain stage of the evolution
of a hydrothermal recirculation system, the hydrother�
mal discharge becomes focused at the center of a sulfide
mound and then continues to diffuse and wanes. At this
phase, the influence of diffuse discharge gradually gives
way to the processes of oxidation; i.e., the infiltration–
metasomatic replacement of minerals is changed by the
infiltration mechanism.

The mechanism of infiltration–metasomatic replace�
ment was considered using the composition of a massive
copper sulfide ore (MCS) as an example. The mineral
and chemical composition of the ore is given in Tables 1
and 2. Fluid inclusion data and homogenization tem�
perature values show that all fluid inclusions observed in
this ore sample were homogeneous liquid and have
homogenization temperatures of 150–210°C (Table 3).
Massive copper sulfide ores showed higher homogeni�
zation temperatures of 150–325°C (Karpukhina et al.,
2013). The major mineral composition of a massive
copper sulfide ore collected from the Molodezhnoe
deposit (Table 2) shows that the ore contains relic pyrite
(29.66 wt %) exhibiting decomposition textures, alumi�
nosilicates (1.25 wt %), detrital quartz (1.07 wt %), and
separate barite grains (0.14 wt %). This suggests that the
chalcopyrite was formed in the MCS after preexisting
ore clasts by diffuse infiltration of copper�bearing solu�
tions (infiltration metasomatism). The chlorite could be
formed in situ by direct precipitation from hydrother�
mal solutions or recrystallization of earlier aluminosili�
cates (including clay minerals). Aluminosilicates are
represented in this sample by iron–magnesium phyllo�
silicate dendrites growing within chalcopyrite, which
supports the possibility of clay aluminosilicate forma�
tion within the orebody under the influence of high�
temperature hydrothermal fluids. However, at the
periphery of the orebody, where the infiltration–meta�
somatic effects of ascending ore�bearing fluids is mini�
mal, reduction diagenesis closely associated with the
formation of secondary sulfide minerals and dissolution
of biogenic carbonates and manganese oxide minerals
should play a key role in the formation of secondary
minerals.

In order to reconstruct the infiltration mechanism of
mineral formation, we performed computer modeling
using the HCh (Hydrochemistry) program of
Yu.V. Shvarov to compare the equilibrium mineral
phases at different temperatures and O2 partial pressures
(Fig. 10). The model system included the following
minerals: azurite, native copper, ankerite, anhydrite,
apatite, barite, bornite, brucite, chalcocite, chalcopy�
rite, dolomite, hematite, magnesite, magnetite, musco�
vite, paragonite, pyrite, quartz, siderite, calcite,
sphalerite, tenorite, and troilite, and some mineral
assemblages formed by them. The temperature range of
150–400°C was determined from the homogenization
temperatures of fluid inclusions in the samples (Table 3)

and from studies of geochemical and metasomatic
haloes at the mineral deposit (Baranov, 1987).

The results of computer modeling for the BS�type
deposits show that the barite–chalcopyrite–pyrite
assemblage is stable within the specified temperature
range and over a wide range of logP(O2). However, at
temperatures below 300°С, calcite appears in the sys�
tem. As noted above, the pore space (interstices) of tur�
bidites were filled with calcite (cement) at the postsedi�
mentary stage. The δ13С values (Table 4) suggest that
calcite was derived from biogenic carbonates, which
were supplied to sediments at the sedimentation stage.
It is well known that the process of lithification often
involves carbonate redistribution between individual
layers of sediments (Gavrilov, 1982) as a result of carbon
dioxide removal from the system owing to the interac�
tion between CO2, H2O, and CaCO3:

Ca(HCO3)2 ↔ CO2↑ + H2O + CaCO3↓. (1)

Since calcium bicarbonate is more soluble than car�
bonate, the reaction will proceed from right to left.

The modeling for the BIOS�type deposits showed
that siderite is formed in the hematite–barite–chal�
copyrite–pyrite assemblage at temperatures below
250°С and is joined by calcite below 200°С. The param�
eters of the replacement of pyrite by chalcopyrite, pyrite
by siderite, chalcopyrite by siderite, and siderite by cal�
cite can be calculated from reactions (2)–(5).

FeS2(pyrite) + 0.5H2O + CuCl2
– (aq) 

= CuFeS2(chalcopyrite) + H+ + 2Cl– + 0.25O2(g); (2)

logK2 = logaH+ + 2logaCl– + 0.25logfO2 –logaCuCl2
–.

Figure 10 shows that all mineral types of sediments
contain pyrite coexisting with chalcopyrite.

FeS2(pyrite) + 2H2O + CO2(aq) 
= FeCO3(siderite)+2H2S(aq) + 0.5O2(g), (3)

logK3 = 2logaH2S(aq) + 0.5logfO2 – logaCO2(aq),

CuFeS2(chalcopyrite) + 1.5H2O + CO2(aq) + H+ 

(4)
+ 0.5logfO2 – logaCO2(aq) + pH.

The formation of siderite after pyrite depends not
only on the partial pressure of oxygen, P(O2), but also
on the concentration (activity) ratios of dissolved H2S
and CO2. The formation of siderite after chalcopyrite
also depends on copper concentration (Cu+ activity).
The results of modeling show that these reactions pro�
ceed at temperatures below 250°C.

(5)

The replacement of siderite by calcite requires that
logaFe2+ ≤ logaCa2+. As seen in Fig. 10, at the given
oxygen fugacity, the assemblage calcite + siderite does
not form in the BIOS�type deposits. Therefore, it can

= FeCO3(siderit) + 2H2S(aq) + Cu+ + 0.25O2(g),

logK4 = 2logaH2S(aq) + logaCu+ 

FeCO3 siderit( ) Ca2++ CaCO3 calcite( ) Fe2+
,+=

K5log aFe2+log aCa2+log( ).–=
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be concluded that calcite found in association with sid�
erite at 6–8 cm in the BIOS�type deposits of sample 3 is
thermodynamically nonequilibrium, i.e., unstable at
the given conditions. This result provides additional
support that calcite was formed by reaction (1) at a later
stage of rock formation.

BIO and IO types of deposits are also formed at all
temperatures and oxygen fugacities considered above
(Fig. 10). However, the formation of the IO mineral
association (with minor amounts of barite and sulfide
minerals) appears more likely at temperatures below
250°C and at logР(O2) typical of oxidizing conditions:
–33.5 ± 0.5 (250°С), –39.5 ± 0.5 (200°С), and ⎯44.5 ±
0.5 (150°С). It is noteworthy that calcite is absent in this
association.

Therefore, the identified mineral associations and
the thermodynamic modeling of the stability of these
minerals suggest that the formation of secondary min�
erals involved at least two stages. The first stage included
the replacement of pyrite by chalcopyrite (2) and chal�
copyrite by siderite (4). The second stage involved car�
bonate redistribution between individual layers of rocks
at lower oxygen activity. Biogenic carbonates were dis�
solved in the IO� and BIO�type rocks and redeposited
in the BIOS� and BS�type rocks as authigenic calcite
according to reaction (1).

Lithification. Subsequent lithification of such sedi�
ments was probably triggered by the crystallization of

iron hydroxides and silica
2
, which can be expressed by

the hydration–dehydration reactions catalyzed by OH–

:
2Fe(OH)3 ↔ Fe2O3 + 3H2O, (6)

(SiO2)x – 1 + Si(OH)4 ↔ (SiO2)x + 2H2O. (7)

The mechanisms of silica crystallization are in turn
controlled by a complex interaction between a solid
phase of the sediment and pore solutions. It is known
that the addition of a salt of a polyvalent metal to a sili�
cate solution results in precipitation of a metal silicate.
In the precipitate, silicate ions can be linked together to
form an insoluble compound. The study of the mecha�
nisms of chemical precipitation of silica (Iler, 1979)
showed that the addition of small amounts of Fe(ОН)3

or Al(ОН)3, as well as Mn or Mg in a suspended form to
a solution of a silicate results in the formation of quartz
crystals at low temperatures. The metal hydroxides sig�
nificantly lower the solubility of silicates, such that
quartz becomes a crystallizing phase. Aluminum in this
case is the most effective precipitator.

Clay minerals. Studies of metalliferous sediments
from modern hydrothermal fields of mid�ocean ridges
confirmed the possibility of clay mineral synthesis
either by the reaction between hydrothermal fluids and
volcanic rocks and sediments or as a result of direct pre�

2 “Silica” is used as a short convenient designation for “silicon
dioxide” in all its crystalline, amorphous, and hydrated or
hydroxylated forms (Iler, 1979).

cipitation from hydrothermal fluids mixed with seawa�
ter. It was also shown that modern hydrothermal sedi�
ments contain not only hydrothermal alteration prod�
ucts of volcanic rocks, such as serpentine, talc, and
chlorites (Dias and Barriga, 2006; Dias et al., 2011;
Peng et al., 2011), but also muscovite, illite (hydromus�
covite), and montmorillonite (smectite and its iron�rich
variety, nontronite) (Cole, 1983, 1985, 1988; Kohler
et al., 1994; Iizasa et al., 1998; Taitel�Goldman and
Singer, 2001a, 2001b; Benjamin and Haymon, 2006;
Bentabol et al., 2006; Lackschewitz et al., 2006; Dekov
et al., 2007, 2008; Higashi et al, 2007; Hrischeva and
Scott, 2007; Augustin et al., 2008; Lantenois et al.,
2008; Sun et al., 2012). Dekov et al. (2007) argued that
the composition of clay minerals is independent of the
type (subtype) of the hydrothermal system and con�
trolled by temperature and the proportion of seawater
and hydrothermal fluid in the parental solution. The
latter control is characterized by the activity of Si(ОН)4

and Mg/Al ratio. It was shown that talc and kerolite–
smectite are higher temperature (>250°C) phases, Mg
phyllosilicates of the montmorillonite (smectite) group
are moderate�temperature (200–250°C) phases, and
chlorite and chlorite–smectite are lower temperature
(150–200°C) phases.

Furthermore, the possibility of clay mineral synthe�
sis within sediment cannot be ruled out. Sun et al.
(2012) described two possible mechanisms of formation
of nontronite clays. They may form by precipitation
from hydrothermal fluids during their mixing with sea�
water or by replacement (crystallization) of Fe–Si
oxides (gels) directly within the sediment as a result of
diffuse percolation of hydrothermal solutions. The
former mechanism is exemplified by sediments from
the Mariner field of the Valu Fa Ridge, and the latter
mechanism, by sediments from the Hine Hina field
located in the Lau Basin, in the southern Valu Fa Ridge.
Dekov et al. (2008) supposed that the predominance of
filamentous nontronite aggregates in the hydrothermal
sediments at the Tyrrhenian seafloor is indicative of
bacteria�assisted formation. As noted above, subse�
quent diagenetic changes are associated with the
replacement of nontronite by other minerals.

Our data show that the sediments are characterized
by the monomineralic composition of aluminosilicates
represented entirely by chlorite. Several possible paths
of clay mineral alteration during diagenesis and cat�
agenesis have been described in the literature; all of
them involve a gradual transformation of disordered
mixed�layer minerals to simple ordered minerals via
ordered mixed�layer species. For example, Logvinenko
and Orlova (1987) showed that, depending on the pre�
dominance of a particular chemical element in the sys�
tem, the clay minerals could be sequentially trans�
formed into chlorite (Mg predominance) or illite (K
predominance). Therefore, it can be assumed that the
high initial Mg content of pore solutions in metallifer�
ous sediments was due to Mg uptake from seawater. The
relatively high loss on ignition values may indirectly
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indicate high initial water contents in the sediments
(LOI = 9.5 wt % on average for sample 1 and up to
21 wt % for horizon 25–27 cm) (Table 1).

CONCLUSIONS

(1) The Devonian ore clastic turbidites of the Molo�
dezhnoe copper massive sulfide deposit are equivalents
of Holocene–Pleistocene turbidites (grain flow depos�
its) in hydrothermal fields of the modern ocean.

(2) The formation of the ore clastic turbidites
occurred in two stages. The first stage involved the accu�
mulation of ore clastic layers by turbidity currents acting
as agents of gravitational transport of destruction prod�
ucts of the orebody over short distances (n × 100 m). The
sediments became affected by infiltration–metaso�
matic processes owing to the percolation of ascending
ore�bearing solutions and infiltration processes owing
to the downward movement of seawater. The second
stage involved postsedimentary lithification of the sedi�
ments, which was accompanied by dehydration,
increase in the proportion of oxide minerals, disappear�
ance of temperature�sensitive minerals (atacamite),
and transformation of clay minerals.
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