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Abstract—A new type of sulfide occurrence related to metasomatically altered brecciated gabbroids has been
studied at the Sierra Leone site situated in the axial rift valley of the Mid-Atlantic Ridge (Markov Deep, 6° N).
Two associations of plutonic, subvolcanic, and volcanic rocks were dredged: (1) mid-ocean ridge basalts
(MORB) and their intrusive analogues and (2) rocks of the silicic Fe-Ti-oxide series with dominating gab-
bronorites and sporadic trondhjemites. Almost all igneous rocks at the Sierra Leone site are enriched in Pb, Cu,
U, Ga, Ta, Nb, Cs, and Rb and depleted in Zr, Th, and Hf. The rocks of the Fe-Ti-oxide series are enriched in
Zn, Sn, and Mo and depleted in Ni and Cr. The main ore-bearing zone is situated at the foot of the eastern wall
of the deep, where it is hosted in cataclastic hornblende gabbro and gabbronorite of the Fe-Ti-oxide series. Ore
mineralization in metasomatically altered rocks is composed of quartz—sulfide and prehnite—sulfide veinlets,
disseminated sulfide, and veined copper sulfide ore. The ore consists of pyrite, chalcopyrite, sphalerite, pyrrho-
tite, bornite, chalcocite, and digenite. The 534S value of sulfides varies from 3.0 to 15.3%.. At the foot of the
eastern wall of the Markov Deep, directly downslope from the ore-bearing zone, loose sediments contain grains
of native Cu, Pb, Zn, and Sn and intermetallic compounds (isoferroplatinum, tetraferroplatinum, and brass)
apparently derived from the ore. Mineral assemblages of ore-bearing metasomatic rocks and fluid inclusions
therein were studied. Ore metasomatism developed under a low oxygen potential within a temperature interval
from 400 to 160°C, though initial hydrothermal alteration of rocks proceeded at temperatures of 800—450°C.
The temperature of stringer—disseminated ore mineralization is estimated at 170-280°C. The hydrothermal flu-
ids are considered to be of magmatic origin; as the hydrothermal system evolved, they became diluted with sea-
water that was contained in fractured oceanic crust. The ore matter could have been derived from magmatic
fluids that were released from water-saturated melts of the Fe—Ti oxide series during their ascent and leached
from host gabbroids in the process of metasomatic alteration.

DOI: 10.1134/S1075701507060037

INTRODUCTION

The discovery of ore-forming systems in rift zones
of oceans more than 20 years ago posed for geologists
the new problem of estimating the scope and trends of
recent ore formation over the greater part of our planet.
This particularly refers to massive sulfide deposits,
which are mostly related to ophiolitic associations and
are often regarded as ancient analogues of the recent
black smokers, which were discovered in the 1970s—
1980s in the axial spreading zones of the World Ocean.
The sulfide mounds were formed at the magmatic stage
of rift evolution on neovolcanic rises directly above
magma conduits. Recent ore-forming systems were
discovered later in serpentinized ultramafic oceanic
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rocks of the Logachev, Ashadze, and Rainbow hydro-
thermal fields (Batuyev et al., 1994; Krasnov et al.,
1995; Fouquet et al., 1993; Bel’tenev et al., 2004a;
Bortnikov and Vikent’ev, 2005). They were also dis-
covered in the segments of the slow-spreading Mid-
Atlantic Ridge (MAR) that are now at the tectonic stage
of development and whose activity is controlled by
faults in the walls of the axial rift valley. The mineral-
ogical and geochemical features of these hydrothermal
systems differ from those related to neovolcanic rises
(Bogdanov et al., 2002).

In the axial MAR zone of the Markov Deep (the
Sierra Leone site) during Cruise 10 of the R/V Aka-
demik loffe in 2001-2002, we discovered one more
type of ore mineralization that developed in a similar
tectonic setting (Pushcharovsky et al., 2004), and this
discovery was confirmed during Cruise 22 of the
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Fig. 1. Index map with location of the Sierra Leone site.

R/V Professor Logachev in 2003 (Bel’'tenev et al.,
2004b). This mineralization is related to zones of meta-
somatic reworking of gabbroids and comprises dissem-
inated sulfides and sulfide veinlets and veins. About
100 dredgings yielded 2400 kg of bedrocks, including
altered wall rocks with sulfide mineralization and frag-
ments of copper sulfide veins (about 50 kg of ore material).

This paper presents the results of studying the geol-
ogy of the ore-bearing zone, the petrography and
geochemistry of host rocks, ore-bearing structural ele-
ments, and sulfide mineralization. The composition of
fluid inclusions in metasomatic minerals and the isotopic
sulfur composition of sulfides are characterized as well.

GEOLOGY

The studied MAR segment is situated close to the
Sierra Leone Fracture Zone (FZ) between the
Bogdanov FZ (7°10" N) and 5°00” N (Fig. 1). North of
the Bogdanov FZ, the axial valley of the MAR was dis-
placed by a number of large transform FZs (Vema,
Arkhangel’sky, Doldrums, and Vernadsky). The topog-
raphy of the ridge is intensely dissected; its minimum
depth is ~2 km. Farther south of 5°00” N up to the Stra-
khov FZ, the MAR is a plateau crossed by a narrow
NS-trending axial rift valley (Pushcharovsky et al.,
2004). The morphostructure of this segment is distin-
guished by the absence of transform faults and a vari-
able strike of the rift valley, formed by an en echelon
system of grabenlike basins as deep as 4-5 km; the

Markov Deep is one of these basins. This MAR seg-
ment, unlike the adjacent areas, is characterized by low
seismicity. As was pointed out by Mazarovich and
Sokolov (1998), the large sulfide occurrences associ-
ated with black smokers are localized in precisely such
a tectonic setting.

This site attracted particular attention because doler-
ites with sporadic sulfide disseminations along local
zones of low-temperature alteration were carried up
from the walls of the rift valley in the course of dredg-
ing during Cruise 22 of the R/V Akademik Nikolai Stra-
khov. The dredging was conducted in the adjacent rift
structures as well, but the main efforts were focused on
the Markov Deep, where the fairly coarse-grained
stringer—disseminated, predominantly chalcopyrite min-
eralization is hosted in prehnite—chlorite—epidote meta-
somatic rocks that replaced mylonites and cataclasites
in gabbro. The data on the composition of ferromanga-
nese nodules (Bazilevskaya and Skolotnev, 2002), the
thermohaline structure of seawater (Demidova et al.,
2003), and its transparency (Pushcharovsky et al.,
2004) indirectly indicate that hydrothermal systems,
discharging on the seafloor, may have existed and
might exist in the Markov Deep.

Geology of the Markov Deep

The Markov Deep extends for 20-22 km along the
rift axis; its width varies from 8 to 11 km and its depth
is about 4975 m. The basin is bounded by escarps 700—
GEOLOGY OF ORE DEPOSITS
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Fig. 2. Geological structure of the eastern wall of the Markov Deep after (Bel’tenev et al., 2004). (1) Zones of tectonic deformation
and metasomatism; (2) fracture zones; (3) geological boundaries; (4—7) fields of (4) basalts, (5) gabbroic rocks, (6) ultramafic rocks,
and (7) sedimentary cover; (8) zones of hydrothermally altered rocks; (9) sulfide mineralization in bedrocks.

800 m high. An ore occurrence has been revealed in the
northern part of the basin near the foot of its eastern
slope. Here the rift valley is asymmetric, bounded by a
steep eastern wall where the depth varies from 5.0-4.6
to 2.2 km at a distance of 3—4 km and a gently dipping
western wall with a depth varying from 5.0 to 4.6 km
up to 2.8 km at a distance of 10.5 km from the rift axis.
The thickness of loose sediments near the foot of the
eastern slope amounts to 30 m.

The results of dredging have shown that the walls of
the rift valley are composed of serpentinized peridotites
and gabbroids locally transformed into mylonites and
cataclasites and affected by metasomatic alteration.
Intensely altered and tectonized basalts and dolerites
are exposed at the valley bottom, on its flanks, and in
the upper part of its slopes; fresh basalts with glassy
crusts occur at the valley bottom and on slopes of neo-
volcanic rises.

No. 6 2007
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Based on detailed sampling at the eastern and south-
eastern slopes of the Markov Deep, a geological
scheme of the ore-bearing zone has been drawn
(Fig. 2). At least two zones of intense tectonic deforma-
tion and metasomatism at depths of 4400-4600 and
3700 m extend in the northwestern direction along the
basin wall; sulfide mineralization was found in the
lower zone (Bel’tenev et al., 2004b).

Rock complexes characteristic of the entire oceanic
crust section are developed in both walls of the rift val-
ley. Remote sensing carried out at the eastern wall of
the Markov Deep during Cruise 22 of the R/V Profes-
sor Logachev in 2003 using a GBO MAK-1M side scan
sonar has shown that the crust is perfectly layered. This
allows us to suggest that the majority of studied rocks
are part of a layered complex similar to that observed in
ophiolitic associations of the type of Monviso in the
Western Alps (Lombardo et al., 2002).
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Abundant sediments in the axial valley and wide-
spread ultramafics and gabbro suggest that the present-
day spreading of the oceanic crust in the studied seg-
ment of the MAR occurs under conditions where tec-
tonic processes prevail over magmatic activity (Peive
etal., 2003). At the same time, the dry spreading is
accompanied by development of thick and extended
neovolcanic ridges made up of fresh basalts with glassy
crusts.

Lithology of the Oceanic Crust in the Markov Deep

The set of dredged rocks is common for slow-
spreading ridges, including the MAR (Dick et al,,
1992). The following rocks have been identified:
(1) ultramafics, including lherzolite, harzburgite, and
dunite; some of them are mantle restites, while others
contain relics of cumulative structures and apparently
belong to intrusive rocks; (2) gabbroids, which com-
prise troctolite, olivine gabbro, gabbro, norite, gab-
bronorite, hornblende gabbro, gabbro pegmatite,
Fe-Ti-oxide gabbronorite, gabbrodiorite, and associ-
ated granodiorite and plagiogranite (trondhjemite);
(3) dolerite of a dike (?) complex, ilmenite—hornblende
varieties inclusive; and (4) fragments of pillow and
massive basaltic lavas.

Virtually all rocks except fresh pillow lavas with
chilled glassy crusts underwent cataclasis and regional
metamorphism under conditions of greenschist and epi-
dote-amphibolite facies. Metamorphosed ultramafics,
gabbro, and dolerites are opposed to metasomatically
altered rocks.

Petrography of Ocean Floor Bedrocks

Detailed petrographic and geochemical descriptions
of igneous rocks and compositions of primary minerals
were published by Pushcharovsky et al. (2004),
Sharkov et al. (2005), Savel’eva et al. (2006), and Sko-
lotnev et al. (2003), so that only a brief overview is
given below.

The following abbreviations of minerals are
accepted in the text: (Ol) olivine, (Opx) orthopyroxene,
(Cpx) clinopyroxene, (Di) diopside, (PI) plagioclase,
(ADb) albite, (An) anorthite, (Qtz) quartz, (Hbl) brown
hornblende of the kaersutite series, (Act) actinolite,
(Trem) tremolite, (Chr) chromite, (Ilm) ilmenite,
(Mag) magnetite, (Ap) apatite, (Zrn) zircon, (Srp) ser-
pentine, (Chl) chlorite, (Ep) epidote, (Czo) clinozoisite,
(Prh) prehnite, (Tlc) talc, (Prg) pargasite, (Ttn) titanite
(sphene), (Py) pyrite, (Po) pyrrhotite, (Pn) pentlandite,
(Ccp) chalcopyrite, and (Sp) sphalerite. The samples
collected by the R/V Akademik Strakhov are marked by
the index S; the Akademik Ioffe, by 1; and the Professor
Logachev, by L.

SHARKOV et al.

Ultramafic Rocks

Ultramafic rocks are exposed at the walls of the rift
valley; at the summits of rift mountains; and, fre-
quently, on the bottom of rift troughs. Ultramafic man-
tle restites and cumulates are recognized. Both experi-
enced high-temperature cataclasis and subsequent low-
temperature alteration expressed in intense serpentini-
zation of rocks, turned locally into serpentine—chlorite
and serpentine—amphibole—talc schists and, less fre-
quently, talcites.

Among mantle restites, lherzolite and harzburgite
with porphyroclastic structures are predominant; dunite
samples are sporadic. In many cases, serpentinized
peridotites contain veins of fine-grained and pegmatoid
gabbro, both altered and fresh.

Intrusive peridotites with relics of cumulative struc-
tures presumably pertain to the layered series of the
third layer of the oceanic crust. Sample 11060-43 shows
a transition from cumulative dunite to cumulative mel-
anocratic troctolite, thus indicating a zone of alternat-
ing dunite and troctolite. Unaltered lherzolite and
harzburgite are retained as rounded and angular frag-
ments in eruptive breccia cemented with hornblende
gabbronorite and granodiorite. The peridotite frag-
ments “sealed” in these rocks did not undergo low-tem-
perature alteration. Pyroxenites (bronzitite and web-
sterite) are noted occasionally.

Gabbroids and Associated Rocks

Gabbroids are abundant among the dredged rocks
and diverse in modal composition, texture, and struc-
ture. Massive and banded varieties, fine-, medium-, and
coarse-grained up to pegmatoid, are predominant. Most
gabbroids have cumulative structures. Two groups of
gabbroids are distinguished: (1) primitive magnesian
gabbroids and (2) rocks of the silicic Fe-Ti-oxide asso-
ciation (Sharkov et al., 2005), which are characteristic of
the lower part of the crustal section at the valley walls.

The primitive gabbroids, first of all, embrace trocto-
lites (O1-PI cumulates), which are composed of subhe-
dral crystals of olivine Fogs g5 and plagioclase Anggg;
fine euhedral chromite crystals are present in small
amounts. Several samples contain small irregular chal-
copyrite grains. In addition, there are olivine gabbro
(Ol + Cpx + PI cumulates); gabbro (Cpx + Pl cumu-
lates); and, occasionally, gabbroanorthosite (Pl cumu-
lates). Subvolcanic analogues of these rocks are doler-
ites and olivine dolerites, and volcanic analogues are
olivine and plagiophyric basalts.

The rocks of the silicic Fe-Ti-oxide series are com-
monly characterized by the occurrence of primary mag-
matic brown hornblende; Fe—Ti oxides (Ilm and Ti-Mag);
clino- and orthopyroxene, including inverted pigeonite;
apatite, zircon, and baddeleyite; and small copper sul-
fide segregations. This rock association comprises mel-
anocratic troctolite, norite, gabbronorite, hornblende
gabbro, Fe-Ti-oxide hornblende gabbronorite, gab-
GEOLOGY OF ORE DEPOSITS
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Fig. 3. Contents of ore components normalized to primitive mantle (PM) after (McDonough and Sun, 1995). Samples 11069/16,
11060/10, and 11032/7 are primitive troctolites and gabbroids; samples 11060/12, 11063/1, 11063/6, and 11063/2 are rocks of the
silicic Fe-Ti-oxide series: 11063/1 and 11063/6 are hornblende ferrogabbronorites, 11060/12 is cataclastic gabbro with brown horn-
blende, and 11063/2 is cataclastic cumulative harzburgite; samples 11060/18, 11060/57, and 11063/5 are granodiorites and
trondhjemite (sample 11060/57); samples 11027/5, 11072/1, 11026/21, 11060/1, 11060/2, and L1140/2 are fresh basalts.

brodiorite, and diorite with small segregations of gran-
odiorite composition; in some cases, irregular plagiog-
ranite (trondhjemite) veins are noted. The aforemen-
tioned peridotite and pyroxenite with relics of
cumulative structures probably belong to the same,
Fe—Ti-oxide series. Fe—Ti-oxide dolerites and horn-
blende basalts with ilmenite are subvolcanic and volca-
nic analogues of this series. Unlike MORB, widespread
all over the site, hornblende basalts are very rare.

Geochemistry of Igneous Rocks

The geochemistry of rocks was considered in detail
by Pushcharovsky et al. (2004), Sharkov et al. (2005),
and Savel’eva et al. (2006) and is not discussed here.
We only focus on the results of normalization of ore
element concentrations to primitive mantle. As follows
from Fig. 3, nearly all igneous rocks in the Sierra Leone
site are enriched in Pb, Cu, U, Ga, Ta, Nb, Cs, and Rb
and depleted in Zr, Th, and Hf. The minimum contents
of incompatible elements are established in primitive
troctolites and gabbro; intermediate contents are char-
acteristic of hornblende Fe-Ti-oxide gabbronorite, and
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the maximum are noted in diorite and plagiogranite.
The rocks of the Fe-Ti-oxide series are enriched in Zn,
Sn, and Mo along with moderate Cu and Pb contents
and depletion in Ni and Cr. The contents of ore compo-
nents in basalts are much closer to those in rocks of the
Fe-Ti-oxide association than to primitive troctolite and
gabbroids.

Origin of Plutonic Rocks in the Markov Deep

The primitive gabbroids most likely are derivatives of
MORB-type melts, but the situation with the Fe-Ti-oxide
series is not so clear. These rocks commonly occur in
slow-spreading ridges (the MAR and West Indian) and
are usually regarded as late differentiates of MORB
tholeiites (Dick et al., 1992). However, their specific
composition, characterized by abundant low-Ca
pyroxenes, primary hornblende, and Fe-Ti-oxides, as
well as depletion in incompatible elements, LREE
inclusive, is not consistent with such an interpretation.
The presence of primary hornblende and separate crys-
tallization of ilmenite and magnetite indicate enrich-
ment of initial melts in water, as supported by the
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occurrence of 1.24 wt % H,O in melt inclusions in
chromite from melanocratic troctolite (Simonov et al.,
2007). Geochemical data suggest that the rocks are rich
in silica, Ti, Fe, Nb, Pb, Cu, Zn, and other components
mobile in high-temperature fluid.

On the basis of these data, the origin of the Fe-Ti-
oxide series should be explained by melting of hydrated
oceanic lithosphere on its intrusion by asthenospheric
plumes, or protuberances on the surface of the astheno-
spheric lens that maintains the existence and evolution
of the MAR (Sharkov et al., 2005). The ore occurrence of
the Markov Deep is hosted in gabbroids of this series.

Temporal relationships between the primitive and
Fe-Ti-oxide associations remain unknown. At present,
only the age of the second association has been dated,
at 97.42 £ 0.15 Ma with the U-Pb method (TIMS) with
zircon from hornblende gabbronorite at Station 11028
(Sharkov et al., 2004). This estimation implies that the
gabbroic complex of the third layer of the oceanic crust
is heterogeneous and was not formed in one event.
Most likely, the gabbroic complex is a combination of
diverse intrusive bodies of different age (intermediate
magma chambers) formed in the lower oceanic crust.

The studied area is not unique in the set of rocks.
Similar serpentinized ultramafic and mafic rocks of the
silicic Fe-Ti-oxide series make up the basement of the
Logachev and Ashadze hydrothermal fields with high-
grade sulfide mineralization in the axial MAR zone
close to 13° N (Bel’tenev et al., 2004b). Hornblende
Fe—Ti gabbroids are also known from the Vema trans-
form FZ (Skolotnev, 2003) and the Kane FZ (our
unpublished data on the dredging during Cruise 16 of
the R/V Akademik loffe, 2004), north of the Sierra
Leone site, and in the Atlantis Bank in the slow-spread-
ing West Indian Ridge (Boreholes 735B, 1105, and oth-
ers (Dick et al., 2001; Silant’ev, 1998)).

METAMORPHIC
AND METASOMATIC PROCESSES

Three types of secondary alteration are observed in
the studied rocks: (1) high-temperature alteration,
including subsolidus rock transformation under condi-
tions of ductile flow of ultramafic and gabbroic rocks;
(2) medium- to low-temperature alteration related to
brittle deformation of all rock varieties; and (3) zones
of low-temperature metasomatic alteration of brecci-
ated gabbroids and ultramafic rocks.

The high-temperature transformation of rocks is
broadly similar to that observed in ophiolitic associa-
tions and is related to ductile flow of still hot material
under dynamic conditions of the spreading axis. The
further brittle deformation was accompanied by low-
temperature alteration. Judging from assemblages of
metamorphic minerals, this alteration proceeded under
conditions of zeolite to epidote-amphibolite facies (ser-
pentines of the lizardite series after olivine; fibrous
amphiboles of the tremolite—actinolite series after

SHARKOV et al.

pyroxenes and kaersutite; saussuritization and epidoti-
zation of plagioclase; the appearance of Tlc, Czo, Chl,
Prh, zeolites, etc.).

The most intense deformation is expressed in cata-
clasis and blastomylonitization of gabbroids and, less
frequently, ultramafic rocks. These are fine-grained,
locally thinly banded schistose amphibole—chlorite—
epidote—clinozoisite rocks with fragments of minerals
and rocks. Chaotic plication, marks of sliding on the
surface of fragments, and fragments of small folds with
clearly observed hinges emphasized by lineation show
that tectonic movements developed under conditions of
shearing.

Metamorphic Processes

Secondary alteration of ultramafic rocks (peridot-
ites and dunites) in the course of their medium- and
low-temperature hydration and dynamometamorphism
is expressed in formation of the following rock series:
amphibolized peridotites, actinolite—tremolite—serpen-
tine schists, talcites, actinolite—talc—serpentine schists,
serpentinites with abundant slickensides and serpentine
asbestos veins.

The earliest and most high-temperature pargasite
hornblende (Mg# = 86-90) with a high Cr,O; content
(1.2-1.8 wt %) was revealed in lherzolite along thin
shear zones of olivine and enstatite recrystallization,
where it probably is in equilibrium with olivine neo-
blasts: Ol, + En, £ Di; — Parg + Ol,. Pyroxenes are
more frequently replaced by amphibole of the actino-
lite—tremolite series (Mg# varies from 85 to 93) along
the margins of large grains: En + Di — Trem-Act;
thereby, zonal magnetite and magnesian chlorite rims
develop around Cr-spinel: Chr — Mag + Chl. The
talc—actinolite assemblage is more common in serpen-
tinite schists and massive hydrated rocks, where talc
replaces olivine and acicular actinolite (Trem—Act)
forms rims around pyroxenes: Ol + Di — Tlc + Act;
chromite is replaced from margins by magnetite and
chlorite.

A sample of massive talcite dredged from the east-
ern wall of the rift valley is a rare case of pseudomor-
phous substitution of enstatite dunite by fine-flaked talc
with retention of all details of the primary texture and
xenomorphic orange-yellow chromite. The cellular tex-
ture of serpentinized reticulate olivine appears through
the talc aggregate. Thus, we deal here with pseudomor-
phous replacement of already serpentinized rock, i.e.,
its “steaming” with hot solutions, or, in other words,
progressive metamorphism of the oceanic crust in this
segment.

The reticulate serpentinization of ultramafic rocks
over the entire region results in replacement of 60-99%
of primary minerals and formation of the characteristic
framework of the rocks. At the early stage, the forma-
tion of o-chrysotile is not accompanied by release of
finely dispersed magnetite; however, such rocks are rare.
GEOLOGY OF ORE DEPOSITS
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Fig. 4. Corrosion relationships between prehnite (light gray fine-grained aggregate) and sulfides (black). Sample L.1141/203. Trans-

parent polished thin section. Crossed polars. Mag. 10.

Commonly, serpentinites are composed of later lizardite
and y-chrysotile in close association with magnetite.

The foliated serpentinites consist of flaked and foli-
ated lizardite and y-chrysotile with an admixture of
chlorite, talc, and magnetite; occasional actinolite; and
relics of chromite. With an increase in the amount of
talc, the primary structure of rocks is not retained, as a
rule. Abundant sulfide mineralization (pyrite, pyrrho-
tite, pentlandite, and millerite (?) is developed on slick-
ensides in serpentinized porphyroclastic peridotite
(sample S2244/21). The size of ore grains is 0.3-2.5 mm;
some of them have been ground along slickensides.

Ore-Bearing Metasomatic Processes

The earliest alteration of the gabbro complex is
characterized by the development of brown-red
amphibole, which replaces pyroxene. The first segrega-
tions of such amphibole certainly crystallized from
melt as a late magmatic interstitial mineral. This
amphibole is associated with plagioclase, in some
cases, of a spherulitic structure; ilmenite; and magne-
tite. The already solidified gabbroids were altered with
pseudomorphous replacement of primary minerals and
concurrent development of veinlets and veinlike aggre-
gates composed of actinolite—tremolite amphibole
(Mg#=0.74), epidote, oligoclase An,¢, chlorite 1, titan-
ite, and pyrite. Tremolite replaces clinopyroxene and
high-temperature hornblende, whereas fine-flaked Chl
makes up irregular aggregates.

GEOLOGY OF ORE DEPOSITS  Vol. 49
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The ore stage proper is represented by epidosite, a
cavernous rock mostly composed of epidote, chlorite,
sulfides, and quartz. Epidote prevails over chlorite and
quartz (10-20 vol %). Epidote shows a distinct zoning.
The aggregate of epidote and chalcedony-like quartz is
impregnated by sphalerite and chalcopyrite.

Minerals of the preore and ore stages were replaced
by prehnite and transformed into rodingite. Almost all
prehnitized rocks are cataclastic and brecciated. Gab-
broids were altered most severely and transformed into
almost monomineralic metasomatic rock composed of
prehnite; the relict minerals, sulfides, in particular, vary
from 50 to 10 vol % (Fig. 4). In addition to prehnite,
tremolite and chlorite 2, which differs from the previ-
ously formed chlorite by a fibrous, felt texture and an
anomalous violet-green interference color, are newly
formed minerals.

Ultramafic rocks are resistant to prehnitization, and
newly formed minerals of this stage appear only in the
form of diffuse rims in serpentinites around prehnite
(Prh £ Trem) veins as products of replacement of gab-
broic dikes that cut ultramafic rocks. The wall rocks
exhibit a characteristic zoning (from host serpentinite
to prehnite vein): Srp + Tlc + Mag — Srp + Trem +
Mag — Srp + Trem + Chl + Prh — Prh + Trem +
Chl. The thickness of such rims varies from a fraction
of a centimeter to 3—5 cm, while veins themselves are
3-10 cm thick.

During the overprinting of prehnitization on miner-
alized rocks, epidote and quartz of the ore stage are
replaced by prehnite. In the course of prehnitization of
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mineralized gabbroids, epidote and quartz are replaced
first, testifying to a slightly alkaline character of the
solution, whereas ore minerals are commonly retained,
although in some cases they are slightly corroded with
prehnite or make up cavernous intergrowths with this
mineral. A narrow hematite rim occasionally coats
pyrite grains. Due to intense postore prehnitization, the
mineral assemblage Ep + Qtz + Chl with ore minerals
is commonly eliminated.

While prehnite is superimposed on serpentinite,
magnetite is replaced by chlorite pseudomorphs
enriched in Fe (Mg# = 0.60, sample L1124-38a) rela-
tive to the earlier chlorite developed in the serpentinite
groundmass (Mg# = 0.80-0.90, sample [.1124-38-2).

In addition to the aforementioned replacements, a
type of late hydrothermal alteration is recognized. Such
rocks appear as greenish gray cataclasites and mylo-
nites mostly made up of prehnite and relict minerals of
gabbroids. The cavernous porous appearance indicates
that this mineral aggregate is a product of near-surface
leaching. The sulfide mineralization in such rocks is com-
pletely replaced by iron hydroxides. Caverns and large
pores contain druses of zeolites and iron hydroxides.

Thus, the following stages of hydrothermal mineral
formation are established: (1) early high-temperature
Hbl-Pl + [lm—Mag alteration; (2) Ab—Trem—Chl alter-
ation with pyrite; (3) Ep—Qtz—Chl metasomatic alter-
ation (epidosite) with pyrite, chalcopyrite, and sphaler-
ite; (4) Pr—Chl-Trem metasomatic alteration; and
(5) low-temperature zeolite-hydroxide mineralization.
The formation of Prh—Chl-Trem metasomatic rocks
requires a substantial supply of calcium, and these rocks
may be classified as rodingites (Talbi et al., 1999).

The products of stages 1-3 have been almost com-
pletely eliminated by prehnitization. The early metaso-
matic alteration (stages 1 and 2) is characterized by
pseudomorphous replacement and/or development of
small veins in gabbro. In contrast, the formation of rod-
ingite is accompanied by intense cataclasis and brecci-
ation of rocks, which indicates rearrangement of the
style of deformation at this stage.

Chemical Composition of Minerals

The chemical composition of minerals from meta-
somatic rocks was determined with a Camscan micro-
probe at Moscow State University (analysts E.V. Guseva
and N.N. Korotaeva) and with a JSM5300 SEM/Link-ISIS
EDS at the Institute of Geology of Ore Deposits,
Petrography, Mineralogy, and Geochemistry, Russian
Academy of Sciences (analyst E.V. Koporulin).

Amphiboles. Primary magmatic red-brown amphib-
ole, close to pargasite (kaersutite) in composition,
occurs in gabbroids of the Fe-Ti-oxide series and pla-
gioclase—amphibole veinlets typical of gabbro associa-
tions in the MAR (Talbi et al., 1999). Euhedral amphib-
ole crystals show distinct zoning characterized by
decreasing (from the center of a grain towards its mar-
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gin) Ti and Al contents and increasing Fe content. The late
amphibole that replaces clinopyroxene and the early
amphibole correspond to tremolite in composition.

Plagioclase coexisting with amphibole varies from
Ans, to nearly pure Ab. Plagioclase altered at this stage
acquires a narrow rim (<1 mm) of a more sodic compo-
sition (Ans, s,) against the core of the crystal (Ang,_go,
sample L.1141). Sodic plagioclase comparable in size
with amphibole occurs in pegmatoid gabbro, localizing in
the interstices between magmatic minerals. Spherulite-
like crystals of plagioclase An,, are noted occasionally.

The wide compositional range of the studied
amphiboles and plagioclases likely reflects a wide
interval of crystallization temperatures. According to
the Holland—Blundy geothermometer (1990), the
PI-Hbl couple crystallized at 800—450°C (Fig. 5). This
temperature implies that the hydrothermal alteration of
gabbroic rocks began immediately after their crystalli-
zation and steadily continued during their cooling.

Epidote is characterized by a clearly expressed zon-
ing (Fig. 6). In the central part of grains, the composi-
tion of the mineral corresponds to the proportion
X(Fe**) =0.41-0.37 and X(AI**) = 0.59-0.63, and at the
margins, X(Fe**) = 0.23-0.12 and X(AI’**) = 0.77-0.88,
where X(Fe?") is the mole fraction of pistacite molecule
Ca,Fe;Si;,(OH) and X(AI**) is the mole fraction of cli-
nozoisite molecule Ca,Al;Si;,(OH). The transition
from low-alumina zones to the zones enriched in clino-
zoisite molecule occurs at a distance of about ~10 pum.
The sharp zoning of epidote grains indicates a rapid
change in the crystallization conditions. The mole frac-
tion of Ca,Fe;Si;,(OH) might have decreased with fall-
ing oxygen fugacity during the interaction of metabasic
rocks with reduced S-bearing fluid according to the fol-
lowing schematic reaction:

Ca,Fe;Si,0,,(OH) + Ca,Al;Si;0
Ep

12(OH) + S,

= C32A12 SI3O
Czo

1,(OH) + FeS, + O,.

A similar zoning was established in the hydrother-
mal epidosites that replaced basalt in the front part of
the Tonga Basin (Banerjee et al., 2000).

The chlorite composition is determined by the com-
position of replaced dark-colored minerals. The Fe con-
tent of chlorite that replaced gabbro is higher than that
of chlorite that replaced serpentinite. For example, in a

prehnite—chlorite vein (sample L1124/38), X&hl =0.6,

whereas, in prehnitized wall-rock serpentinite, Xﬁhgl =

0.9. Chlorite that replaced magnetite in serpentinites is
appreciably enriched in Fe as compared with chlorite

that replaced tremolite. The least magnesian chlorite
(Xﬁ;,l = 0.45) was detected in zones of hydrothermal

alteration of ore-bearing Fe-Ti-oxide gabbroids (sam-

GEOLOGY OF ORE DEPOSITS Vol. 49 No. 6 2007
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Fig. 5. Magnesium number of amphibole versus temperature of its formation estimated with the Hbl-P1 thermometer (Holland and

Blundy, 1990).

Fig. 6. Zonal epidote crystal in hydrothermally altered rock (image in reflected electrons). Arrows indicate the pistacite content, mol %, in
particular areas of the crystal. The epidote crystal is replaced by prehnite (dark gray aggregate) along the margins. Scale bar, 30 um.

ple L1163/62). All the studied chlorites belong to the
daphnite—clinochlore series.

The early and late chlorites that replaced gabbroic
rocks differ in composition. The late chlorite 2 formed
together with prehnite is characterized by a low alu-
mina content. The change in the chlorite chemistry may
be explained by two schemes of isomorphism:
2AIMT — 3Mg and 4A1"Y — 3Si. A decrease in the

GEOLOGY OF ORE DEPOSITS  Vol. 49 No. 6 2007

mole fraction of AI'Y in chlorite 1 is a result of a tem-
perature drop (Kranidiotis and McLean, 1987; Cathe-
lineau, 1988). The temperature of chlorite crystalliza-
tion calculated with the methods proposed by these
authors is 200-220°C for the early generation and 160-
180°C for chlorite 2 in rodingites (Fig. 7). These tem-
peratures seem to be underestimated. More reliable
estimates of the temperature of prehnitization can be
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Fig. 7. Calculated temperature of hydrothermal chlorite formation versus AlY, fu. Chl, is chlorite from the Amph—Chl-Ep—sulfide
assemblage, and Chl, is chlorite from prehnite metasomatic rocks. The temperature was calculated using geothermometers elabo-
rated by (1) Cathelineau (1988) and (2) Kranidiotis and McLean (1987).

obtained on the basis of the change of mineral assem-
blages Ep + Trem — Prh + Chl (Liou et al., 1987). At

pressure of 0.5-1.0 kbar and Xﬁf = 0.3-0.2, this equi-

librium is stable at 320-350°C. If this estimate is
regarded as a reference, rocks of the epidote—actino-

lite—chlorite stage might have formed at a temperature
of ~400°C.

Prehnite is characterized by insignificant fluctua-
tions of chemical composition that correspond to 3—
7mol % of the end member Ca,FeAlSi;O,,(OH),
because, in the Ep—Prh assemblage, prehnite always
contains less Fe** than coexisting epidote (Rose and
Biord, 1987). The clinozoisite end member of epidote
is replaced by prehnite without any appreciable gain or
loss of components, whereas, when intermediate epi-
dote compositions are replaced, iron is removed and
fixed in hematite and/or chlorite.

Variations of Whole-Rock Composition

The studied samples are rocks that underwent
hydrothermal alteration to a greater or lesser degree.
The initial rocks are cataclastic and brecciated hydro-
thermally altered gabbro and gabbronorites containing
sulfide mineralization. Since prehnitization eliminates
minerals of previous stages, the change in the whole-
rock composition characterizes the gain and loss ten-
dencies typical of rodingites. In order to trace this trans-
formation, the concentrations of major and ore ele-
ments in rocks were determined with XRF at the Insti-
tute of Geology of Ore Deposits, Petrography,
Mineralogy, and Geochemistry, RAS. The results con-
firmed substantial mass transfer during metasomatic
alteration.

The magnesium number (Mg# = Mg/(Fe + Mg))
turned out to be the most sensitive index for estimating
the intensity of hydrothermal alteration. In unaltered
rocks, Mg# = 0.80-0.82, decreasing to 0.60 in the most

altered varieties, where Na, Si, and Mg contents
decrease, while Ca, Fe, and S contents increase. The Cu
and Zn contents rise with the degree of hydrothermal
alteration. However, the behavior of ore components
could hardly be interpreted unambiguously. First, as
indicated above, ore minerals in rodingite are products
of the preceding epidosite stage. Second, rocks with
sulfide mineralization were selected in the sampling,
though prehnitized rocks are usually barren. Therefore,
the observed trend, most likely, reflects a higher stabil-
ity of ore minerals as compared with epidote and quartz
when they were replaced by prehnite. The removal of
major elements led to the secondary enrichment of rod-
ingite in ore elements.

It is convenient to examine the changed composition
of mineral assemblages using the Ca—Mg-Fe,,, dia-
gram (Fig. 8), where the fields Ep + Act + Chl, + Ab *
iron sulfide and Pr—Chl, are shown. As the metasomatic
process develops, the composition of altered rocks
shifts toward Ca (prehnite) while the Fe content
remains almost unchanged and that of Mg decreases.
The described changes must have occurred in the pres-
ence of fluid with a low content of carbon dioxide and
sulfur because interaction of rocks with sulfate-bearing
fluid leads to the formation of anhydride (a mineral
common for the setting of black smokers) instead of
prehnite (Humphries et al., 1998) and only calcite
would be stable if the CO, mole fraction in the fluid
increased (Rusinov, 1988).

Thus, the obtained data indicate that metasomatism
at the main stage of ore formation is characterized by
the gain of Ca, Fe, and S, whereas its final stage pro-
ceeds in the presence of fluid with low S and CO, con-
tents. According to the thermometric data, the main
metasomatic alteration that accompanied ore formation
started at a temperature of 800-450°C and proceeded
further within the temperature interval 400-160°C.
GEOLOGY OF ORE DEPOSITS
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Fig. 8. Ca—Mg—Fe (Fe+2 + Fe+3) diagram. (1) Whole-rock compositions of altered rocks. See text for explanation of tie-lines I-II1.

FLUID INCLUSIONS

Fluid inclusions were studied in prehnite and epi-
dote from metasomatic rocks with stringer—dissemi-
nated sulfide mineralization.

Prehnite contains abundant fluid inclusions of angu-
lar shape from 5 to 15 um in size, which are uniformly
distributed throughout grains of this mineral. At room
temperature, the fluid inclusions differ in phase compo-
sition: single-phase inclusions predominantly consist
of the gas phase, while multiphase inclusions contain
liquid, crystalline phases, and a gas bubble. The latter
usually moves within a vacuole, indicating a rather low
temperature of fluid entrapment. No carbon dioxide
was revealed in substantially gaseous inclusions. The
coexistence of inclusions varying in phase composition
may be regarded as evidence for crystallization of
metasomatic minerals under conditions of phase sepa-
ration of fluid. The presence of solid phases in fluid inclu-
sions indicates that the mineral-forming solution was sat-
urated with some minerals under certain conditions.

Two-phase fluid inclusions 5-15 wm in size (up to
25 um in occasional cases) are abundant in prehnite as
well. Some of these inclusions are spherical, but more
frequently they are flattened and irregular in shape,
with a rough surface. The inclusions are mainly located
along healed fractures. However, in many cases, the
fluid inclusions do not show an obvious relation to frac-
tures and are classified as pseudosecondary and possibly
primary. At room temperature, the inclusions are two-
phase and contain transparent liquid and a gas bubble.

GEOLOGY OF ORE DEPOSITS  Vol. 49
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Microthermometric measurements have shown that,
during cooling, the fill of inclusions freezes within the
temperature interval from —35 to —43°C and the eutectic
temperature varies from —24 to —27.5°C. This indicates
that the salts dissolved in the captured fluid were dom-
inated by NaCl, while KCl was contained in a minor
amount. The melting temperature of the last tiny ice
crystals varies from —3.0 to —4.1°C. Hence, the salt con-
centration in the fluid may be estimated as from 4.6 to
6.5 wt % NaCl equiv. When heated, the fluid inclusions
were homogenized at a temperature of 172-238°C. To
obtain the true temperature of crystallization, it is nec-
essary to introduce a correction for pressure. If the pres-
sure was equal to that of the water column at a depth of
about 4200 m, prehnite crystallized at 202-270°C.
Actually, the temperature could be higher because the
ore veinlets were formed below the ocean floor.

In epidote from the groundmass, primary fluid
inclusions up to 20 pm in size (5-15 wm, on average)
and mainly tubular in shape are uniformly distributed
and oriented in one direction. At room temperature,
these inclusions are two-phase and contain a gas bubble
incorporated into a transparent liquid. The results of
microthermometric measurements turned out to be sim-
ilar to those obtained for prehnite. The fluid in inclu-
sions freezes within the temperature interval from
—41.5 to —44.5°C, whereas the eutectic temperature is
about —26°C; hence, dissolved NaCl is predominant in
the fluid, whereas KCl is contained in a minor amount.
The melting temperature of the last ice crystals (—3.6 to
-3.8°C) indicates that the concentration of salts in the
fluid was 5.7-6.0 wt % NaCl equiv. When heated, these
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Fig. 9. Salinity of fluid inclusions versus temperature of their homogenization. (1) Inclusions in prehnite; (2) inclusions in epidote;

(SW) seawater.

inclusions are homogenized at 138-248°C. Taking into
account the correction for pressure (420 bars), the temper-
ature of epidote formation is estimated at 168-280°C.

Fluid inclusions 5-10 um in size, elongated or
equant and angular, uniformly distributed or related to
healed fractures, have been detected in epidote from
microcavities. They are regarded as pseudosecondary
and probably entrapped at the final stage of epidote
crystallization. At room temperature, they are two-
phase and contain a gas bubble and liquid. On cooling,
the fluid in inclusions rapidly freezes at a temperature
from —37 to —42°C. The appearance of the first portion
of solution (eutectics) is observed at —23.5 to —24°C,
indicating the predominance of NaCl among the dis-
solved salts; KCl occurs as a minor admixture. The
melting temperature of the last ice crystals (about
—3.9°C) corresponds to a salt content of approximately
6.2 wt % NaCl equiv, which is higher than in prehnite.
The homogenization of fluid inclusions occurs at 134—
164°C. Taking into account the correction for pressure,
the true temperature of epidote crystallization is esti-
mated at 165-196°C.

The above data imply that crystallization of epidote
and prehnite started simultaneously at 270-280°C and
further they crystallized under similar conditions. The
minerals of the groundmass crystallized at a higher
temperature (200-280°C) than the small crystals pre-
cipitated in microcavities (165-196°C).

The salt concentration in the mineral-forming fluid
(4.6-6.5 wt % NaCl equiv) was somewhat higher than
the salinity of seawater (3.47 wt % NaCl equiv). The
coexistence of gaseous and liquid inclusions with solid
phases indicates that gas and more concentrated aque-
ous fluids could simultaneously circulate in the min-
eral-forming system. The aqueous fluid could have
arisen due to phase separation of supercritical fluid
leading to the formation of fluid with a higher salinity
as compared with seawater, up to brine (Fournier,
1987). In particular, this may occur when a fluid sepa-

rated from magma, having been mixed with seawater,
reaches PT conditions of phase separation in the
H,0-NaCl system.

It should be noted that the temperature of mineral
formation estimated for stringer—disseminated ore
(Fig. 9) is lower (350-400°C) than that established for
stockwork sulfide mineralization penetrated by Bore-
hole 504B (Nehlig, 1991). It may be suggested that the
dredged fragments of stringer—disseminated ore were
formed at a certain distance from the channel along
which high-temperature fluids ascended.

The above data indicate that the parameters of
hydrothermal solutions in the Markov Deep and at the
Rudny site do not show significant differences from
results obtained previously (Mazarovich et al., 2001;
Simonov et al., 2001) for fluid inclusions in samples
dredged at Station S2234 in the Sierra Leone FZ (the
salt content is 3.8-5.0 wt % NaCl equiv and the crystal-
lization temperature is 205-226°C). In general, the
temperature intervals of ore-bearing metasomatic alter-
ation estimated from fluid inclusion study (280—-170°C)
are, to a great extent, coincident with the results of
studying mineral assemblages (400-160°C). These
data are consistent with the results obtained for fluid
inclusions in minerals from sulfide mounds in the MAR
(the Logachev, Rainbow, and Broken Spur hydrother-
mal fields) and in the Manus (Vienna Woods) and
Woodlark basins, where the fluid salinity varies from
4.2 to ~26 wt % NaCl equiv and the homogenization
temperature of fluid inclusions ranges from 102 to
398°C (Bortnikov et al., 2004).

ORE MINERALIZATION

The hydrothermally altered rocks dredged from the
rift valley in the Markov Deep contain numerous
quartz—sulfide and prehnite—sulfide veinlets (up to
15 cm in thickness), sulfide disseminations, and chal-
copyrite—sphalerite—pyrite veins. The host cataclastic
GEOLOGY OF ORE DEPOSITS
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Fig. 10. Large pyrite grains (Py) cemented with chalcopyrite (Ccp) and crosscut by sphalerite (Sp) with chalcopyrite emulsion. Sam-

ple 3272. Scale bar, 0.2 mm.

gabbroids experienced a variable degree of hydrother-
mal metasomatic alteration. Small lenses of foliated
gabbro and a relict porphyroclastic structure of rocks
are retained locally. The porphyroclasts are composed
of altered feldspar and pyroxene incorporated into a
matrix consisting of quartz and chlorite with sporadic
grains of pyrite, pyrrhotite, and chalcopyrite. The
severely altered rocks have a fine-grained structure and
are completely replaced by chlorite and epidote with
sulfide, largely chalcopyrite, disseminations.

Brecciated and hydrothermally altered rocks with
slickenslides and fault gouge are composed of amphib-
ole, epidote, chlorite, quartz, and barite. Brecciated
quartz—chlorite rocks with sulfide disseminations and
quartz—epidote veinlets with epidote selvages and
quartz cores were dredged as well. The thickness of
such veinlets, which in many cases have a cellular
structure, is 1.0-1.5 cm. They contain disseminations
of iron hydroxides, which likely replaced pyrite, and
pores left behind by leached sulfides.

The strongly epidotized rocks contain prehnite—sul-
fide veinlets up to 15 cm thick, sulfide disseminations,
and segregations of massive chalcopyrite—sphalerite—
pyrite ore. Occasional open cavities contain pyrite and
sphalerite crystals. Epidote pockets occur in prehnite
veinlets.

Thus, the dredged samples are fragments of a
stringer—disseminated ore zone controlled by a tectonic
zone or channel that provided migration of high-tem-
perature hydrothermal fluids.

GEOLOGY OF ORE DEPOSITS No. 6
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Mineral Composition of the Ore Occurrence

Polished sections of samples from stringer—dissem-
inated (Fig. 10) and vein (Fig. 11) ores have been exam-
ined. The ore veins largely consist of chalcopyrite and
contain sporadic clinozoisite relics crossed by cracks
filled with chalcopyrite. The dredged samples are con-
sidered to be fragments of relatively thick (10-15 cm)
ore veins hosted in metasomatically altered rocks.

The mineral composition of stringer—disseminated
ore is more complex. Pyrite, chalcopyrite, sphalerite,
pyrrhotite, bornite, chalcocite, and digenite were iden-
tified. Prehnite is the main gangue mineral. Barite and
opal occur sporadically. Titanomagnetite, rutile, sider-
ite, apatite, atacamite, and native metals have been
detected as well.

Chalcopyrite is the major ore mineral. In dissemi-
nated ore, it occurs as irregular grains often cementing
crushed pyrite grains. The size of chalcopyrite grains
varies from hundredths of a millimeter to 0.5 mm. In
ore veins, chalcopyrite forms plates and grains irregular
in shape, from hundredths of a millimeter to large
plates 1.5 X 0.3 cm in size. Chalcopyrite contains 0.02—
0.08 wt % Ni and Co and an unusual As impurity (about
0.15 wt %).

Pyrite is the second in abundance and occurs only in
disseminated ore. In most cases, pyrite is observed as
broken grains of irregular shape up to 0.2 mm in size in
combination with occasional cubic crystals of the same
size. In most cases, pyrite is entrapped or cemented by
chalcopyrite. In a number of cases, pyrite crystals
reveal oscillatory growth zoning, which reflects peri-
odic dissolution and subsequent growth of crystals, as
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Fig. 11. Veined ore. Irregular chalcopyrite grains (Ccp) surrounded by pyroxene (Px) grains. A rutile (Rt) needle is observed. Sample 3275.

Scale bar, 0.2 mm.

is confirmed by corrosion boundaries of growth layers
in euhedral crystals.

Some samples contain microglobular segregations
confined to the marginal parts of pyrite aggregates. It
may be suggested that pyrite crystals begin to grow as
nonequilibrium skeletal porous masses at the growth
front, which are later filled to form monolithic crystals
with relics of globular structure. The initial globular
pyrite then recrystallizes. In the given case, the relics of
globular structure gradually diminish and disappear
with increasing degree of recrystallization. The micro-
probe results indicate that pyrite contains As (up to
0.18 wt %), Ni (up to 1.65 wt %), and Co (up to 0.14 wt %).

Sphalerite occurs as veinlets and isolated grains
about 2.0 mm in size, corroding or cementing aggre-
gates of chalcopyrite grains. At the Ccp—Sp contact,
sphalerite always contains emulsion inclusions of chal-
copyrite, which in some cases are confined to the
growth boundaries of sphalerite grains. The Fe content
in sphalerite varies from 2.0 to 5.2 wt % and decreases
from the center toward the margins of grains. Sphalerite
contains 0.53 wt % Cd, 0.2 wt % Hg, and 0.16 wt % Se.
Cd is inversely correlated with Fe, and the Cd content
increases from the center of crystals toward their
periphery.

Bornite is a very rare mineral that occurs as discrete
grains 0.01-0.03 mm in size or overgrows pyrite in the
chalcopyrite matrix. Bornite most likely replaces chal-
copyrite because bornite grains are not known sepa-
rately from chalcopyrite.

Chalcocite is observed as narrow rims around chal-
copyrite and emulsion inclusions of chalcopyrite in
sphalerite.

Digenite is identified as isolated dendritic segrega-
tions. The size of dendrites reaches 50 um. Digenite
dendrites are always coated with chalcocite films.

Siderite rims pyrite and chalcopyrite grains, fills
open cavities in sulfides and gangue minerals, and in
some cases occurs as colloform crusts.

Titanomagnetite and ilmenite are identified as
numerous fine grains (0.005-0.01 mm) within and
between pyroxene grains, as well as by relics in rutile.

Atacamite occurs at the boundaries of chalcopyrite
grains and in interstices in combination with epidote
and prehnite crystals.

Sulfur Isotopes in Sulfides

The &**S value of sulfides from ore occurrences in
the Markov Deep varies within a wide range, from +3.0
to +15.3%0 (Pushcharovsky et al., 2004), and, in the
case of chalcopyrite, from +3.7%o in disseminated ores
to +13.6%o in ore veins. These values are close to those
established in sulfides hosted in serpentinized ultrama-
fic rocks of the Rainbow and Logachev hydrothermal
fields (Bogdanov et al., 2002) but differ from 8**S of
sulfides in black smokers in the TAG, Broken Spur,
Lucky Strike, and Snake Pit hydrothermal fields at the
MAR, which are associated with basalts (Shanks, 2001;
Bortnikov and Vikent’ev, 2005). In these sulfide
mounds, 3*S varies from -5 to +8%o, mostly falling
within the interval from +1 to +5%o.
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DISCUSSION

Before discussing the results obtained, it is neces-
sary to say a few words about igneous rocks of the
Markov Deep, including those that host sulfide miner-
alization.

Structure and Alteration of the Oceanic Crust
at the Studied Site in Connection with Ore Formation

According to the available data, the alteration of the
oceanic crust in the considered segment of the MAR
axis occurred under very dynamic conditions and fre-
quently started immediately after solidification of igne-
ous rocks, which still remained hot. While cooling, the
rocks underwent brittle fracturing; seawater penetrated
into fractures and induced overall low-temperature
alteration under conditions of zeolite to epidote-
amphibolite facies. Fracturing of the oceanic crust
inevitably led to the formation of an intracrustal aquifer
that resembles reservoirs of subsurface water in conti-
nents. When an active magmatic system comes into
contact with such an aquifer, a circulating hydrothermal
system arises, just like in volcanic provinces on land
but in this case with participation of seawater.

The elevated salinity of hydrothermal fluids might
have been caused by phase separation of supercritical
fluid (see above) or low-temperature hydration of igne-
ous rocks (amphibolization, serpentinization, chloriti-
zation, etc.). Thereby, salts originally contained in sea-
water accumulated in hydrothermal solution rather than
entered secondary minerals.

The root zones of hydrothermal systems were char-
acterized by metasomatic alteration of host rocks
accompanied by ore deposition, whereas black or white
smokers marked hydrothermal vents on the seafloor.

Sulfide Mineralization as a Product of Hydrothermal
Metasomatic Processes

The hydrothermal alteration of the oceanic crust
started immediately after solidification of igneous
rocks and presumably proceeded within a temperature
interval from 800 to 150°C. The same temperature
interval was established in the Troodos ophiolites (Gil-
lis and Roberts, 1998), in the altered gabbro and cata-
clastic rocks of the Romanche and Vema FZs adjacent
to the Markov Deep (Talbi et al., 1999), and elsewhere
in oceans (Silant’ev, 1998).

A similar scenario of hydrothermal alteration may
likewise be suggested in our case. The early alteration,
i.e., amphibolization of pyroxenes and albitization of
plagioclase in igneous rocks, gave way to the low-tem-
perature alteration of basic rocks with formation of the
Hbl + sodic Pl + Ep + Ttn + Chl + Prh mineral assem-
blage within a temperature range from 800 to 200°C.
A wide temperature interval of hydrothermal alteration
does not always result in ore formation.
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The ore mineralization in the Markov Deep is
related to epidotization. This process is characteristic of
massive sulfide ore deposition (Hannington et al.,
1998) and regarded as an attribute of root ore-concen-
trating zones (Gillis and Robinson, 1988). It is sug-
gested that ore components are leached by reduced
fluid from solidified igneous rocks precisely in such
root zones. Very illustrative in this respect are epi-
dosites from the Tonga Basin, markedly depleted in Cu
and Zn as compared with unaltered basalts (Banerjee
et al., 2000). The reduced character of fluids responsi-
ble for the formation of epidosites follows from the epi-
dote zoning (pistacite in the core and clinozoisite at the
margins). The same zoning is established in epidosites
from the Markov Deep.

The deposition of massive sulfide ore in the TAG
hydrothermal system was accompanied by argillic
alteration and formation of secondary quartzites (Han-
nington et al., 1998; Metasomatism..., 1998). This
alteration develops in the central part of the ore system
that feeds the active channel of a smoker. Such altered
rocks were not dredged from the Markov Deep (barite
and anhydrite were identified only in heavy concen-
trates). It may be suggested that the upper mineralized
body with a quartz core has been eroded and only the
lower part of the hydrothermal system is exposed now
on the seafloor. In this case, fragments of the scoured
altered rocks must be found either by dredging or by
sampling of loose sediments in the basin.

Another explanation infers that the ore-forming pro-
cess was stopped by tectonic movements, which pro-
voked cataclasis and breakup of rocks with concurrent
prehnitization. Judging by the observed relationships,
the formation of rodingite directly followed epidotiza-
tion, leaving only a short time span between these alter-
ation stages. Otherwise, rodingite would be superim-
posed on the low-temperature metasomatic alteration
that completed the preceding stage. As judged from the
temperatures of chlorite formation in epidosite and rod-
ingite, the difference in temperature between these
stages was only 50-70°C. Such a minor though detect-
able drop in temperature could have been caused by
rapid intake of seawater through the system of newly
formed fractures and cataclastic zones. Seawater
diluted the ore-bearing fluid, halting the ore-forming
process and inducing replacement of the previously
formed minerals by prehnite.

As was shown above, the metasomatic zoning
developing thereby is characterized by loss of Si, Mg,
and Na and gain of Ca and Fe. Evidently, such a (rod-
ingite) type of alteration is characteristic of other
hydrothermal systems on the ocean floor. This sugges-
tion is supported by the composition of the Rainbow
hydrothermal plume, where the youngest hot portions
of the flow with positive buoyancy are distinguished by
anomalously high concentrations of Si, Mg, Na, H,S,
and chalcophile elements and low concentrations of
Mn, Ca, V, Y, and REE as compared with samples from
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aqueous plumes with neutral buoyancy (Edmonds and
German, 2004). Therefore, if the chemistry of an aque-
ous plume reflects the interaction of a hydrothermal
flow with host rocks, then an analogy with chemical
changes that give rise to rodingitization of metabasic
rocks is evident.

Structure of the Ore-Bearing Zone in the Markov Deep

The proposed interpretation allows us to understand
the vertical distribution of metasomatic rocks formed at
different temperatures along the eastern wall of the rift
valley in the Markov Deep (Bel’tenev et al., 2004b).
The low-temperature leached rocks make up the upper
part of the system, where hydrothermal fluids seep to
the surface. The zone of hydrothermal alteration
extends conformably with the main northwestern trend
of faults that control the seafloor topography and
steeply dips to the east. Thus, it becomes clear why the
tract of altered rocks in the western hanging wall of the
suggested ore-controlling zone is so thin (for instance,
sample L1123, dredged 600 m west of this zone, yields
unaltered rocks).

The sulfide, largely copper ore mineralization
occurs in the zone of brecciation and cataclasis of horn-
blende gabbro affected by intense hydrothermal meta-
somatic reworking at a fairly low pressure (about 0.5—
1 kbar) and temperature (170-280°C; possibly, up to
400°C). Judging by the S and Sr isotopic compositions
(Pushcharovsky et al., 2004; Shatagin et al., 2006), sea-
water made a substantial contribution to the hydrother-
mal solutions. The metasomatic reworking of rocks
might have been accompanied by leaching of ore com-
ponents from sulfides and silicate minerals. As was
mentioned above, gabbroic rocks in the Markov Deep
contain small grains of primary copper sulfides and are
frequently enriched in Pb and Zn.

As follows from the thermodynamic modeling of
hydrothermal systems of oceans (Grichuk, 2000), sul-
fides are leached from host rocks at the early, oxidizing
stage of metasomatism and subsequently precipitate as
a result of metasomatic reactions in the reducing envi-
ronment. Our data are consistent with this sequence.
Indeed, the hydrothermal metasomatic alteration of
rocks in the Markov Deep proceeded during two stages.
The first stage corresponds to metamorphism under
conditions of epidote-amphibolite facies and developed
owing to the penetration of seawater into igneous rocks.
The second, ore-bearing stage occurred in the reducing
environment and comprised two phases; in the first
phase, epidote and chlorite played the crucial role,
whereas in the second phase prehnite became the major
mineral. The hydrothermal alteration of the second stage
was of local character and controlled by the permeability
of rocks. After their formation, the ore-bearing metaso-
matic rocks were brought to the ocean floor owing to
recent tectonic movements along the deep faults.
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The dredged samples may be fragments of a
stringer—disseminated ore zone with elements of vein
mineralization. Such zones develop close to the con-
duits along which the high-temperature hydrothermal
fluids ascend toward the ocean floor and, in many cases,
are retained at lower levels of ancient massive sulfide
deposits. However, no active black smokers or older
analogues are known from the eastern wall of the
Markov Deep. This indicates that we deal here with a
new type of sulfide ore occurrences at the ocean floor,
which is distinguished by deposition of ore matter at a
depth rather than in the area of discharge of low-tem-
perature hydrothermal solutions on the ocean floor. These
solutions are responsible for the formation of ferromanga-
nese crusts and enrichment of some seawater layers in Fe,
Mg, Cu, and Zn (Pushcharovsky et al., 2004).

Thus, we suppose that the ore occurrence in the
Markov Deep was formed in a fracture zone, which is
marked by zones of cataclasis and mylonitization. Tak-
ing into account the inferred metasomatic zoning and
the results of dredging, it may be suggested that the
fracture zone dips to the east-northeast. The occurrence
of high-temperature metasomatic rocks, which could
not have been formed on the ocean floor, implies that
the ore-bearing zone was uplifted after its formation.
Judging by the occurrence of atacamite and the low
degree of sulfide oxidation, this event happened quite
recently, probably in the process of the ongoing evolu-
tion of the present-day Markov Deep.

Origin of Sulfide Mineralization in the Markov Deep

Like the majority of modern ore-bearing hydrother-
mal systems discharging on the ocean floor in the form
of black smokers, the studied ore occurrence is located
in the axial MAR zone and confined to the conduit of a
similar system. According to generally accepted views,
the sulfide mounds are formed by fluids that contain
sulfur of different origin (Bortnikov and Vikent’ev,
2005). The mineral-forming fluid, obviously, contains
sulfur of magmatic origin, with 8**S varying from —2.3
to +0.4%o. The supply of heavy sulfur into the hydro-
thermal system is explained in different ways, by
(1) reduction of sulfate sulfur of seawater and its non-
equilibrium mixing with hydrogen sulfide of hot hydro-
thermal fluids; (2) mixing of mineral-forming fluid
with seawater, simultaneous hydrogen sulfide oxida-
tion, and reduction of sulfates with ferrous ion; (3) par-
tition of sulfur isotopes between the coexisting sulfide
and sulfate; (4) phase separation and boiling up of fluid;
(5) hydrogen sulfide oxidation to sulfate; and
(6) involvement of sulfur derived from sulfates or sul-
fides that fill veinlets in serpentinized rocks.

Another mechanism was proposed by Alt and
Shanks (2003), who investigated the high-grade sulfide
mineralization hosted in serpentinites of the MARK
field, where secondary sulfides (millerite, pentlandite,
pyrrhotite, and locally developed heazlewoodite and
awaruite) replaced primary magmatic sulfides in
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altered peridotites. The geochemical modeling carried
out by these authors showed that development of ore
mineralization was due to leaching of sulfides by sea-
water from adjacent gabbroids at 400°C and their rede-
position in the process of serpentinization of peridotites
at 300°C.

Thus, all proposed models require a complicated,
largely speculative mechanism of heavy sulfur supply
into the hydrothermal system and do not consider the
obvious phenomenon of mixing of primary magma-
derived fluid with seawater circulating through frac-
tured rocks of the oceanic crust, as was suggested by
Kelley and Delaney (1987). Such systems with a wide
range of &S values displaying different rates of mix-
ing of magma-derived fluid with seawater are supposed
to develop in slow-spreading ridges, where ancient brit-
tle plutonic rocks have been brought to the surface.

Moreover, in a number of hydrothermal systems, the
weighting of S isotopes was established at the final
stages of their activity (Bogdanov et al., 2002), reflect-
ing progressive dilution of the fluid with seawater. Such
a succession of events in the Markov Deep is corrobo-
rated by replacement of the ore-bearing epidote mineral
assemblage by the barren prehnite assemblage as an
indicator of advanced dilution of magma-derived ore-
bearing fluid with seawater.

It is suggested that a solidifying intermediate
magma chamber (intrusive body) in the oceanic crust
composed of a hydrous melt of the silicic Fe-Ti-oxide
series was the major source of ore-bearing fluids. The
study of melt inclusions in melanocratic troctolite
belonging to this series has shown that the water con-
tent in the melt reached 1.24 wt %; even minute
amounts of sulfides were detected in these inclusions
(Simonov et al., 2007). The release of aqueous fluids
from such magmas commonly occurs under a pressure
of 1 kbar, where the solubility of water in silicate melts
sharply declines (Fluids..., 1991), i.e., at a depth of
3—4 km, where the magma chamber is presumably
located. The fluid spread from the roof of the solidify-
ing magma chamber through the system of fractures,
initiating development of the hydrothermal system,
which progressively involved seawater from the sub-
bottom hydrosphere.

The position of the ore-bearing zone is consistent
with a shallow depth of the magma chamber. The zone
developed at a depth of 4600-4400 m from the ocean
surface, i.e., approximately 2.6-2.4 km below the
ocean floor. As in layered intrusions, new portions of
melt were periodically injected into the solidifying
magma chambers, which served as traps for such injec-
tions (Sharkov, 2006). The shallow-seated magma cham-
bers could have existed for a long time, supplying the
hydrothermal systems with ore-bearing fluids and heat.

Melts of the silicic Fe-Ti-oxide series are enriched
in precisely those ore components that are noted in the
ore occurrence of the Markov Deep, and these melts
could have been sources of both hydrothermal fluids

GEOLOGY OF ORE DEPOSITS  Vol. 49

No. 6 2007

483

and heat. In addition, some amount of ore matter could
have been leached from host gabbroids. The ore depo-
sition stopped when the primary hydrothermal solu-
tions were diluted with seawater below a certain limit.

In addition to development of hydrothermal sys-
tems, dehydration of melts of the siliceous Fe—Ti-oxide
series may have another consequence. It is known that
decreasing water content in melt brings about a rise in
its liquidus temperature and, hence, its rapid crystalli-
zation at a depth. As a result, lavas of this series are rare
on the ocean floor.

Two other potentially ore-bearing basins in the
Sierra Leone site—the Rudny field and 5°46” N (Pu-
shcharovsky et al., 2004)—have a similar geological
structure. It may be expected that sulfide ore occur-
rences of metasomatic origin in the form of extended
zones will be discovered in these basins.

The high-temperature hydrothermal activity that
leads to the formation of hydrothermal plumes and
massive sulfide ore of the black smoker type is
unknown at the eastern slope of the Markov Deep. The
hydrochemical anomalies above this slope are most
likely related to the low-temperature hydrothermal
activity controlled by zones of tectonic deformation
and hydrothermal metasomatism, as supported by find-
ings of ferromanganese crusts of hydrothermal origin.
This activity is probably related to residual magma
chambers left behind after recent magmatic events.

Thus, a new promising type of sulfide mineraliza-
tion of hydrothermal metasomatic origin has been
revealed in the axial MAR zone. The ore-bearing fluid
probably had a mixed origin. At the initial stage, the
fluid was released from water-saturated magma of the
mantle—crustal silicic Fe-Ti-oxide series during its
ascent toward the surface, afterward being diluted by
seawater until it became completely depleted in ore-
forming constituents. The study performed does not
allow estimation of the scope of this ore occurrence. The
main ore reserves may occur here below the ocean floor.
Since the ore matter is not dispersed in seawater, as occurs
in black smokers, the reserves may be significant.

CONCLUSIONS

(1) The results of dredging carried out during Cruise 10
of the R/V Akademik Ioffe, Cruise 17 of the R/V Aka-
demik Sergei Vavilov, and Cruise 22 of the R/V Profes-
sor Logachev in the axial part of the MAR rift valley in
the Markov Deep (Sierra Leone site) have shown that
its walls over a large distance (>300 km) are composed
of gabbroic and ultramafic rocks; basalts and dolerites
are also exposed. A zone of cataclastic and metasomat-
ically reworked gabbroids with high-grade sulfide min-
eralization was discovered in one of the rift valley seg-
ments (the Markov Deep, 6° N).

(2) Altered ultramafic mantle rocks (restites) and
two associations of igneous rocks, each composed of
plutonic, subvolcanic, and volcanic complexes, were
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dredged from the slopes of the Markov Deep. These
associations differ in mineral composition and
geochemical features. The rocks are commonly altered
to variable extents: ultramafics are intensely serpenti-
nized, while gabbroic rocks are amphibolized; samples
of both altered and fresh basalts with glassy crusts were
carried up.

(3) The first association is composed of a cumulative
series: dunite—troctolite (melanocratic and leucocratic)—
olivine gabbro—gabbro-leucogabbro (gabbroanorthosite)
in combination with dolerites and basalts close to
N-MORSB in petrography and geochemical signatures.
Rocks of this primitive association are characterized by
highly magnesian dark-colored minerals and high-Ca
plagioclase. Minor amounts of primary copper sulfides
are detected in gabbro and troctolites.

(4) The second (silicic Fe-Ti-oxide) association
consists of norite, gabbronorite, gabbroanorthosite,
Fe—Ti-oxide gabbronorite, gabbrodiorite, diorite, and
plagiogranite. These rocks contain magmatic brown
hornblende (Ti-pargasite) and Fe-Ti-oxides, as well as
ubiquitous apatite, zircon, and baddeleyite. High-tem-
perature pyroxenites and some lherzolites and
harzburgites with relics of cumulative structures proba-
bly pertain to this association as well. Subvolcanic and
volcanic rocks of this association are rare; they are
composed of hornblende dolerite and pyroxene—horn-
blende and hornblende basalts with abundant submi-
croscopic grains of Fe-Ti-oxides.

(5) Almost all ultramafic rocks and a great deal of
gabbroids have undergone high-temperature alteration
related to ductile flow of the mantle material and lower
crust in the process of spreading. At the subsequent
stage, the cooling of rocks was accompanied by brittle
fracturing with penetration of seawater through frac-
tures and cavities into the crust and by regional meta-
morphism under conditions of zeolite to epidote-
amphibolite facies with the appearance of the Act +
Chl, + Ep mineral assemblage in basic rocks.

(6) Almost all igneous rocks of the ocean floor in the
Sierra Leone site are enriched in Pb, Cu, U, Rb, Ta, Nb,
Cs, and Rb and depleted in Th and Hf. A specific fea-
ture of rocks of the Fe-Ti-oxide series is their enrich-
ment in Zn, Sn, and Mo and depletion in Ni and Cr.

(7) Zones of brecciated and cataclastic gabbroic
rocks of the Fe-Ti-oxide series are locally affected by
ore-bearing hydrothermal metasomatic alteration. The
thickest and most mineralized zone strikes in the north-
northwest direction along the foot of the eastern slope
of the Markov Deep. Several mineral assemblages
replace one another in the following order: Hbl + Pl
IIm + Mag — Ab + Trem + Chl — Czo + Chl +
Prh — Ep + Qtz + Chl + sulfides — Prh + Chl —
Prh. The ore-forming metasomatism developed in the
reducing environment within the temperature interval
from ~400 to 160°C; the initial stages of hydrothermal
alteration took place at a temperature from 800 to
450°C. The ore mineralization is associated with epi-
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dosites, which are subsequently replaced by prehnite.
The ore minerals occurring in prehnite metasomatic rocks
are relict and related to the preceding stage of hydrother-
mal mineral formation. The latest alteration is expressed in
replacement of sulfides by iron hydroxides.

(8) The study of fluid inclusions in prehnite and epi-
dote from ore samples showed that the salt concentration
in hydrothermal solutions (4.6-6.5 wt % NaCl equiv)
was higher than the salinity of seawater (3.47 wt %
NaCl equiv). The temperature of the stringer—dissemi-
nated ore formation is estimated from fluid inclusion
study at 170-280°C, which is consistent with the
results of mineralogical thermometry.

(9) The ore mineralization comprises quartz—sulfide
and prehnite—sulfide veinlets, sulfide disseminations,
and chalcopyrite veins hosted in metasomatically
altered rocks (fragments of these veins 10-15 cm thick
were dredged). The stringer—disseminated ore consists
of pyrite, chalcopyrite, sphalerite, pyrrhotite, bornite,
chalcocite, and digenite. Native Cu (including the
Zn-bearing variety), Pb, Zn, Au, and Sn, as well as
intermetallides (isoferroplatinum, tetraferroplatinum),
have been identified in addition to sulfides.

(10) The 6*S value of sulfides varies within a wide
range, from +3.0 to +15.3%o, testifying to the involve-
ment of both primary magmatic sulfur and seawater
sulfur in the hydrothermal fluid. The Sr and Nd isotopic
compositions of hydrothermally altered rocks confirm
this conclusion.

(11) It is suggested that hydrothermal ore-bearing
fluids initially had a magmatic origin and then were
progressively diluted with seawater penetrating into the
sub-bottom hydrosphere of the ocean. The ore matter was
derived from both hydrous melts of the Fe-Ti-oxide
series during their solidification in shallow-seated
magma chambers and from host gabbroic rocks.

(12) A new promising type of sulfide mineralization
revealed in the axial MAR zone probably is a part of the
system feeding black smokers.

ACKNOWLEDGMENTS

We thank S.A. Silant’ev and N.N. Pertsev for con-
structive criticism of the manuscript. This study was
supported by the Presidium of the Russian Academy of
Sciences (RAS) (the program ‘“Fundamental Problems
of Oceanology...”), the Ministry of Education and Sci-
ence of the Russian Federation (the federal targeted
program “The World Ocean”), the Russian Foundation
for Basic Research (project no. 05-05-64380), and the
Siberian Branch of the RAS (integration project no. 6.8).

REFERENCES

1. J. C. Altand W. C. Shanks, “Serpentinization of Abyssal
Peridotites from the MARK Area, Mid-Atlantic Ridge:
Sulfur Geochemistry and Reaction Modeling,”
Geochim. Cosmochim. Acta 67 (4), 641-643 (2003).

GEOLOGY OF ORE DEPOSITS Vol. 49 No. 6 2007



10.

11.

12.

13.

14.

15.

16.

17.

HYDROTHERMAL ALTERATION AND SULFIDE MINERALIZATION

N. R. Banerjee, K. M. Gillis, and K. Muehlenbachs,
“Discovery of Epidosites in a Modern Oceanic Setting,
the Tonga Forearc,” Geology 28 (2), 151-154 (2000).

B. N. Batuyev, A. G. Krotov, V. F. Markoyv, et al., “Mas-
sive Sulfide Deposits Discovered at 14°45" N, Mid-
Atlantic Ridge,” BRIDGE Newsletter, No. 6, 6-10
(1994).

E. S. Bazilevskaya and S. G. Skolotnev, “Ferromanga-
nese Deposits in the Sierra Leone Fracture Zone (Equa-
torial Atlantic),” Dokl. Akad. Nauk 383 (6), 791-795
(2002) [Dokl. Earth Sci. 383A (3), 253-257 (2002)].

V. E. Bel’tenev, V. N. Ivanov, S. G. Skolotnev, et al.,
“New Evidence for Sulfide Occurrences in the Markov
Rift Deep at the Mid-Atlantic Ridge in the Equatorial
Atlantic (6° N),” Dokl. Akad. Nauk 395 (2), 215-220
(2004a) [Dokl. Earth Sci. 395 (2), 187-191 (2004a)].

V. E. Bel’tenev, A. V. Neshcheretov, V. N. Ivanov, et al.,
“A New Hydrothermal Field in the Axial Zone of the
Mid-Atlantic Ridge,” Dokl. Akad. Nauk 397 (1), 78-82
(2004b) [Dokl. Earth Sci. 397 (5), 690-693 (2004b)].
Yu. A. Bogdanov, N. S. Bortnikov, I. V. Vikent’ev, et al.,
“Mineralogical and Geochemical Features of Hydrother-
mal Sulfide Ores and Fluids in the Rainbow Field Asso-
ciated with Serpentinites, Mid-Atlantic Ridge (36°14’ N),”
Geol. Rudn. Mestorozhd. 44 (6), 510-542 (2002) [Geol.
Ore Deposits 44 (6), 444473 (2002)].

N. S. Bortnikov and I. V. Vikent’ev, “Modern Base-Metal
Sulfide Mineral Formation in the World Ocean,” Geol.
Rudn. Mestorozhd. 47 (1), 16-50 (2005) [Geol. Ore
Deposits 47 (1), 13-44 (2005)].

N. S. Bortnikov, V. A. Simonov, and Yu. A. Bogdanov,
“Fluid Inclusions in Minerals from Modern Sulfide
Mounds: Physicochemical Conditions of Fluid Forma-
tion and Evolution,” Geol. Rudn. Mestorozhd. 46 (1),
74-87 (2004) [Geol. Ore Deposits 46 (1), 64-75 (2004)].

M. Cathelineau, “Cation Site Occupancy in Chlorite and
Illites As a Function of Temperature,” Clay Miner. 23
(4), 471-485 (1988).

T. A. Demidova, S. G. Skolotnev, N. S. Bortnikov, and
N. N. Turko, “Ore-Bearing Rift Deeps in the Sierra
Leone Fracture Zone (Equatorial Atlantic): Implications
for Thermohaline Water Structure, Geology, and Ore
Genesis,” Dokl. Akad. Nauk 392 (5), 660-665 (2003)
[Dokl. Earth Sci. 393 (8), 1067-1071 (2003)].

H.J. B. Dick, P. T. Robinson, and P. S. Meyers, “The Plu-
tonic Foundation of a Slow-Spreading Ridge,” Am. Geo-
phys. Union, Monogr. 70, 1-39 (1992).

H. N. Edmonds and C. R. German, “Particle Geochem-
istry in Rainbow Hydrothermal Plume, Mid-Atlantic
Ridge,” Geochim. Cosmochim. Acta 68 (4), 759-772
(2004).

Fluids and Redox Reactions in Magmatic Systems
(Nauka, Moscow, 1991) [in Russian].

Y. Fouquet, A. Wafic, P. Cambon, et al., “Tectonic Set-
ting and Mineralogical and Geochemical Zonation in the
Snake Pit Sulfide Deposit (Mid-Atlantic Ridge at 23° N),”
Econ. Geol. 88, 2018-2036 (1993).

R. O. Fournier, “Conceptual Models of Brine Evolution
in Magmatic—Hydrothermal Systems,” US Geol. Surv.
Prof. Paper, No. 1350, 1487-1506 (1987).

K. M. Gillis and M. D. Roberts, “Cracking at the
Magma-Hydrothermal Transition: Evidence from the
GEOLOGY OF ORE DEPOSITS

Vol. 49 No. 6

2007

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

485

Troodos Ophiolite, Cyprus,” Earth Planet. Sci. Lett. 169,
227-244 (1999).

D. V. Grichuk, Thermodynamic Models of Submarine
Hydrothermal Systems (Nauchnyi Mir, Moscow, 2000)
[in Russian].

M. D. Hannington, A. G. Galley, P. M. Herzig, and
S. Petersen, “Comparison of the TAG Mound Stockwork
Complex with Cyprus-Type Massive Sulfide Deposits,”
in Proceedings of the Ocean Drilling Program, Scientific
Results (1998), Vol. 158, pp. 389—-415.

T. J. B. Holland and J. D. Blundy, “Calcic Amphibole
Equilibria and New Amphibole-Plagioclase Geother-
mometer,” Contrib. Mineral. Petrol. 104, 208-224 (1990).

S. E. Humphries, J. C. Alt, D. A. H. Teagle, and J. J. Hon-
norez, “Geochemical Changes during Hydrothermal
Alteration of Basement in the Stockwork beneath the
Active TAG Hydrothermal Mound,” in Proceedings of
the Ocean Drilling Program, Scientific Results (1998),
Vol. 158, 255-276.

D. S. Kelley and J. R. Delaney, “Two-Phase Separation
and Fracturing in Mid-Ocean Ridge Gabbros at Temper-
atures Greater than 700°C,” Earth Planet. Sci. Lett. 83,
53-66 (1987).

P. Kranidiotis and W. H. McLean, “Systematic of Chlo-
rite Alteration at the Phelps Dodge Massive Sulfide
Deposits, Matagami, Quebec,” Econ. Geol. 82, 1898—
1911 (1987).

S. G. Krasnov, G. A. Cherkashov, T. V. Stepanova, et al.,
“Detailed Geological Studies of Hydrotermal Fields in
the North Atlantic,” in Hydrothermal Vents and Pro-
cesses (Geol. Soc. Spec. Publ, London, 1995), No. 87,
pp. 43-64.

B. Lombardo, D. Rubatto, and D. Castelli, “Ion Micro-
probe U-Pb Dating of Zircon from a Monviso Metapla-
giogranite: Implications for the Evolution of the Pied-
mont-Liguria Tethys in the Western Alps,” Ofioliti 27
(2), 109-117 (2002).

A. O. Mazarovich and S. Yu. Sokolov, “The Tectonic
Position of Hydrothermal Fields on the Mid-Atlantic
Ridge,” Litol. Polezn. Iskop. 33 (4), 436-439 (1998)
[Lithol. Miner. Resour. 33 (4), 391-394 (1998)].

A. O. Mazarovich, S. Yu. Sokolov, N. N. Turko, and
K. O. Dobrolyubova, “Relief and Structure of the Rift Zone
of the Mid-Atlantic Ridge between 5° and 7°18” N,” Ross.
Zh. Nauk Zemle 3 (5) (2001a). URL: http://rjes.wdcb.ru.

A. O. Mazarovich, V. A. Simonov, A. A. Peive, et al.,
“Hydrothermal Mineralization in the Sierra Leone Frac-
ture Zone (Central Atlantic Ocean),” Litol. Polezn.
Iskop. 36 (5), 526-533 (2001b) [Lithol. Miner. Resour.
36 (5), 460-466 (2001b)].

Metasomatism and Metasomatic Rocks (Nauchnyi Mir,
Moscow, 1998) [in Russian].

P. Nehlig, “Salinity of Oceanic Hydrothermal Fluids:
A Fluid Inclusion Study,” Earth Planet. Sci. Lett. 102,
310-325 (1991).

A. A. Peive, G. N. Savel’eva, S. G. Skolotnev, and
V. A. Simonov, “Tectonics and Origin of the Oceanic
Crust in the Region of ‘Dry’ Spreading in the Central
Atlantic (7°10-5° N),” Geotektonika 37 (2), 3—-25 (2003)
[Geotectonics 37 (2), 75-94 (2003)].



486

32.

33.

34.

35.

36.

37.

38.

39.

SHARKOV et al.

Yu. M. Pushcharovsky, S. G. Skolotnev, A. A. Peive,
etal., Geology and Metallogeny of the Mid-Atlantic
Ridge: 5°-7° S (GEOS, Moscow, 2004) [in Russian].

N. M. Rose and D. K. Biord, “Prehnite-Epidote Phase
Relations in the Norde Aputiteq and Kruuse Fjord Lay-
ered Gabbros, East Greenland,” J. Petrol. 28 (6), 1193—
1218 (1987).

V. L. Rusinov, Metasomatic Processes in Volcanic
Sequences (Nauka, Moscow, 1989) [in Russian].

G. N. Savel’eva, N. S. Bortnikov, A. A. Peive, and
S. G. Skolotnev, “Ultramafic Rocks in the Markov Deep,
Rift Valley of the Mid-Atlantic Ridge,” Geokhimiya 44
(1), 192-208 (2006).

W. S. Shanks, Stable Isotope in Seafloor Hydrothermal
Systems. Stable Isotope Geochemistry (Miner. Soc.
Amer., Washington, 2001), pp. 469-526.

E. V. Sharkov, Formation of Layered Intrusions and
Related Ore Mineralization (Nauchnyi Mir, Moscow,
2006) [in Russian].

E. V. Sharkov, N. S. Bortnikov, O. A. Bogatikov, et al.,
“Mesozoic Zircon from Gabbronorites in the Axial Mid-
Atlantic Ridge, 6° N, Markov Deep,” Dokl. Akad. Nauk
396 (5), 675-679 (2004) [Dokl. Earth Sci. 397 (5), 654—
657 (2004)].

E. V. Sharkov, N. S. Bortnikov, O. A. Bogatikov, et al.,
“Third Layer of the Oceanic Crust in the Axial Part of the
Mid-Atlantic Ridge (Sierra Leone MAR Segment, 6° N),”
Petrologiya 13 (5), 592-625 (2005) [Petrology 13 (6),
540-570 (2005)].

40.

41.

42.

43.

44.

45.

46.

GEOLOGY OF ORE DEPOSITS

K. N. Shatagin, E. V. Sharkov, I. V. Chernysheyv, et al.,
“Sr—Nd Isotopic Heterogeneity of Basalts of the Sierra
Leone Test Site, Mid-Atlantic Ridge, 5°-7° S,” Dokl.
Akad. Nauk 410 (3), 392-396 (2006) [Dokl. Earth Sci.
410 (7), 1127-1131 (2006)].

S. A. Silant’ev, “Formation Conditions of the Mid-
Atlantic Ridge Plutonic Complex at 13°-17° N,”
Petrologiya 6 (4), 381-421 (1998) [Petrology 6 (4), 351—
387 (1998)].

V. A. Simonov, S. V. Kovyazin, and E. V. Sharkov,
“PhysicoChemical Conditions of Intrusive Complexes
Forming in the Sierra Leone Region (Central Atlantic),”
in Geophys. Res. Abstracts. Vol. 9, 05197, 2007 (EGU
General Assembly, Vienna, 2007) EGU2007-A-05197.

V. A. Simonov, A. O. Mazarovich, S. V. Kovyazin, and
G. A. Tret’yakov, “Ore Formation Processes in the Sierra
Leone Transform Fault (Central Atlantic),” in Geology of
Seas and Oceans (GEOS, Moscow, 2001), Vol. 1,
pp- 259-260 [in Russian].

S. G. Skolotnev, “Gabbroids of the Vema Fracture Zone:

Textures, Composition, and Tectonic Setting,” Petrologiya
11 (1), 35-52 (2003) [Petrology 11 (1), 31-47 (2003)].

S. G. Skolotnev, A. A. Peyve, S. M. Lyapunov, et al.,
“MAR Volcanism in the Sierra Leone Fracture Zone
Region, Central Atlantic,” Russ. J. Earth Sci. § (2)
(2003). URL: http://rjes.wdsb.ru.

ElL-H. Talbi, J. Honnorez, N. Clauer, et al., “Petrology,
Isotope Geochemistry and Chemical Budgets of Oceanic

Gabbros—Seawater Interactions in the Equatorial Atlan-
tic,” Contrib. Mineral. Petrol. 137, 246-266 (1999).

Vol. 49  No. 6 2007




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


