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INTRODUCTION

This is the final paper in a series of works (Silantyev
et al., 2009a, 2009b) dealing with simulation of
geochemical and mineralogical effects that accom�
pany hydrothermal transformation of ultrabasic rocks
in the slow�spreading ridges at the downwelling and
upwelling limbs of circulation hydrothermal system.

Studies carried out in the axial zone of the Mid�
Atlantic Ridge (MAR) for the last two decades (for
instance, Cannat et al., 1992; Silantyev, 1998; Fuji�
wara et al., 2003, Shipboard…, 2003) established that
gabbroids may occupy about 50 vol % of the oceanic
crust of slow�spreading ridges, are closely associated
with serpentinites, and widely developed in the mantle
protolith of the oceanic lithosphere below Moho dis�
continuity. Since gabbroids compose the “oceanic
core complexes” hosting all largest hydrothermal ore
fields of Central Atlantics (Ashadze, Semenov,
Logachev, and Rainbow fields), they are involved into
ore�forming hydrothermal processes.

The main aim of this work was to estimate the role
of gabbro in mobilization of ore material during
hydrothermal alteration of the oceanic crust section
consisting of gabbro–peridotite associations (Hess�
type crust) in slow�spreading mid�ocean ridges
(MOR). The geochemical and mineralogical trends of
gabbroid evolution during their hydrothermal interac�
tion with marine fluid were reconstructed using

kinetic–thermodynamic simulation, which, as in the
recently published works (Silantyev et al., 2009a,
2009b) represented the main tool of our study.

A great body of presently accumulated data on
geochemistry and mineralogy of gabbroids of slow�
spreading MOR indicates an unambiguous involve�
ment of these rocks in the hydrothermal transforma�
tion of the Hess�type oceanic crust. As was noted in
(Silantyev et al., 1987), conditions existing in MOR
were favorable for the formation of vertical metamor�
phic zoning in the zones of active hydrothermal sys�
tems. From the top downward, this zoning is repre�
sented by metabasic rocks metamorphosed under the
zeolite (≤300°С), greenschist (300–500°С), and epi�
dote–amphibolite (500–650°С) facies conditions.
Numerous later works demonstrated that practically all
samples of gabbroids from the oceanic core complexes of
MAR contain secondary mineral assemblages that were
formed within a wide temperature range varying from the
lower greenschist to the upper amphibolite facies (for
instance, Gillis et al., 1993; Silantyev, 1998; Fletcher et
al., 1997). The characteristic feature of secondary alumi�
nous hornblende in MAR gabbroids is the high Cl con�
tent (up to 1.2–2.0 wt %) in the anionic group (Vanko,
1986; Silantyev et al., 1987). Taking into account
extremely low chlorine content in the magmatic deriv�
atives of MAR (for instance, Jambon, 1994), the
source of chlorine in the metamorphic system respon�
sible for the formation of high�Cl hornblende in the
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MAR gabbroids was presumably mineralized marine
fluid. Data on the presence of high�salinity fluid inclu�
sions in secondary amphibole, epidote, quartz, and
plagioclase (Stakes and Vanko, 1986; Kelley and
Delaney, 1987; Simonov et al., 1987; Simonov et al.,
1995) also can serve as a convincing argument for the
participation of such fluid in high�temperature hydro�
thermal transformation of oceanic gabbroids. Using
experimental results, Mottl (1983) revealed that Fe
mole number of amphibole and coexisting chlorite
from metabasic rocks of oceanic hydrothermal sys�
tems systematically increases with decreasing W/R
(water/rock) ratio. In (Silantyev et al., 1987), this
trend was explained by the compositional evolution of
hydrothermal fluid, whose interaction with host rocks
in the upper crustal horizons (high W/R ratio) leads to
the extraction of iron and its transfer to the deeper
seated crustal levels, with formation of Fe�rich
amphibole and chlorite.

Recently obtained data on the behavior of stable
and radiogenic isotope systems in the gabbroids and
serpentinites from the oceanic core complexes of
MAR demonstrated a complex evolution of isotope
composition of marine fluid interacting with these
rocks in a wide temperature regime: for sulfur (Alt et
al., 2007; Delacour et al., 2008), for oxygen (Alt et al.,
2007), for strontium (Silantyev and Kostitsyn, 1990).
Oxygen and sulfur isotope data on gabbroids recovered
by boreholes ODP 1268 and 1271 in the MAR axis
immediately north of the Logachev field indicate
high�temperature (>350°C) interaction of these rocks
with hydrothermal fluid at deep levels of crustal sec�
tion (Alt et al., 2007). In (Silantyev and Kostitsyn,
1990), the Sr content and isotope compositions in sec�
ondary minerals from oceanic metagabbro were used
to reconstruct the exhumation of the metagabbroids
from the oceanic core complex located in the junction
zone of MAR and 15°20′ Fracture Zone. Results
obtained in this work clearly demonstrated a system�
atic increase of 87Sr/86Sr in a series of secondary min�
erals with decreasing temperature of their formation:
0.7044 in Hbl (550°С), 0.7060 in Al�Act (450°C),
0.7070 in Act (300°C), 0.7080 in Sap + Chl (150–

200°C)1.

The role of gabbro in the hydrothermal process in
the axial zone of MAR was discussed in (Sharkov
et al., 2007). These authors arrived at conclusion that

1 Mineral abbreviations accepted in the work: (Act) actinolite,
(Amph) amphibole, (Anh) anhydrite, (Arg) aragonite, (Ant) anti�
gorite, (Bn) bornite, (Brc) brucite, (Ccp) chalcopyrite, (Cc)
chalcosine, (Chl)—chlorite, (Ctl) chrysotile, (Cv) covellite, (Cz)
clinozoiste, (Di) diopside, (Dol) dolomite, (Fa) fayalite, (Fe�
Act) Fe�actinolite, (Fe�Prg) Fe�pargasite, (Fo) forsterite, (Gn)
galena, (Gt) goethite, (Hbl) hornblende, (Hd) hedenbergite,
(Hem) hematite, (Mag) magnesite, (Mg�Sap) Mg�saponite, (Mt)
magnetite, (Na�@Sap) Na�saponite, (Ol) olivine, (Prh) preh�
nite, (Py) pyrite, (Po) pyrrhotite, (Qtz) quartz, (Sap) saponite,
(Sp) sphalerite, (Spl) spinel, (Srp) serpentine, (Tlc) talc, (Tr)
tremolite, (Zo) zoisite).

gabbroid intrusions formed during evolution of water�
saturated melts that produced siliceous Fe–Ti oxide
series (terminology of E.V. Sharkov with co�authors)
could be sources for the ore�bearing fluids. According
to (Sharkov et al., 2007), among gabbroids of this type
are hornblende gabbros of MAR.

The works devoted to the simulation of geochemi�
cal and mineralogical variation trends of gabbroids
during their hydrothermal interaction with marine
fluid are few in number. Thermodynamic model of
hydrothermal alteration of the lower part of the oce�
anic crust consisting of gabbro was proposed in the
work (McCollom and Schock, 1998). In this work, the
interaction of marine fluid with olivine gabbros, gab�
bronorites, and troctolites at temperature 300–900°С
were simulated by mathematical methods. An impor�
tant achievement of model proposed in (McCollom
and Shock, 1998) was theoretical confirmation of
high�temperature (≥700°С) interaction of marine
fluid with deep�seated oceanic rocks, which was dis�
covered empirically in (Kelley and Delaney, 1987;
Silantyev, 1998).

The only attempt to thermodynamically simulate
the downwelling limb of hydrothermal system in the
MOR section containing gabbro–peridotite associa�
tion was made in (Silantyev et al., 1992). One of the
principle conclusions obtained form this work was the
existence of geochemical barriers at the peridotite–
gabbro boundary, where secondary accumulation and
precipitation of ore material are possible.

Thus, the gabbroid bodies as ubiquitous compo�
nents of geological section of the oceanic crust of the
slow�spreading MAR may not only serve as thermal
source for hydrothermal circulation system (Silantyev
et al., 2009a), but also control the material balance in
the hydrothermal process.

SIMULATION TECHNIQUE

In the previous works (Silantyev et al., 2009a,
2009b), we proposed a generalized model of hydro�
thermal system located in the Hess crust section made
up of mantle peridotites (spinel harzburgites). All peri�
dotite section was subdivided into 22 blocks with cer�
tain Т and Р parameters, through which fluid portions
(10 waves) were successively passed. Interactions
between fluids and minerals in the rock were analyzed
for each block with allowance for kinetics of their dis�
solution. In order to simulate the interaction at the
upwelling limb, we used compositions of fluid that
enters the root zone at the second wave, because the
downwelling system reaches stationary regime during
this wave.

In this work, the model crustal section considered
in the previous works (Silantyev et al., 2009a, 2009b)
was supplemented by block of gabbroids, which was
placed in the root zone of hydrothermal system and
interacted with hydrothermal fluid of given composi�
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tion. As in (Silantyev et al., 2009b), three possible vari�
ants of the location of the root zone of hydrothermal
circulation system were analyzed: (1) significant
depths T = 500°C, P = 4 kbar, (2) moderate–shallow
depths T = 151°C, P = 1.4 kbar, and (3) shallow depths
T = 107°C, P = 1.14 kbar (A, B, C in Fig. 1). Hydro�
thermal fluids interacting with the gabbroid blocks in
composition corresponded to the fluids that perco�
lated through peridotite column to three depth levels
of the indicated root zones. The compositions of fluids
that entered these root zones were taken from (Silan�
tyev et al., 2009a) and are shown in Table 1. Calcula�
tions used two contrasting gabbroid compositions that
embrace the most part of compositional range of oce�

anic gabbro: ophitic (normal) gabbro and Fe–Ti gab�
bros. According to the classification proposed by
(Miyashiro and Shido, 1980), one of these composi�
tions corresponds to the gabbro of the middle stage of
the evolution of MAR plutonic complex, whereas
other marks the late�stage gabbroids enriched in ore
elements. Normal gabbro (sample SeDV4�9) is repre�
sented by coarse�grained rock with well�pronounced
ophitic texture and consisting of plagioclase, clinopy�
roxene, orthopyroxene, and secondary amphibole.
Other sample used in our work (sample SeDV4�2) is
gabbro enriched in ore minerals, whose aggregates
define sideronite texture of the rock. This sample is
made up plagioclase, ortho� and clinopyroxene, abun�
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P = 1.14 кбар
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P = 1.4 кбар

Т = 500°C,

P = 4 кбар
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hydrothermal
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Fig. 1. Schematic representation of the gabbroid root zone of hydrothermal system of the Hess�type crust. (A) high�temperature
root zone (located at a section depth about 11 km); (B) moderate–low temperature root zone (section depth of 3 km); (C) low�
temperature root zone (section depth of 2 km). Cross hatching denotes hydrothermal edifices, speckled areas correspond to
hydrothermal precipitates.

Formation of
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dant Ti�magnetite, ilmenite and secondary amphib�
ole. Both the samples were taken in the Ashadze
hydrothermal field (Shipboard…, 2007), and their
compositions are shown in Table 2. On the basis of
petrographic and geochemical characteristics, the
rocks used for simulation can be ascribed to the typical
representatives of gabbroids of the MAR oceanic core
complexes.

A sequence of chemical transformations of the
fluid in the course of its filtration and variations in the
P–T parameters were simulated as a series of partial
isobaric–isothermal equilirbia, while masses of inter�
acting primary minerals were limited by the rates of
their dissolution. It was accepted that hydrothermal

fluid does not have enough time to react with the host
rocks and primary minerals during its transportation
from the root zone to the discharge zone. Thus, at the
upwelling limb of hydrothermal system we considered
only the processes of precipitation and gas release. In
order to calculate the adiabatic drop in fluid tempera�
ture in the discharge zone, we applied the Interna�
tional System of Equations 1995 (IAPWS�95) for the
thermodynamic properties of water and aqueous
vapor, which was proposed for calculations in indus�
trial processes (Wagner and Pruss, 2002). As in the
previous works (Silantyev et al., 2009a, 2009b), the
calculations were carried out using a GEOCHEQ soft�
ware package (Mironenko et al., 2000). The system

Table 1.  Composition of solutions that supplied in the root reaction zones, mol/kg of H2O

Components T = 107°C, P = 1140 bar T = 151°C, P = 1460 bar T = 500°C, P = 4000 bar

ΣCO2 3.815E�05 9.058E�19 6.557E�18

CH4 3.852E�24 2.691E�05 5.212E�05

H2 6.087E�12 4.895E�02 2.236E+00

ΣH2S 3.699E�16 6.783E�04 8.494E�03

Mg 4.175E�02 1.522E�07 6.856E�04

Ca 1.456E�02 7.745E�02 4.413E�02

Al 1.622E�07 2.253E�04 1.119E�05

Si 1.107E�07 5.980E�05 1.624E�02

Na 4.885E�01 5.110E�01 9.857E�01

ΣSO4 1.296E�02 8.336E�24 5.920E�20

Cl 5.606E�01 5.871E�01 1.080E+00

Fe 7.881E�08 1.314E�04 1.899E�03

Cu 1.094E�05 2.899E�09 1.526E�04

Zn 6.107E�05 2.564E�08 5.248E�04

Pb 1.187E�07 1.279E�10 7.862E�06

pH 7.639 9.898 5.053

Table 2.  Alteration of gabbro and Fe–Ti gabbro from reaction zones during interaction with hydrothermal fluids, wt % (100%—starting
rock)

Compo�
nents

Unaltered rock T = 107°C, P = 1140 bar T = 151°C, P = 1460 bar T = 500°C, P = 4000 bar

gabbro Fe�Ti gabbro gabbro Fe�Ti gabbro gabbro Fe�Ti gabbro gabbro Fe�Ti gabbro

MgO 8.81 7.33 9.0000 7.5108 8.5503 6.9591 7.4639 5.3114

CaO 9.32 9.61 9.1085 9.4138 9.4784 9.6802 4.6347 7.2180

Al2O3 13.49 12.59 13.4978 12.5901 13.0644 12.0276 9.2002 11.7754

SiO2 49.82 38.16 49.8406 38.1670 48.3393 36.0666 39.5383 31.9536

TiO2 3.01 6.43 3.0094 6.4282 3.0094 6.4282 3.0094 6.4282

Na2O 2.88 2.01 2.8559 1.9760 2.4831 1.4217 2.9405 1.9668

FeO* 12.66 23.84 12.6643 23.8699 12.2978 22.8575 12.2685 22.7449

Cu 0.0174 0.0161 0.0158 0.0044 0.010817 0.006368 0.000135 0.000027

Zn 0.0057 0.0123 0.0064 0.0077 0.005498 0.008539 0.000044 0.000069

Pb 0.0012 0.0021 0.0013 0.0021 0.000236 0.000401 0.000010 0.000004
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involved 15 components: O–H–Si–Ti–Al–Mg–Fe–
Ca–Na–Cl–S–C–Zn–Pb–Cu. The gas phase con�
sisted of 7 components: СН4, СО, Н2, Н2О, СО2, О2,
and Н2S. The fugacity coefficients of gases and com�
pressibility of gas mixture were calculated using the
Peng�Robinson equation. Principle ore phases in the
model system were pyrrhotite, sphalerite, chalcopy�
rite, chalcosine, bornite, galena, pyrite, covellite, and
native copper. The following complexes of ore ele�
ments were considered in the solution: CuCl0,

Cu(H  Cu(O  Cu+, CuCl+, Cu+2, Cu

Cu  Cu  Cu  CuHS0, CuO0, Cu

CuOH0, CuOH+, HCuO2, HZn  ZnOH+, Zn+2,

ZnCl+, Zn Zn  ZnO0, Zn  HPb

Pb  Pb(H  Pb(H  Pb+2, PbCl+, Pb

Pb  PbO0, PbOH+, FeCl+, Fe+3, Fe+2, FeCl+2,

Fe  FeO0, FeO+, Fe  FeOH+, FeOH+2, HFe

HFe . The complexes were treated with the use of
parameters in the HKF�model taken from (Shock
et al., 1997; Sverjensky et al., 1997). These parameters
were made consistent with the data base in (Johnson
et al., 1992), which serves as the basis for thermody�
namic information in GEOCHEQ.

Kinetic–thermodynamic simulation of mineral
formation in the root zones of hydrothermal systems
consisting of the gabbro–peridotite association was
made by the similar manner as in (Silantyev et al.,
2009a), and was limited by kinetics of mineral dissolu�
tion (Zolotov and Mironenko, 2007).

RESULTS OF SIMULATION OF PHASE 
TRANSFORMATIONS AND MATERIAL 
BALANCE DURING INTERACTION OF 

HYDROTHERMAL FLUID WITH GABBRO

Root Zone

Phase transformations in gabbroids. Figure 2 dem�
onstrates a scheme of mineral transformations
obtained for two considered petrographic types of gab�
broids during their interaction with second wave of
hydrothermal fluid that percolated through peridotite
section up to depths of reaction (root) zones corre�
sponding to 107°С, 151°С, and 500°С (C, B, and A in
Fig. 1). The gabbro–fluid interaction in the root zone
is accompanied by the formation of phase assemblages
shown in Fig. 2. Taking into account the duration of
percolation of hydrothermal fluid to the root zones
considered in our modeling (Silantyev et al., 2009a),
the time of formation of the indicated mineral assem�
blages in the gabbroid block after the onset of hydro�
thermal circulation was estimated to be within the fol�
lowing ranges: 4270–4950 years (low�temperature
root zone C), 5420–5960 (moderate–low�tempera�
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ture root zone B), and 7946–7951 years (high�tem�
perature root zone A).

Normal (ophitic) gabbro

Root zone of 107°С. Judging from calculations, pyrite
was first to dissolve among primary minerals of the
ophitic gabbro. Its disappearance is accompanied by the
monotonous decrease of fluid pH (from 7.4 to 6), which,
however, again increases to 7 during further fluid inter�
action with gabbro. Olivine and clinopyroxene start to
dissolve only during longer term interaction of fluid
with ophitic gabbro. In general, primary silicate
phases of ophitic gabbro during its low�temperature
interaction with fluid show significantly higher stabil�
ity than those of spinel harzburgites.

The first products of hydrothermal transformations
of ophitic gabbro are represented by the brucite +
hematite + zeolite + chrysotile + clinochlore + daph�
nite + tremolite assemblage. Such a mineral assem�
blage is formed during decrease of fluid pH from 7.4 to
6. Among early accessory ore phases are galena, chal�
cosine, zincite (ZnO), native copper, and sphalerite
(during longer term interaction). It should be noted that
these minerals occupy an insignificant volume of hydro�
thermally altered ophitic gabbro (from 10–2 to 10–6

vol %). The rock also contains negligible (<10–6 vol %)
amounts of titanite. The longer term interaction
(about 100 years after the influx of the second wave of
fluid in the gabbroic reactor or about 6000 years after
the onset of fluid transportation along downwelling
limb) in the ophitic gabbros leads to the formation of
assemblage chlorite + prehnite + zeolite (stilbite) +
epidote + tremolite + chrysotile. Minerals that com�
pose this assemblage account significant part of vol�
ume of hydrothermally altered gabbro (Fig. 2a).
Therefore, this assemblage could be considered as
indicator assemblage for the metagabbro from the
low�temperature root zone of hydrothermal system
located in the serpentinite protolith.

Root zone of 151°С. In general, the sequence of
dissolution of primary minerals in the ophitic gabbro
from moderate–low�temperature root zone is similar
to that established for the low�temperature zone.
However, at temperature of 151°С, olivine and cli�
nopyroxene are dissolved more rapidly. Orthopyrox�
ene and, to a lesser extent, plagioclase, remain practi�
cally unchanged at this temperature.

At the initial stages of hydrothermal transformation
of the gabbroids (at temperature of 151°С), fluid pH
decreases from 9.9 to 7.3. This is accompanied by the
formation of chlorite + prehnite + clinozoisite assem�
blage. The longer term interaction with fluid
(100 years after the influx of second fluid wave into
reactor and about 5400 years after onset of fluid trans�
port along downwelling limb) provides the formation
of lomontite + stilbite + stellerite assemblage. Acces�
sory minerals of this assemblage are represented by
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native copper and sphalerite, which are later supple�
mented by pyrrhotite, chalcosine, chalcopyrite, and
bornite. The rock also contains negligible (<10–6 vol %)
amounts of titanite and galena. The indicator mineral
assemblage of metagabbro from the low�temperature root
zone is represented by chlorite, clinozoisite, prehnite, stil�
bite, and tremolite and was formed after 100 years of
onset of fluid–rock interaction at temperature of
151°С (Fig. 2a). Thermodynamic calculations demon�
strated an increase in stellerite content in the newly
formed zeolites of the moderate–low temperature hydro�
thermal system as compared to the low�temperature sys�
tem. Fridriksson et al. (2001) studied compositional vari�
ations of zeolite (in a series stilbite (Ca2NaAl5Si13O36 ⋅
16H2O)–stellerite (Ca2Al4Si14O36 ⋅ 14H2O) in the

metabasic rocks with increasing temperature and depth.
Data presented in this work indicate a systematic increase
of stellerite in the stilbite–stellerite solid solution with
increasing depth and section temperature. Subsequent
growth of temperature leads to the replacement of stilbite
by lomontite. Obtained data well reproduce this
sequence of mineral formation in the framework of the
zeolite facies metamorphism of basic rocks. It should
be noted that, both for ophitic and Fe–Ti gabbro (see
below), our simulations demonstrated the formation
of epidote (in association with prehnite in ophitic gab�
bro) in the low�temperature root zone, clinozoisite, in
the low�temperature zone, and zoisite, in the high
temperature zone. A prehnite–epidote equilibrium
was studied experimentally in the known work (Liou et

500107 151

Secondary mineralization in normal gabbro

Fe�actinolite

Albite

Bornite
Brucite

Hedenbergite

Galena
Hematite
Daphnite
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(a)

Fig. 2. Mineral composition of the root zone gabbroid of hydrothermal systems after their interaction with hydrothermal fluid.
Solid line denotes the volume of mineral phase >10–2 vol %, thin line show 10–2 to 10–6 vol %, dashed line <10–6 vol %; (a)
ophitic gabbro, (b) Fe–Ti gabbro.
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al., 1983). Experimental results showed that epidote
and prehnite synthesized under HM�buffer redox
conditions and low temperatures have high Fe con�
tents. Under reducing high�temperature conditions,
both these phases are depleted in Fe and enriched in
Al. Thus, a simulated change of mineral types of epi�
dote in the epidote–zoisite series is well consistent
with existing experimental data.

Root zone of 500°С. The high�temperature root
zone shows a rapid mineral transformation of the
ophitic gabbro in the course of its interaction with
hydrothermal fluid. Primary phases in the gabbro from
this zone are dissolved more rapidly than in the lower
temperature zones and in the following sequence: Ol >
Cpx > Po > Pl; fluid pH during this process insignifi�
cantly decreases. A steady indicator assemblage of sec�

ondary minerals in the gabbro from high�temperature
root zone appears already at the final stages of opera�
tion of hydrothermal reactor and consists of albite, Fe
chlorite, Fe�pargasite, talc, zoisite, tremolite, cli�
nopyroxene, olivine (fayalite), Fe�actinolite (more
than 0.01 vol %), and sharply subordinate titanite
(<10–6 vol %) (Fig. 2a). Noteworthy is the complete
absence of ore minerals in the secondary mineral
assemblage of high�temperature root zone.

Fe–Ti gabbro

Root zone of 107°С. A scheme of dissolution of pri�
mary minerals in the Fe–Ti gabbro from the low�tem�
perature root zone is similar to that in the ophitic gab�
bro. The initial stages of transformation of Fe–Ti gab�

500107 151
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bro lead to the formation of chrysotile + hematite +
brucite + zincite (ZnO) + sphalerite + chalcosine
assemblage. The longer term interaction with fluid
produces a steady chlorite + epidote + hematite +
pyrite + tremolite + chrysotile assemblage (more than
0.01 vol %) (Fig. 2b). The rock also contains chal�
copyrite, galena, chalcosine, sphalerite (<10–1 to 10–6

vol %) and subordinate titanite (<10–6 vol %). As for
the ophitic gabbro, fluid pH here subsequently
decreases (from 7.4 to 6) and increases to 8.

Root zone of 151°С. As in the ophitic gabbro, the
dissolution of primary olivine and clinopyroxene in
the Fe–Ti gabbro at 151°С proceeds efficiently after
100 years of the gabbro–fluid interaction. Data
obtained by simulation testify that the indicator
assemblage of secondary minerals from the Fe–Ti
gabbro of the low�temperature root zone includes
chlorite, prehnite, zeolite (stilbite), and tremolite (up
to 0.01 vol %); clinozoisite, chalcosine, sphalerite,
and native copper occur in lower amounts (<10–2 to
10–6 vol %) (Fig. 2b). Bornite, galena, and titanite are
observed in negligible amounts. The evolution of fluid
pH with increasing time of its interaction with rock, as
well as in all considered above cases, is characterized
by pronounced minimum and subsequent increase
(9.9–7.9–9.3).

Root zone of 500°С. The sequence of dissolution of
primary phases in the Fe–Ti gabbro from this root
zone is similar to that of the ophitic gabbro. As in the
ophitic gabbro, efficient transformations of mineral
composition of Fe–Ti gabbro in the high�temperature
root zone begins practically immediately after influx of
fluid in hydrothermal reactor. With change of mineral
composition of Fe–Ti gabbro, fluid pH varies from 5.5 to
4.7. Judging from calculation results, a steady indicator
assemblage of secondary minerals [albite + chlorite +
Fe�pargasite + zoisite + tremolite + clinopyroxene + oli�
vine (> 0.01 vol %)] is formed already during onset of
high�temperature hydrothermal transformation of Fe–
Ti gabbro. The rock contains also subordinate amounts of
sphalerite and secondary spinel (<10–2 to 10–6 vol %), as
well as titanite (<10–6 vol %) (Fig. 2b).

Chemical variations in composition of gabbro.
Results of simulation showed that the major�element
composition of both the considered petrographic types
of gabbro, regardless of their starting composition,
experience the strongest alterations during their inter�
action with hydrothermal fluid in the deepest root
zone (500°C). These changes consist in the removal of
calcium, alumina, silica, magnesium, and iron from
the starting rocks (Table 2), at insignificant influx of
sodium in the ophitic gabbro and its weak removal
from Fe–Ti gabbro. The content of ore elements in the
ophitic gabbro remained practically unchanged in the
low�temperature and moderate–low�temperature
root zones, however, hydrothermal transformation of
this rock in the high�temperature zone is accompa�
nied by intense removal of Cu, Zn, and Pb. By con�

trast, Fe–Ti gabbro demonstrates the loss of ore ele�
ments also in the moderate–low�temperature root
zone, with the highest removal of Cu, Zn, and Pb in
the high�temperature root zone, as in the ophitic gab�
bro (Table 2).

Variations in composition of hydrothermal fluid

In all above considered scenarios of gabbro interac�
tion with hydrothermal fluid, the latter shows a
decrease in pH at the initial stages of gabbro transfor�
mation and then increases up to values insignificantly
lower than in the starting fluid that entered reactor
(Table 3). This effect reflects the dependence of acid–
basic properties of fluid on composition of protolith,
with which it interacts: starting fluid at given tempera�
ture is in equilibrium with ultrabasic rock (harzburg�
ite) and interacts with basic rock (gabbro). Thus, as
compared to purely peridotite section, the presence of
gabbro in the root zone causes an downward shift of
boundary between zones of sharply oxidizing (fluid�
predominant) and moderately oxidizing regime for
downwelling limb of serpentinite�related hydrother�
mal systems, which was inferred in (Silantyev et al.,
2009a).

In the low�temperature root zone, the concentrations
of dissolved gases in fluid for both the types of the consid�
ered gabbros at the output of hydrothermal reactor are
arranged in the following order: CO2 > H2 > H2S > CH4.
Significantly different pattern is observed in the hydro�
thermal fluid after its interaction with ophitic and Fe–Ti
gabbro in the moderate–low�temperature (151°С) and
high�temperature (500°С) root zones. The concentra�
tions of dissolved gases in the fluid from these root zones
are arranged in the following order: H2 > H2S > CH4 >
CO2. Evolution of cationic composition of hydrothermal
fluid over the entire range of the considered conditions
well correlates with the sequence of mineral formation
(Table 3, Fig. 2). Noteworthy is the sharp enrichment of
hydrothermal fluid in ore components in the high�tem�
perature root zone.

The results of numerical modeling presented in
Table 3 allow us to evaluate the compositional varia�
tions of starting hydrothermal fluid that supplied in the
root zone, as well as to compare the composition of
modified fluid formed during transformation of gab�
bro with that of fluid from the peridotite root zones,
whose compositions are listed in (Silantyev et al.,
2009a).

Fluid modified in the low�temperature root zone
after interaction with both petrographic types of gab�
bro at practically unaltered pH shows enrichment in
CH4, H2S, H2, as well as Al and Si. The content of all
ore elements in it decreases relative to the starting fluid
that entered reactor. The hydrothermal fluid from
moderate–low�temperature root zone for both gabbro
types retains pH of starting fluid, but becomes
enriched in Al and Si and depleted in Mg, Ca, and Fe.



PETROLOGY  Vol. 19  No. 3  2011

HYDROTHERMAL SYSTEMS IN PERIDOTITES AT SLOW�SPREADING RIDGES 225

The peculiar geochemical feature of hydrothermal
fluid from the high�temperature root zone consisting
of gabbro–peridotite association is its prominent
enrichment in the ore elements and significantly lower
pH values relative to the starting fluid.

The comparison of composition of modified fluid
from the root zones consisting of gabbro–peridotite
association with that of peridotite composition leads
us to draw the following conclusions. In the low�tem�
perature root zone, fluid obtained by interaction with
gabbro differs from fluid that interacted with peridot�
ite in the higher contents of SO4, H2S, Al, Si, and
lower contents of CH4, Mg, Fe, Cu, Zn, and Pb. In the
moderate–low�temperature root zone, the fluids of
the “gabbro” system have the lower contents of CO2,
SO4, H2S, Mg, Ca, and Fe and higher contents of Al
and Si. The differences in the contents of ore elements
in two considered types of fluid for this root zone are
insignificant, except for weak decrease in Zn and Pb
contents in fluid equilibrium with ophitic gabbro and
Cu content in the Fe–Ti gabbro. The composition of
model fluid in the high�temperature gabbro–peridot�
ite root zone sharply differs from that from the same
root zone consisting of peridotites in significantly
higher contents of ore elements.

Discharge Zone

Hydrothermal system with root zone A (T = 500°C,
P = 4 kbar).

When outpouring from the vent on the seafloor sur�
face, the hydrothermal fluid from this root zone due to
adiabatic cooling has a temperature of 365°С (Table 4).

Fluid evolution and mineral formation in the feeder 
channels

Calculations showed that ascent of 1 kg fluid asso�
ciated with ophitic gabbro in the high�temperature
hydrothermal system leads to the release of 0.14 mole
gas, while fluid that interacted with Fe–Ti gabbro
released 0.16 mole gas (18.2 cm3 and 21.2 cm3 at a
pressure of 400 bar, respectively). In both cases, gas
consisted of predominant hydrogen (70%) and aque�
ous vapor (30%). The comparison of modeling data
with previously obtained results on adiabatic cooling
of fluid associated with peridotite (0.08 mole gas or
10.9 cm3 at a pressure of 400 kbar) showed that the
presence of gabbro in the section of high�temperature
hydrothermal system provides two times increase of
degassing of ascending fluid, at unchanged qualitative
composition of gas phase.

The fluid ascent from reaction zone made up of
ophitic gabbro is accompanied by the precipitation of
predominant quartz, as well as daphnite and chal�
cosine (Table 5). For high�temperature hydrothermal
system with Fe–Ti gabbro in the root zone, the trans�
port of fluid to the surface is accompanied by the pre�
cipitation of predominant quartz, as well as albite and
chalcosine. Both the mineral assemblages could be
considered as assemblages that typically precipitate on
the walls of the feeder channels in high�temperature

Table 3.  Variations in the chemical composition of hydrothermal fluid during interaction with gabbro, mol/kg of H2O

Components
T = 107°C, P = 1140 bar T = 151°C, P = 1460 bar T = 500°C, P = 4000 bar

gabbro Fe�Ti gabbro gabbro Fe�Ti gabbro gabbro Fe�Ti gabbro

ΣCO2 1.631E�05 1.058E�05 4.185E�19 3.023E�18 4.204E�12 4.118E�12

CH4 7.335E�18 9.940E�14 2.767E�05 2.811E�05 5.319E�05 5.362E�05

H2 6.030E�10 1.280E�08 5.086E�02 5.132E�02 2.279E+00 2.298E+00

ΣH2S 1.481E�09 1.897E�05 4.938E�04 1.311E�04 9.615E�03 1.150E�02

Mg 2.745E�04 1.805E�05 4.225E�09 1.067E�09 9.871E�04 6.328E�04

Ca 5.026E�02 4.401E�02 4.269E�07 1.619E�07 1.463E�01 5.239E�02

Al 3.416E�06 9.674E�06 9.627E�03 5.250E�03 3.183E�05 8.795E�05

Si 1.177E�03 2.514E�04 1.429E�02 7.450E�02 7.333E�02 4.904E�02

Na 4.997E�01 5.015E�01 6.342E�01 7.033E�01 7.856E�01 9.864E�01

ΣSO4 1.051E�02 7.004E�03 1.796E�23 1.637E�23 8.390E�20 1.376E�19

Cl 5.620E�01 5.636E�01 6.035E�01 5.991E�01 1.100E+00 1.110E+00

Fe 6.395E�08 1.036E�08 1.536E�08 8.636E�08 6.237E�03 3.555E�03

Cu 6.540E�09 5.456E�10 3.794E�08 2.531E�09 3.917E�03 3.644E�03

Zn 2.542E�06 2.099E�10 2.168E�09 8.545E�08 1.735E�03 3.160E�03

Pb 2.142E�08 1.049E�11 6.741E�11 8.625E�10 1.148E�04 1.891E�04

pH 6.932 7.914 8.757 9.299 4.550 4.683
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hydrothermal system. The main difference in mineral�
ogy of the feeder channels between the upwelling limbs
above two considered types of root zones is the pres�
ence of albite in the system with Fe–Ti gabbro.

Fluid evolution and mineral formation
in the discharge zone

As in (Silantyev et al., 2009b), a mixing of hydro�
thermal fluid with seawater in the discharge zone was
simulated as a series of successive additions of gradu�

ally increasing seawater portions to fluid, which was
accompanied by the decrease of mixture temperature.
The minerals crystallizing during each of the mixing
stages and gases released from fluid were removed from
the system. The composition of hydrothermal fluid
was modified during to adiabatic cooling and coming
to the discharge zone (Table 4).

At the initial stage of mixing of hydrothermal fluid
of both these types with seawater, the released gas
phase is qualitatively and quantitatively identical to

Table 4.  Variations in the chemical composition of hydrothermal fluid during its adiabatic cooling, mol/kg of H2O

Components
107 (84*) 151 (122) 500 (365)

gabbro Fe�Ti gabbro gabbro Fe�Ti gabbro gabbro Fe�Ti gabbro

ΣCO2 1.678E�05 1.050E�05 1.860E�19 7.297E�19 3.185E�14 3.183E�14

CH4 1.39E�12 2.767E�05 2.811E�05 5.191E�05 5.212E�05

H2 5.69E�09 5.108E�02 5.163E�02 2.184E+00 2.188E+00

ΣH2S 3.103E�04 4.938E�04 1.311E�04 9.389E�03 1.056E�02

Mg 9.637E�05 5.366E�06 3.148E�09 2.260E�10 9.871E�04 6.329E�04

Ca 5.026E�02 4.400E�02 2.855E�07 1.616E�07 1.463E�01 5.239E�02

Al 9.120E�09 2.884E�06 5.416E�03 1.190E�06 5.865E�07 3.965E�07

Si 8.327E�04 2.209E�04 1.658E�03 5.875E�02 1.759E�02 1.761E�02

Na 4.997E�01 5.015E�01 6.300E�01 6.981E�01 7.856E�01 9.863E�01

ΣSO4 1.055E�02 7.149E�03 2.382E�24 1.302E�24 5.706E�23 9.971E�24

Cl 5.620E�01 5.636E�01 6.035E�01 5.991E�01 1.100E+00 1.110E+00

Fe 2.000E�12 1.040E�10 1.535E�08 8.636E�08 6.159E�03 3.557E�03

Cu 6.530E�09 5.310E�10 4.516E�09 1.318E�09 3.663E�03 2.609E�03

Zn 1.000E�12 2.010E�10 1.985E�09 3.954E�08 1.735E�03 3.160E�03

Pb 3.300E�11 2.000E�12 2.200E�11 3.060E�10 1.148E�04 1.891E�04

pH 7.324 8.395 9.803 10.129 4.579 4.244

Note: Here and in Table 5: temperature of hydrothermal fluid after adiabatic cooling.

Table 5.  Mineralogy of feeder channels, cm3/kg of H2 in fluid

Minerals
107 (84) 151 (122) 500 (365)

gabbro Fe�Ti gabbro gabbro Fe�Ti gabbro gabbro Fe�Ti gabbro

Albite 0.000342 0.422143 0.526222 0.00859

Galena 6.74E�07 1.57E�08

Daphnite 0.003334

Quartz 0.002195 1.263741 0.707233

Pyrite 1.53E�06

Prehnite 0.000475

Sphalerite 6.06E�05 4.77E�09 1.09E�06

Talc 0.00809

Tremolite 0.000693

Chalcosine 4.59E�07 1.65E�08 0.003482 0.013965

Epidote 1.42E�06
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the composition obtained by mixing of seawater with
peridotite�related fluid. In the first reactor, 1 kg of
diluted fluid at temperature of 329°С and seawater fac�
tion of 0.1 yielded 0.63 mole gas (79.5 cm3 at pressure
of 400 bar) consisting mainly of hydrogen (70%) and
aqueous vapor (30%). The gas phase also contains H2S
(0.07%) and methane (0.01%). Increase in seawater
content with subsequent mixing results in the decrease
of total volume of released gas up to 0.007 mole (0.66
cm3 at a pressure of 400 bar) at temperature of 177°С
and seawater fraction of 0.52. Hydrogen and methane
fractions in the gas phase gradually increase (97% and
0.33% in the reactor, respectively, at temperature of
177°С), whereas volume of released H2S remains prac�
tically unchanged. No degassing is observed during
subsequent mixing.

In the discharge zone of high�temperature hydro�
thermal fluid that supplied to the seafloor from the
root zones made up of ophitic or Fe–Ti gabbro, fol�
lowing sequence of minerals is precipitated in the
course of its mixing with seawater and corresponding
decrease of temperature of this mixture (Figs. 3a, 3b):

T = 330–220°С (seawater fraction of 0.1–0.45):
Bn + Sp + Gn + Ccp + Po + Qtz + Tlc + Chl (Dph);

T = 220–25°С (seawater fraction of 0.45–0.90):
Po + Ccp (traces remain at 90°) + Gn (traces) + Ctl +
Brc + Ca�Sap (appears at 50°С) + Chl (traces);

T = 25–5°С (seawater fraction of 0.90–0.99):
Py + Сa�Sap + Dol.

Calculation results showed that intense precipita�
tion of sulfides during mixing with high�temperature
fluid (up to seawater fraction of 0.90) is provided by
the high contents of H2S and H2, which determine the
reduction of sulfide ion from seawater. In spite of the
hydrogen consumption for reduction, mixing was
accompanied by its release into gas phase, which is
related to the decrease of Н2 solubility with decreasing
temperature.

The predominant part of ore material represented by
sphalerite, galena, pyrrhotite, chalcopyrite, chalcosine,
and bornite is precipitated from the high�temperature
hydrothermal fluid in the course of its mixing with seawa�
ter at temperature of 330–175°С and seawater fraction of
0.1–0.5 (Figs. 4a, 4b). At this stage of mixing, the high�
temperature fluid losses practically all ore elements.
Pyrite appears in the model ore edifice only at the final
stages of fluid–seawater mixing at temperature about
50°С and seawater fraction more than 0.85. Fig. 4a dem�
onstrates the sequence of ore formation in a narrow range
of conditions corresponding to temperatures of 362–
271°С and seawater faction 0.01–0.25. The sequence of
precipitation of ore phases during “slow” mixing of fluid
with seawater in the high�temperature region of the sys�
tem is bornite + chalcosine  galena + pyrrhotite +
sphalerite + bornite (normal gabbro) (Fig. 4a); bornite +
sphalerite  galena + pyrrhotite + sphalerite + bornite
(Fe–Ti gabbro) (Fig. 4b).

In the low�temperature mixing field (seawater frac�
tion > 0.90) with pyrite as single precipitating sulfide
phase, hydrothermal fluid in physical�chemical aspect
becomes indistinguishable from seawater.

The above data revealed significant differences
between processes of mineral formation at the down�
welling limb of hydrothermal systems with high�tem�
perature root zone consisting of different types of
crustal protolith: gabbros and peridotites. Vein com�
plex related to the feeder channels of this reaction
zone made up of Fe–Ti gabbro includes leucocratic
rocks consisting of quartz and albite. Feeder channels
above the reaction zone represented by ophitic gabbro
are made up of quartz with sharply subordinate chlo�
rite. For both the types of reaction zone, the ore phase
in the feeder channels is represented by chalcosine. In
the peridotite scenario of simulation of high�tempera�
ture hydrothermal system (Silantyev et al., 2009b), the
feeder channels are represented by distinct mineral
assemblage: quartz + daphnite + talc + pyrrhotite.
Ore assemblage of hydrothermal edifices produced by
discharge of high�temperature fluid ascending from
the root zone made up of normal or Fe–Ti gabbro dif�
fers from the ore assemblage of high�temperature dis�
charge zone of fluid that separated from peridotite
hydrothermal reactor in the presence of significant
amount of galena.

Hydrothermal system with root zone (T = 151°C,
P = 1.4 kbar).

For this root zone, hydrothermal fluid outpouring
from feeder channel due to adiabatic cooling has a
temperature of 122°С.

Evolution of fluid and mineral formation
in the feeder channels

The ascent of both types of fluid associated with
gabbro in the moderate–low�temperature hydrother�
mal system showed no degassing, like fluid that was
formed during interaction with peridotite protolith.

In the root zone represented by ophitic gabbro,
fluid crystallizes albite (predominant), sphalerite, and
chalcosine (Table 5). In the feeder channels located
above moderate–low�temperature root zone consist�
ing of Fe–Ti gabbro, this mineral assemblage is sup�
plemented by galena. Since concentrations of ore ele�
ments in moderate–low�temperature fluid is
extremely low, the volume of ore phases during its adi�
abatic expansion is insignificant, being lower than
their content in mineral assemblage of feeder channels
in the high�temperature hydrothermal system.

Fluid evolution and mineral formation in the discharge zone

Moderate–low�temperature hydrothermal system
differs from the high�temperature zone in terms of pH
evolution of hydrothermal fluid during its mixing with
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seawater. Within a temperature range of 110–60°С,
pH sharply decreases from 9.8 to 7.

In the discharge zone of moderate–low�tempera�
ture fluid, the processes of mineral formation signifi�
cantly differ from those obtained by calculations for
high�temperature system. A gradual mixing of fluid
with seawater and decrease of temperature lead to the
formation of the following sequence of mineral pre�
cipitation (Figs. 5a, 5b):

T = 110–90°С (seawater fraction of 0.1–0.30)
Ophitic gabbros: Brc (predominant) + Chl (daph�

nite) + Po + Sp (trace amounts) + Ccp (trace
amounts);

Fe–Ti gabbros: Ctl + Chl (daphnite) + Tlc + Tr +
Sp (trace amounts) + Gn (trace amounts);

T = 90–20°С (seawater fraction of 0.30–0.86).
Ophitic gabbro: Dol + Chl (clinochlore) (disap�

pears at 60°С) + Ca�Sap + Py;

Fe–Ti gabbro: Dol + Ca�Sap + Py + Сtl (disap�
pears at 65°С) + Tlc (disappears at 60°С) + Tr (disap�
pears at 75°С).

T = 20–5°С (seawater fraction of 0.86–0.99).

For both petrographic types of gabbro: Сa�Sap +
Py + Dol.

Since the contents of ore elements in the discharge
zone of moderate–low�temperature fluid that sepa�
rated from gabbroid reactors of both types are
extremely low, its mixing with seawater does not lead
to the precipitation of significant amounts of sulfides.
Therefore, the hydrothermal edifices in this case are
mainly made up of barren phases.

An important feature of moderate–low�tempera�
ture hydrothermal system with the gabbro root zone is
inherent sulfide mineralization in the feeders of
upwelling limb. This feature differs the moderate–
low�temperature circulation systems related with gab�
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Fig. 3. Sequence of mineral precipitation from hydrothermal fluid that supplied to the discharge zone from the high�temperature
gabbro root zone, (scenario A) during its mixing with seawater. (a) ophitic gabbro, (b) Fe–Ti gabbro. For Figs. 3–6: (HF) hydro�
thermal fluid, (SW) seawater.
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bro from their analogues related to the peridotite
hydrothermal reactor.

Hydrothermal system with root zone C (T = 107°C,
P = 1.14 kbar).

In the mouth of feeder channel, hydrothermal fluid
had a temperature of 84°С.

Computer simulation of the low�temperature sys�
tem revealed that mineral formation in the fluid�

feeder channel resembles those calculated for moder�
ate–low�temperature system. At the upwelling limb of
the low�temperature system with root zone made up of
ophitic gabbros, fluid precipitates the following min�
eral assemblage: albite + quartz + talc (predominant)
+ sphalerite + pyrite + galena (Table 5). Fluid trans�
ported to the seafloor surface from the root zone con�
sisting of Fe–Ti gabbro crystallizes only silicate
phases: prehnite + tremolite + epidote (traces).
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Fig. 4. Sequence of mineral precipitation from the hydrothermal fluid that percolated to the discharge zone from the high�tem�
perature gabbro root zone (scenario A), during its mixing with seawater at temperature of 330°–175°C and seawater fraction of
0.1–0.5. (a) ophitic gabbro, (b) Fe–Ti gabbro.
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With decrease of temperature and increase of sea�
water fraction, the pH value in the low�temperature
discharge zone changes insignificantly within 6.6–6.8
in the ophitic gabbro and more significantly within
7.3–6.8 in the Fe–Ti gabbro. In the discharge zone of
the upwelling limb on the seafloor surface, the low�
temperature hydrothermal fluid is depleted in Mg and
Fe relative to seawater. During mixing with seawater,
fluid rapidly losses H2S and H2 (practically completely
while reaching 25°С and seawater fraction of 0.78)
against the background of increase of СО2 content. No
degassing is observed in the hydrothermal fluid during
its ascent to the seafloor surface and mixing with sea�
water.

In the hydrothermal source related to the low�tem�
perature root zone (regardless of the petrographic type
of the constituent gabbro), two mineral assemblages
are subsequently precipitated from fluid during its
mixing with seawater (Figs. 6a, 6b):

(1) Т = 75–60°С (seawater fraction of 0.1–0.27)
Ophitic gabbros: Ab + Qtz + Tlc + Py;
Fe–Ti gabbro: Dol + Hem + Tlc + Сhl;
(2) Т = 60–5°С (seawater fraction of 0.34–1.0).

Ophitic gabbros: Qtz + Dol + Сa�Sap + Py + Gt + Сv
(trace amounts);

Fe–Ti gabbro: Dol + Gt + Сa�Sap.

As for moderate–low�temperature system, the
peculiar feature of mineral formation at the upwelling
limb of low�temperature hydrothermal system with
gabbroic root zone is sulfide mineralization in the
feeder channels. However, the ore assemblage in this
scenario of hydrothermal circulation lacks chalcosine.

Precipitation from pure seawater at its heating
near hydrothermal spring

Previously obtained results of numerical simula�
tion (Silantyev et al., 2009b) showed that seawater
heating provides the successive crystallization of the
following mineral phases: dolomite + goethite + Ca�
saponite + pyrite  anhydrite + magnesite (pre�
dominant) + hematite + calcite  anhydrite + bru�
cite (predominant) + antigorite + hematite + chlorite.
It can be taken that assemblage saponite + pyrite +
dolomite simulated at high seawater/fluid ratios and
low temperatures is formed by precipitation of miner�
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als from pure seawater during its heating near hydro�
thermal spring.

Thus, the transport of hydrothermal fluid separat�
ing from low�temperature hydrothermal gabbroid
reactor to the seafloor surface is accompanied by pre�
cipitation of most part of ore material in the feeder
channel. In this scenario, ore edifices in the fluid dis�
charge zones are either absent or made up of weakly
consolidated diffuser�type deposits. Obviously, the
main factor responsible for the rapid precipitation of
ore material from the gabbro�related fluid is its higher
(as compared to peridotite�related fluid) oxidizing
potential. Fluid formed in the high�temperature root
zone is able to transfer into discharge zone signifi�
cantly greater amounts of ore components, whose pre�
cipitation during mixing with seawater leads to the for�
mation of ore edifices. It is noteworthy that unlike ore
occurrences related to the peridotite reactor, the gab�
bro�related ore mineral assemblage is dominated by
galena.

MODEL VERIFICATION AND ESTIMATION 
OF GABBRO ROLE IN THE MATERIAL 
BALANCE DURING HYDROTHERMAL 
TRANSFORMATON OF THE CRUSTAL 

PROTOLITH OF SLOW�SPREADING RIDGES

Data obtained by our simulation make it possible,
on the one hand, to interpret the diversity of mineral

types of metagabbroids observed in the slow�spreading
MOR in the framework of the existing models of
hydrothermal systems operating in the Hess�type oce�
anic crust. On the other hand, revealed geochemical
and mineralogical effects related to the transportation
of hydrothermal fluid that separated from different�
depth root zones consisting of gabbroids enable esti�
mation of the role of gabbro in the material balance
during hydrothermal transformation of the crustal
protolith of slow�spreading ridges.

Mineralogy of the root zones

Three mineral assemblages were simulated for
three different�depth root zones forming in the ophitic
(normal) and Fe–Ti gabbro during interaction with
hydrothermal fluid that percolated through peridotite
section. These assemblages correspond to the mineral
types of oceanic metagabbros (for instance, Gillis,
1993; Silantyev, 1995, 1998) and indicator mineral
assemblage of the facies grid of the low–moderate�
temperature metamorphism of the basic rocks in the
NCMASH system (Liou et al., 1985; Bevins and Rob�
inson, 1993). In Fig. 7, the obtained mineral assem�
blages are situated in the stability fields of the zeolite
(root zones C and B) and lower amphibolite (root
zone A) facies. Secondary minerals of the gabbroids
from the moderate–low temperature and high tem�
perature root zones form assemblages that are typical
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of metagabbros from the well�known MAR segments,
for instance, 23°N (MARK): actinolite + chlorite ±
talc ± epidote ± prehnite ± titanite (Fletcher et al.,
1997); 13°–17°N: pargasite + Al�actinolite + chlorite
+ plagioclase (An < 30) + titanite (Silantyev, 1998).
The formation of Fe�chlorite, Fe�actinolite, and Fe�
pargasite in the high�temperature root zone corre�
sponds to the experimentally established phenomenon
of increasing iron mole fraction in the coexisting
amphibole and chlorite from the metabasic rocks of
the oceanic hydrothermal systems with decreasing
W/R ratio (Mottl, 1983). In the high�temperature sce�
nario of the considered model, the low W/R ratio is
provided by the short residence time of fluid in the
hydrothermal reactor. Calculated data, as was noted
above, reproduced mineral variations of gabbro under
the zeolite�facies conditions (107–151°С), which
were reconstructed previously empirically and experi�
mentally (Liou et al., 1983, 1991; Fridriksson et al.,
2001; Digel and Ghent, 2007): enrichment of stilbite
in stellerite end member; the replacement of stilbite by
lomontite with increasing temperature; and the
change of epidote by clinozoisite. Data obtained dur�
ing modeling indicate that the ore mineralization in
the gabbros of root zones is preferentially developed in
the low�temperature systems, whereas gabbroids of
high�temperature root zones are characterized by the
almost complete absence of secondary ore phases.

Simulated mineral types of gabbroids are wide�
spread in the MAR crest zone (for instance, Gillis et
al., 1993; Silantyev, 1998; Fletcher et al., 1997), where
they compose the oceanic core complexes, including
those hosting large hydrothermal fields (Ashadze,
Logachev, Rainbow).

Compositional Evolution of Gabbros in the Root Zone
of Hydrothermal System

Empirical data (Silantyev, 1995, 1998) indicate that
metamorphism of MOR gabbroids is characterized by
the mobile behavior of most major elements. As was
noted above, the results of numerical simulation
showed that the strongest major�element alterations of
both the considered petrographic types of gabbros
during their interaction with fluid, regardless of their
starting composition, are observed in the highest tem�
perature root zone. The latter, according to the calcu�
lations, demonstrates the same geochemical effects,
which were previously established by studying the nat�
ural objects and consist in the removal of calcium, alu�
minum, silica, magnesium, and iron from gabbroids.
Thus, the behavior of major elements during high�
temperature transformation of gabbros in the root
zones of hydrothermal systems is controlled by major
geochemical trends of oceanic metamorphism. One of
the important modeling results is the established effect
of intense removal of Cu, Zn, and Pb from gabbro in
the high�temperature reaction zone. This effect high�
lights the different�scale mobilization of ore material

in the root zones of hydrothermal systems made up of
peridotites or gabbros.

Numerical reconstruction of mineral and chemical
transformations in the gabbroids from the root zones
of hydrothermal systems of slow�spreading MAR
leads us to conclude that the observed mineral and
geochemical diversity of metagabbros in the modern
oceanic basins was provided by interaction of gabbro
with hydrothermal fluid that percolated through peri�
dotite section of the Hess�type oceanic crust.

Mineralogy of Feeder Channels and Vein Complex

Presented above data indicate significant mineral�
ogical differences between vein complexes that were
formed during fluid transport from root zones consist�
ing of different types of crustal protolith: gabbros or
peridotites. Indicator phases for feeder channels
located above gabbroid root zones are albite, galena,
and chalcosine associated with talc, chlorite, and
tremolite. In contrast, the feeder channels above
“peridotite” root zone are made up of different min�
eral assemblage: quartz + pyrrhotite + chlorite + talc
(Silantyev et al., 2009b). Obtained results enable us to
state that the peculiar feature of low�temperature
hydrothermal systems with the gabbro root zone is
inherent sulfide mineralization in the feeder channels
of upwelling limb. Such mineralization is absent in the
vein complex of low�temperature circulation systems
related to the peridotite hydrothermal reactor (Silan�
tyev et al., 2009a).

It should be noted that the albite + quartz + talc +
tremolite assemblage was also established in the
hydrothermal veins of oceanic core complexes con�
taining gabbroids in many areas of the MAR axial
zone: 15°37′N and 16°52′N (Cannat et al., 1992);
23°N (Caggero and Cortesogno, 1997); 30°N (Expe�
dition…, 2006). According to (D’Orazio et al., 2004;
Bach and Klein, 2007), an ubiquitous presence of talc
(often in association with albite and quartz) in the
aforementioned objects indicates the high silica activ�
ity in fluid, which is confirmed by the above calcula�
tions.

Summing up the data on mineralogy of feeder
channels and vein complex of hydrothermal systems
with gabbro root zone, the conclusion may be drawn
that the ascent of hydrothermal fluid that separated
from low�temperature hydrothermal reactor to the
seafloor surface is accompanied by precipitation of
most part of ore material in the feeder channel.

Processes in the Discharge Zone

The simulated sequence of mineral formation
(bornite + chalcosine + sphalerite  galena + pyrrho�
tite + sphalerite + bornite) in the discharge zone of high�
temperature hydrothermal fluid (365°C) during its mix�
ing with seawater resembles zoning observed in the ore
edifices of high�temperature MAR hydrothermal fields
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associated with serpentinized peridotites: Ashadze and
Logachev (sphalerite + Cu–Fe�sulfides  pyrrhotite +
chalcopyrite + sphalerite) (Shipboard…, 2007). The
model sulfide assemblage from high�temperature hydro�
thermal system with gabbroid root zone is also close to
the ore assemblage observed in the active sulfide edifices
of the Rainbow hydrothermal field (chalcopyrite +
sphalerite + bornite + cubanite) (Vikent’ev, 2004). How�
ever, judging from modeling results, the only and signifi�

cant difference of the ore edifices of high�temperature
hydrothermal systems with gabbroid root zones from
those of peridotite root zones is the notable presence of
galena.

As was noted above, the mixing of moderate–low
temperature and low temperature fluids with low con�
tents of ore components in the discharge zone with
seawater provides the formation of barren hydrother�
mal edifices. The mineralogy of these barren com�
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plexes is represented by brucite, chlorite, talc (at the
initial stages of mixing) and dolomite, saponite, pyrite
and hematite (at the final stages of mixing at Т ≤
75°С). Saponite–goethite–pyrite mineral assemblage
is typical of the hydrothermal precipitates surrounding
the active hydrothermal fields of the Central Atlantic
(Silantyev et al., 2009a). Therefore, there are grounds
to assume that the geochemical and mineralogical
effects determinable by fluid mixing in the low�tem�
perature hydrothermal systems of the Hess�type crust
do not depend on the rock type that composes their
root zones: gabbros or peridotites.

Model calculations showed that fluid that was sup�
plied to the discharge zone from the high�temperature
hydrothermal gabbro reactor is practically identical to
the hydrothermal fluid related to the peridotite root
zone in terms of contents of dissolved gases, cations
(Mg, Ca, Si, Na) and pH level. However, it has signif�
icantly higher contents of ore components: Cu, Zn,
and Pb. It should be particularly noted that the high
lead contents established during modeling in high
temperature hydrothermal fluid derived from the gab�
broic root zone are not typical of the fluid composition
in the discharge zones of known hydrothermal systems
of MAR located in serpentinites (for instance, Tivey,
2007). Simulation results showed that fluid trans�
ported in the discharge zone from the low�tempera�
ture gabbroic root zones, unlike fluids of peridotite
system, reveals the lower contents of CH4, H2, H2S,
Mg, Fe, and all ore elements.

Role of Gabbro in the Material Balance during 
Hydrothermal Process in Slow�Spreading MAR

Results of simulations presented in this paper pro�
vide new insight in some problems of material balance
and ore formation during hydrothermal process in the
slow�spreading MAR.

The comprehensive summary of Herzig and Han�
nigton (1995) dedicated to the geochemical typifica�
tion and geodynamic position of the polymetallic
massive sulfide occurrences in the modern oceanic
basins indicates that the ore edifices of active hydro�
thermal fields of oceanic basins are made up of vari�
able proportions of pyrrhotite, sphalerite, chalcopy�
rite, bornite, isocubanite, and pyrite. The authors also
concluded that the oceanic sulfide�polymetallic ore
occurrences are characterized by Cu–Zn specializa�
tion, which determines the absence of significant
amounts of galena in the ore edifices of the MAR
hydrothermal fields. This conclusion is supported by
the available mineralogical data on the ore edifices of
the MAR hydrothermal field located in serpentinites:
Ashadze and Logachev (Shipboard…, 2007); Semenov
field (Beltenev et al., 2009), and Rainbow field
(Vikent’ev, 2004).

Taking into account the aforementioned facts, our
simulation data on the ubiquitous presence of galena

in the mineral assemblage of ore edifices in the fluid
discharge zone can be interpreted as indicating the
absence of gabbroids in the high�temperature root
zones of presently known MAR hydrothermal systems
related to serpentinites. This indicates that the root
zones in all these hydrothermal fields are made up of
peridotites. It is highly possible that the main role of
gabbroids in the deepest seated root zones is to supply
heat for hydrothermal circulation system. One can
suggest that the root zones in the aforementioned
hydrothermal fields of MAR are hosted by peridotite
protolith near the hot or uncooled gabbroic bodies.

In contrast to data obtained for high�temperature
systems, trends simulated for material balance and
mineral formation in the low�temperature hydrother�
mal systems with gabbroid root zones possibly take
place on natural objects. This can be confirmed by the
wide development of hydrothermal veins consisting of
albite + quartz + talc + tremolite assemblage in the
oceanic core complexes of MAR. The precipitation of
this assemblage in the feeder channel was simulated
during adiabatic cooling of low�temperature hydro�
thermal fluid. It is worthy to remind that the most part
of ore material transferred by hydrothermal fluid from
the low�temperature hydrothermal gabbro reactors to
the seafloor surface is precipitated in the feeder channel.
Thus, almost cooled gabbroid bodies, being involved in
the hydrothermal circulation in shallow�depth root
zones, may play an important role in redistribution of the
material within the Hess�type oceanic crust.

Mineral and chemical transformations established
in the gabbroids of root zones of hydrothermal systems
of slow�spreading MOR allow us to state that the
observed mineral and geochemical diversity of met�
agabbros of modern oceanic basins can be produced
by interaction of gabbro with hydrothermal fluid per�
colating through peridotite section of the Hess�type
oceanic crust.

Simulation of hydrothermal system hosted in the
serpentinites with gabbro root zone allows us to for�
mulate several conclusions concerning the role of gab�
bro in the material balance during hydrothermal trans�
formation of crustal protolith of slow�spreading
ridges.

(1) Root zones of all known MAR hydrothermal
fields related to serpentinites are made up of ultrabasic
rocks and located within the peridotite protolith near
hot or uncooled gabbroic bodies.

(2) The observed mineral and geochemical diver�
sity of metagabbros of slow�spreading MOR can be
provided by interaction of hydrothermal fluid that per�
colated through peridotite section of the Hess crust
with gabbroic bodies.

(3) Vein complex of feeder channels of low�tem�
perature hydrothermal systems with gabbroid root
zones can be considered as potential concentrators of
ore matter in the oceanic crust section consisting of
gabbro–peridotite association.
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(4) The low�temperature hydrothermal systems
with gabbroid root zones are not promising for search
of hydrothermal occurrences on the seafloor surface.

(5) Quartz + albite assemblage in the hydrothermal
vein complex of peridotites of slow�spreading MAR
can be considered as indicator of gabbroid reaction
zones of hydrothermal systems made up of gabbroids.

(6) The trends of material balance observed in the
hydrothermal systems with root zones consisting of
ophitic gabbros are similar to those observed in the
systems with Fe–Ti gabbro root zone.

(7) The interaction of gabbro with marine fluid in
the root zone occurs at much lower rates than hydro�
thermal transformation of peridotite. As a result, the
hydrothermal fluid coexisting with gabbro at moderate
and low temperatures is able to preserve its oxidizing
properties for a long time and determine the deeper
location of boundary between zones of sharply oxidiz�
ing (fluid�dominant) and moderately oxidizing regime
distinguished by (Silantyev et al., 2009a) in the Hess�
type crust.
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