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MINERAGENESIS AT SEA FLOOR HYDROTHERMAL VENTS 

S. G. Krasnov, D. V. Grichuk, and T. V. Stepanova 
(Ail-Union Research Institute of Oceanology and Moscow University) 

From: "Okeanskoye gidrothermal'noye mineraloobrazovaniye," Zapiski Vsesoyuz-
nogo Mineralogicheskogo Obshchestva, Vol. 119, No. 6, pp. 23-32. 

The similarity of physical and chemical features of hydrothermal fluids sampled in 
different regions points to a single basic primary composition for almost all oceanic 
mineral-forming fluids. Hot vents of oceanic rift zones produce solutions closest in 
composition to such primary fluids. Thermodynamic modelling proves the possibility 
of formation of such fluids in the process of high-temperature interaction of sea water 
and basaltic rocks. Hydrothermal solutions form Fe, Zn and Cu-sulfide deposits at 
their discharge sites on the oceanic floor, if boiling or dilution with cold sea water do 
not take place during ascent. The compositions of individual ore deposits change in 
process of their development from mostly Zn to Fe-Cu-sulfide due to secondary 
redistribution of ore matter within mature deposits, produced by late ore-forming 
fluids and evolution of fluids themselves. Zn and most trace elements are carried out 
of inner parts of large ore bodies during recrystallization, leading to the formation of 
deposits close to most typical continental massive sulfides in mineralogy and struc
ture. In specific geological settings (Gulf of California, Red Sea, etc.) the ore-forming 
process may become more complicated. 

Out of the entire range of mineral-forming 
processes associated with the activity of hydrother
mal vents on the ocean floor, the greatest progress 
during the last decade has been made in the study of 
high-temperature processes. The special attention 
investigators have given these processes is partly 
due to the fact that high-temperature mineragenesis 
on the ocean floor results in the formation of con
temporary sulfide deposits of Fe, Cu, and Zn many 
of which are comparable in scale to ancient deposits 
found on the continents. 

There is yet another fact of major importance. 
The high-temperature (200-350° C) fluids in widely 
separated mid-ocean, ocean-margin, and intercon
tinental rifts settings are marked by remarkable 
uniformity of composition (Table 1). The composi
tions of low-temperature oceanic fluids suggests 
that they are the same as the high-temperature 
fluids, but strongly diluted with cold sea water [8]. 
Thus, practically all oceanic hydrothermal minera
genesis (allowing for a few exceptions when the 
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situation is complicated by local geological factors) 
is due to the action of fluids of a uniform primary 
composition which can be sampled at the "hot" 
vents in the rift zones of the ocean. The appreciable 
collection of experimental data reviewed by Mottl 
[27] suggests that these fluids, in pure form, also 
consist of sea water, but with the composition 
altered as a result of high-temperature interaction 
with rocks of the ocean floor. While maintaining the 
overall level of mineralization of sea water in the 
majority of cases, such fluids are distinguished by 
high contents of a number of alkali, alkaline-earth, 
and heavy metals and by the presence of hydrogen 
sulfide, methane, and hydrogen in the complete 
absence of Mg, sulfate ion, acid reactions, and 
reducing properties. 

The impossibility of direct examination of the 
processes forming oceanic hydrothermal fluids 
beneath the ocean floor has made the use of thermo
dynamic modelling. The relative simplicity of the 
geological environments in which the majority of 

Copyright © 1991 by V. H. Winston & Son, Inc. 
All rights reserved. 
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S. G. KRASNOV, D. V. GRICHUK, AND T. V. STEPANOVA 

FIGURE 1. Change in the composition of the solution during interaction with fresh basalt. Hm) hematite, Qz) quartz, 
Kin) kaolinite, Ab) albite, Fe-Chl) Fe-chlorite, P) pyrite, Ccp) chalcopyrite, Sp) sphalerite, Bn) bornite, Po) pyrrhotite, 
Gn) galena. 

the systems occur and the compositional uniformity depths of 889-1350 m beneath the sea floor within a 
of the reacting phases (tholeiitic basalts and sea section of oceanic crust subjected to hydrothermal 
water) make such investigations feasible. D. V. processes [9]. Sulfide minerals are formed to a 
Grichuk and M. V. Borisov [1] developed a model lesser extent than the quantity of sulfidic sulfur in 
in which the descending branch of the convective the original basalt allows, i.e., leaching (solution 
hydrothermal system, corresponding to the entry of and oxidation) of these minerals takes place. In 
sea water into the fracture zone, is represented as a the model, a switch from an oxidized quartz-
stepwise reactor with progressively increasing anhydrite-chlorite association to a deoxidized 
temperatures. The pressure was assumed to be albite-epidote-tremolite association takes place at 
uniform (500 bars) since it changes the thermo- temperatures of 250-300° C. These generally corre-
dynamic constants only slightly. The solution spond to two associations of oceanic metabasites 
(originally sea water) reacts at each step with a revealed by dredging data: one predominantly 
given quantity of basalt, with the resulting solution chloritic and the other predominantly epidotic-
being carried on to the next step, reacting there with actinolitic [20]. The most significant discrepancy 
a new portion of solid matter. In the calculations, it between the model results and actual observations 
was assumed that equilibrium between the solution is the absence of smectites, so characteristic of 
and the association of secondary minerals replacing altered basalts, in the low-temperature region [6]. 
the basalt is reached at each step. These minerals were not included in the model 

because of sufficiently reliable thermodynamic 
The results of the modelling are presented in properties are not available. The overall character of 

Figure 1. The formation of anhydrite in the low- both the mineral associations and the resulting 
temperature portion of the system, due to the heat- solution is in agreement with observations, 
ing of sea water supplied to the system, explains the 
absence of sulfate ion in the resulting hydrothermal When the model is complicated by taking into 
solution. An anhydrite-rich zone actually occurs at account the evolution of the fluid over time, 
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FIGURE 3. Change in temperature of mineral-forming 
solution during ascent to the sea floor [4]. 1) boundary 
conditions for the existence of sea water in a monophase 
liquid state and critical point; 2) tentative temperature 
limit for deposition of sulfides and corresponding depths 
most typical of the axial portions of active oceanic ridges; 
4) approximate courses of temperature and pressure 
changes of mineral-forming solutions during ascent (verti
cal and curved lines) and mixing with sea water on dis
charge (horizontal lines): ABCD) in case when great 
water depths rule out boiling; ABEFGH and ABEFIJK) in 
cases involving boiling of solutions carried to completion 
at temperatures respectively higher and lower than the 
minimal temperatures for deposition of zinc sulfides; C 
and G) points corresponding to conditions associated with 
cessation of deposition of zinc minerals at the sea floor, 
/) same in the rock stratum. 

ing to the second case, is shown in Figure 3. As this 
diagram suggests, there should be a minimal water 
depth for each ore mineral at which the mineral can 
be deposited at the sea floor by incorporation into 
the massive ore structures; this depth is dependent 
upon the temperature of formation of the mineral. 
Thus, formation of zinc sulfides at depths less than 
300-500 m is extremely unlikely [4]. This minimal 
depth will be greater for the high-temperature cop
per sulfides. 

The water depths characteristic of the axial por
tions of active ocean ridges in most regions allow 
ore-bearing fluids to reach the sea floor without 
boiling. If substantial subsurface dilution does not 
occur, the fluids, upon reaching the floor at a usual 
temperature of 300-350° C, form massive sulfide 
orebodies. The "avalanche" character of the pro
cesses taking place during the ingress of hot acidic 
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FIGURE 2. Chemical evolution during passage of succes

sive packets ("waves") of fluid through basalt at a tem

perature of 350° C. 

examining the successive passage of packets 
("waves") of fluid through rocks of the descending 
branch of the system (rocks already subjected to 
alteration), a progression of metasomatic zones 
downward along the section can be detected [2]. 
The evolution of the solution in terms of its removal 
of ore elements from the basalts proceeds in the 
direction of change from Zn- to Cu-specialization 
(Fig. 2); this can explain the evolutionary direction 
of change in mineral composition of ore structures 
on the sea floor. 

Hydrothermal solutions forming at depths on 
the order of 1-2 km beneath the bottom, cor
responding to the final step of the reactor (Fig. 1), 
can be abruptly cooled in the ascending branch of 
the hydrothermal system in two cases: If the solu
tions are diluted with relatively cold water due to 
lateral replenishment on migration routes or if a 
drop in hydrostatic pressure to the critical pressure 
causes them to boil in the channel prior to dis
charge. In either case, the highest-temperature ore 
minerals will be deposited in fissures, forming the 
stockwork mineralization so common in oceanic 
rift deposits [8]. 

A diagram of the charges in temperature and 
pressure of fluid rising to the sea floor, correspond-
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S. G. KRASNOV, D. V. GRICHUK, AND T. V. STEPANOVA 

FIGURE 4. Diagram showing evolution of "black smoker" (modified after [ 19]). a) Stage of formation of anhydride "chim
ney" at sea floor, b) stage of high-temperature hydrothermal activity and formation of sulfide structure, c) stage of diffuse 
hydrothermal activity. 1) Anhydrite, 2) Cu and Fe sulfides, 3) Zn and Fe sulfides, 4) low-temperature colloform Fe sulfides, 
5) veinlet-disseminated mineralization in basalt, 6) flow direction of hydrothermal fluids. 

solutions rich in hydrogen sulfide and metals into 
cold, slightly alkaline, oxygenated bottom water 
and the important role of kinetic factors complicate 
the use of the thermodynamic approach. Important 
results have been obtained by direct observations 
and sampling using manned submersibles. 

Hydrothermal fluids sampled directly at the vents 
contain a suspension with particle sizes ranging 
from tens to hundreds of micrometers, with the 
most abundant components being pyrrhotite, chal-
copyrite, sphalerite, wurtzite, pyrite, and anhydrite. 
The formation of ore structures begins with the 
creation of an anhydrite "chimney" at the bottom 
[13]. Caminite, MgS04 • 0.4Mg(OH)2 • O.2H2O, 
occurs in the form of inclusions in the anhydrite; 
this is a newly discovered mineral, an endemic form 
in ore structures [17]. The formation of caminite in 
hydrothermal systems of the ocean was predicted 
prior to its discovery on the basis of experiments on 
the heating of seawater [10]. During the initial 
period of ore-structure formation, sulfides are 
predominantly deposited within a "chimney," where 
the flow of hot fluid from the hydrothermal vent 
creates fairly high temperature conditions, despite 
some ingress of cold water through the porous walls 
of the "chimney." Anhydrite is gradually replaced 
by sulfides; as a result, growth of the chimney is 
accompanied by upward movement of the anhydrite 
margin of the chimney [13]. The formation of 
mound-like "black smokers" (Fig. 4) proceeds as a 
result of rapid growth of the "chimney" (up to 7 cm 
a day, according to data from direct observations 

[19]) and subsequent collapse, with cementation of 
fragments by fauna specific to the vents. Fe, Zn, 
and Cu sulfides quantitatively predominate among 
the minerals found in the hydrothermal ore struc
tures of the ocean floor (Table 2). Barite and opal 
are also important components; their proportion is 
greater in those regions where the concentrations of 
ore elements in the hydrothermal fluids are rela
tively low (Explorer Ridge, Axial Mountain on the 
Juan de Fuca Ridge, Gulf of California, and 
Marianas Trough). 

As the structures grow, diffusive, disseminating 
penetration of hydrothermal fluids through the 
previously formed ore mass, accompanied by 
recrystallization and replacement of mineral aggre
gates, plays an ever greater role. Fine- and crypto-
crystalline colloform dendritic aggregates with 
organogenic and layered textures predominantly 
composed of Zn and Fe sulfides (aggregates which 
are characteristic of small neogenic deposits) are 
replaced by massive aggregates of cryptocrystalline 
pyrite and small quantities of chalcopyrite in the 
internal portions of large, mature structures [5]. 
The switch from Zn- to Cu-specialization of ores 
during the evolution of the structures may be due 
to a change in the composition of the solutions 
(Fig. 2). When the composition of the hydrothermal 
fluids is constant, however, "elution" of ore aggre
gates results in loss of the most mobile components 
to the external portions of the deposits and (or) to 
sea water, in addition to recrystallization. Decreases 
in the contents of die overwhelming majority of 

283 

D
ow

nl
oa

de
d 

by
 [

M
os

ko
w

 S
ta

te
 U

ni
v 

B
ib

lio
te

] 
at

 0
2:

09
 0

8 
Ja

nu
ar

y 
20

16
 



INTERNATIONAL GEOLOGY REVIEW 

T
A

B
L

E
 2

. 
M

in
er

al
s 

of
 S

ul
fi

de
 O

re
s 

A
ss

oc
ia

te
d 

w
ith

 R
if

t Z
on

es
 o

f 
th

e 
O

ce
an

 

Ul
 an

tic
 

dg
e 26

° 
N

 

-H
-+

 

++
 

-H
-

-H
-

+-
H

-

M
id

-^
 

Ri
< 

23
° 

N
 

+-
H

-

-H
-

-H
- +
 

G
ul

f 
of

 

C
al

ifo
rn

ia
 

-H
-

+-
H

-

+
 +
 +
 

ix
pl

or
er

 

R
id

ge
 

( 

-H
-+

 

+
 

E
nd

ea
vo

ur
 

I 

R
id

ge
 

-H
-

++
 

J 

+
 +
 

de
 

Li
dg

e 

46
° 

N
 

-H
-+

 

+
 

+
 

+
 

+
 

Ju
an

 

F
uc

aF
 

44
° 

N
 

-H
-

-H
-+

 

-H
- +
 +
 

G
al

ap
ag

os
 

R
id

ge
 

+-
H

-

+
 

Pa
ci

fi
c 

.is
e 

21
° 

N
 

-H
- +
 

+
 +
 +
 

++
 

E
as

t R 

13
° 

N
 

+-
H

-

+-
H

-

+
 

-H
-

++
 

+
 

+
 

M
in

er
al

 

Py
ri

te
 

C
ha

lc
op

yr
ite

 

Sp
ha

le
ri

te
 

W
ur

tz
ite

 

M
ar

ca
si

te
 

P
yr

rh
ot

it
e 

Is
oc

ub
an

ite
 

B
or

ni
te

 

C
ov

el
lit

e 

C
ha

lc
oc

ite
 

D
ig

en
ite

 

Id
ai

te
 

Fa
hl

or
es

 

G
al

en
a 

Jo
rd

an
ite

 

Fe
 o

xi
de

s 
an

d 
hy

dr
ox

id
es

 

L
ep

id
oc

ro
ci

te
 

Su
lf

ur
 

D
ow

nl
oa

de
d 

by
 [

M
os

ko
w

 S
ta

te
 U

ni
v 

B
ib

lio
te

] 
at

 0
2:

09
 0

8 
Ja

nu
ar

y 
20

16
 



S. G. KRASNOV, D. V. GRICHUK, AND T. V. STEPANOVA 

E
xp

la
na

tio
n:

 
++

+
 m

aj
or

 m
in

er
al

, 
+

+
 c

om
m

on
 m

in
er

al
, 

+
 r

ar
e 

m
in

er
al

. 

285 

+
+

 

+
 

+
 

[2
9]

 [
7]

 

+
 

[2
9]

 

+
 

+
 

[2
2]

 

+
 

+
 

[1
4]

 

-H
-

30
] 

-H
-+

 

-H
-+

 

[1
5]

 
[:

 

+
 +
 

[2
1]

 

+
+

 

+
 

25
] 

[3
1]

 

-H
-+

 

+
 

+
 

[1
6]

 [
28

] 
[ 

+
 

+
 

rc
es

 
[1

8]
 [

23
] 

O
pa

l 

Q
ua

rt
z 

Sm
ec

tit
es

 

T
al

c 

B
ar

it
e 

A
nh

yd
ri

te
 

G
yp

su
m

 

Ja
ro

si
te

 

C
al

ci
te

 

A
ra

go
ni

te
 

A
ta

ca
m

it
e 

M
n 

hy
dr

ox
id

es
 

A
ng

le
si

te
 

C
am

in
ite

 

Pr
in

ci
pa

l p
ub

lis
he

d 
so

u 

D
ow

nl
oa

de
d 

by
 [

M
os

ko
w

 S
ta

te
 U

ni
v 

B
ib

lio
te

] 
at

 0
2:

09
 0

8 
Ja

nu
ar

y 
20

16
 



INTERNATIONAL GEOLOGY REVIEW 

FIGURE 5. Concentrations of minor elements in monomineralic fractions of pyrite (a) and chalcopyrite (b) fine- and very 
fine-crystalline (type 1) and recrystallized (type 2) ore aggregates from 13° N on the East Pacific Rise. Data from neutron-
activation analysis by P. A. Baragnov [5]; type 1, average of 2 samples, type 2, average of 4 samples. Ranges of elemental 
concentrations in individual samples are indicated by vertical lines. 

minor elements in mineral grains during re- continents, is direct evidence of such a superposed 
crystallization of oceanic ores, detected by neutron- process [3] (Fig. 5). Apparently, it is this process of 
activation analysis of monomineralic fractions and "zone refining" which primarily controls the in-
documented in ancient sulfide deposits on the ternal structure of the large ore bodies (Fig. 4). 
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In the late stages, the ore bodies finally acquire a 
massive sulfide composition with a relative small 
quantity of copper sulfides. It is precisely such a 
composition, similar to that of the most typical sul
fide ores on the continents, which is characteristic 
of the largest sulfide deposits found in the ocean: 
in the Galapagos Rift, on the submarine volcanos 
near the axis of the East-Pacific Rise, and in several 
other regions. 

Retrograde solution of anhydrite in the ore struc
tures takes place in cold sea water after cessation of 
high-temperature hydrothermal activity. A com
parison of the mineral compositions of deposits at 
the 21° N area on the East Pacific Rise, now grow
ing within a zone of contemporary hydrothermal 
activity in the axial portion of the rift (Alvin area), 
and completely formed deposits located approxi
mately 1 km from the axis (the (CYAMEX area) 
indicates that pyrrhotite and wurtzite practically 
disappear from the ores after any length of geo
logical time (tens of thousands of years) [28]. For
mation of pseudomorphs of sphalerite after wurtzite 
is characteristic. These minerals are almost never 
found in ancient sulfide ores of the Cyprus type, 
which are considered the closest analogs of present-
day oceanic deposits. Oxidation crusts are develop
ing on the surfaces of the sulfide bodies. The 
thickness of this crust cannot be estimated on the 
basis of existing data, but oxidized ores account for 
approximately half of the specimens collected by 
sampling from the surface of an approximately 
20,000 year old ore body on a seamount near 13° N 
on the East Pacific Rise [18]. 

Thus, the same process, forming for the most part 
fairly simple mineral paragenesis of sulfide ores, 
are apparently characteristic of both present-day 
and (at least in the majority of cases) ancient 
oceans. Data on individual present-day hydro-
thermal systems located in specific geological 
environments suggest that mineragenesis can be 
significantly more complex than die "base" model 
described. Interaction of hydrothermal fluids 
migrating through sediments at rifts with high rates 
of sedimentation (the Gulf of California, and Gorda 
and Endeavour ridges), for example, can lead to a 
portion of the ore matter being deposited in these 
sediments, forming sulfide-rich interbeds. Lead can 
be extracted from massive structures at the sea floor 
by hydrothermal solutions [24]. Mineragenesis 
takes on a special character in the rift valley of the 

Red Sea, where ore formation takes place within a 
brine layer. Other, as yet unknown, variations of the 
oceanic hydrothermal ore process are in principle 
possible. Future investigation of the entire diversity 
of oceanic hydrothermal ore-forming systems is 
bound to provide data for realistic reconstructions 
of the conditions of formation of various types of 
ancient sulfide deposits. 

References 

1. Grichuk, D. V. and Borisov, M. V., 1983, A 
thermodynamic model of a hydrothermal sys
tem in oceanic crust: Doldady AN SSSR, Vol. 
270, No. 2, pp. 424-427. 

2. Grichuk, D. V. and Mel'nikova, G. L., 1988, 
The influence of metasomatism on the chemi
cal evolution of ore-forming solutions at vents 
in the ocean (thermodynamic modelling). In 
Geologiya okeanov i morey (The Geology of 
Oceans and Seas) (pp. 19-20): IO AN SSSR 
Press, Moscow. 

3. Ismagilov, M. I., 1987, Patterns associated with 
the spatial distribution of major and minor ele
ments in massive sulfide deposits. In Mik-
roelementy v mag mat., metamorf. i rud Urala 
(Microelements in Igneous, Metamorphic, and 
Ore Formations of the Urals) (pp. 69-77): Ufa. 

4. Krasnov, S. G., 1987, Minimal depths of for
mation of sulfide ores on the ocean bottom: 
Doklady AN SSSR, Vol. 296, No. 5, pp. 1188-
1191. 

5. Krasnov, S. G., Aynemer, A. I., and Stepanova, 
T. V., 1988, Geochemistry and the genesis of 
Pacific-Ocean massive sulfide ores. In Geo
logiya morey i okeanov (Geology of Seas and 
Oceans): PGO Sevmorgeologiya, Leningrad. 

6. Kurnosov, V. B., 1986, Gidrotermal'nyye 
izmeneniya bazalt'tov v Tikhom okeane i 
metallonosnyye otlozheniya (po materialam 
glubokovodnogo bureniya) (Hydrothermal 
Alteration of Basalts in the Pacific Ocean and 
Metalliferous Deposits (Based on Deep-Sea 
Drilling)), Nauka, Moscow. 

7. Lisitsyn, A. P., Bogdanov, Yu. A. and Zonen-
shayn, L. P., et al., 1989, Hydrothermal phe
nomena in the Middle-Atlantic ridge at Lat. 
26° N (TAG hydrothermal field): Izv. AN SSSR 
Ser. geol., No. 12 [translated in IGR, Vol. 31, 
No. 12, pp. 1183-1888,1989]. 

8. Rona, P. A., 1983, Hydrothermal Processes at 
Seafloor Spreading Centers: Plenum Press, 

287 

D
ow

nl
oa

de
d 

by
 [

M
os

ko
w

 S
ta

te
 U

ni
v 

B
ib

lio
te

] 
at

 0
2:

09
 0

8 
Ja

nu
ar

y 
20

16
 



INTERNATIONAL GEOLOGY REVIEW 

New York [Russian translation, 1986: Mir 
Press, Moscow]. 

9. Alt, J. C , Honnorez, J., Salzman, F. et al., 
1983, Occurrence and origin of anhydrite from 
Deep Sea Drilling Project Leg 70, Hole 504B, 
Costa Rica Rift. In Init. Reports Deep Sea 
Drilling (Vol. 69, pp. 547-550): U.S. Gov. 
Printing Office, Washington DC. 

10. Bischoff, J. L. and Seyfried, W. E., 1978, 
Hydrothermal chemistry of seawater from 25 
to 350° C: Amer. J. Sci., Vol. 278, No. 6, pp. 
838-860. 

11. Bowers, T. S. et al., 1988, Chemical controls on 
the composition of vent fluids at 13-11° N and 
21° N, East Pacific Rise: / . Geophys. Res., 
Vol. 93, No. B5, pp. 4522-4536. 

12. Campbell, A. C. et al., 1988, Chemistry of hot 
springs on the Mid-Atlantic Ridge: Nature, 
Vol. 335, No. 6190, pp. 514-519. 

13. Graham, U. M. et al., 1988, Sulfide-sulfate 
chimneys on the East Pacific Rise, 11° N and 
13° N latitudes. I. Mineralogy and paragenesis: 
Canad. Miner., Vol. 26, No. 3, pp. 487-504. 

14. Hannington, M. D. et al., 1986, Gold in sea-
floor polymetallic sulfide deposits: Econ. 
Geol., Vol. 81, No. 8, pp. 18667-1883. 

15. Hannington, M. D. et al., 1988, Mineralogy and 
geochemistry of a hydrothermal silica-sulfide-
sulfate spire in the caldera of Axial Seamount, 
Juan de Fuca Ridge: Canad. Miner., Vol. 26, 
No. 3, pp. 603-627. 

16. Haymon, R. M. and Kasmer, M., 1981, Hot 
spring deposits on the East Pacific Rise at 
21° N: preliminary description of mineralogy 
and genesis: Earth Planet. Sci. Lett., Vol. 53, 
No. 3, pp. 363-381. 

17. Haymon, R. M. and Kastner, M., 1986, Cami-
nite: a new magnesium-hydroxide-sulfate-
hydrate mineral found in a submarine hydro-
thermal deposit, East Pacific Rise, 21° N: 
Amer. Miner., Vol. 53, No. 3, pp. 363-381. 

18. Hekinian, R. and Fouquet, G., 1985, Volcanism 
and metallogenesis of axial and off-axial struc
tures on the East Pacific Rise near 13° N: 
Econ. Geol., Vol. 80, No. 2, pp. 221-249. 

19. Hekinian, R. et al., 1983, Intense hydrothermal 
activity at the axis of the East Pacific Rise 
near 13° N: submersible witness of growth of 
a sulfide chimney: Marine Geophys. Res., Vol. 
6, No. l ,pp. 1-14. 

20. Humphris, S. E. and Thompson, G., 1978, 

Hydrothermal alteration of oceanic basalts by 
seawater, Geochim. et Cosmochim. Acta: Vol. 
42, No. 1, pp. 107-127. 

21. Koski, R. A. et al., 1984, Mineralogy and 
chemistry of massive sulfide deposits from the 
Juan de Fuca Ridge: Bull. Geol. Soc. Amer., 
Vol. 95, pp. 930-945. 

22. Koski, R. A., 1985, Mineralogy and chemistry 
of a sediment-hosted hydrothermal sulfide 
deposit from the Southern Trough of Guaymas 
Basin, Gulf of California: J. Geophys. Res., 
Vol. 90, No. B8, pp. 6695-6707. 

23. Lafitte, M. et al., 1984, Analyse mineralogique 
de cheminees a sulfures de la dorsale East 
Pacifique: Miner. Deposita, Vol. 19, pp. 274-
282. 

24. Le Huray, A. P. et al., 1988, Pb isotopes in sul
fides from mid-ocean ridge hydrothermal sites: 
Geology, Vol. 16, No. 4, pp. 362-365. 

25. Malahoff, A. et al., 1983, The geological set
ting and chemistry of hydrothermal sulfides 
and associated deposits from the Galapagos rift 
at 86° W: Marine Mining, Vol. 4, No. 1, pp. 
123-137. 

26. Michad, G. F. et al., 1984, Chemistry of solu
tions from the 13° N East Pacific Rise hydro-
thermal site: Earth Planet. Sci. Lett., Vol. 67, 
pp. 297-307. 

27. Mottl, M. J., 1983, Metabasalts, axial hot 
springs, and the structure of hydrothermal sys
tems at mid-ocean ridges: Bull. Geol. Soc. 
Amer., Vol. 94, No. 2, pp. 161-180. 

28. Oudin, E., 1983, Hydrothermal sulfide deposits 
of the East Pacific Rise (21° N). Part I: De
scriptive mineralogy: Marine Mining, Vol. 4, 
No. 1, pp. 39-72. 

29. Thompson, G. et al., 1988, Active vents and 
massive sulfides at 26° N (TAG) and 23° N 
(Snakepit) on the Mid-Atlantic Ridge: Canad. 
Miner., Vol. 26, No. 3, pp. 697-711. 

30. Tivey, M. K. and Delaney, J. R., 1988, Growth 
of large sulfide structures on the Endeavour 
Segment of the Juan de Fuca Ridge: Earth 
Planet. Sci. Lett., Vol. 77, pp. 303-317. 

31. Tufar, W. et al., 1986, Ore paragenesis of recent 
hydrothermal deposits at the Cocos-Nazca 
plate boundary (Galapagos Rift) at 85° 51' and 
85° 55' W: complex massive sulfide miner
alizations, non-sulfidic mineralizations, and 
mineralized basalts: Geol. Rundschau, Vol. 75, 
No. 3, pp. 829-861. 

288 

D
ow

nl
oa

de
d 

by
 [

M
os

ko
w

 S
ta

te
 U

ni
v 

B
ib

lio
te

] 
at

 0
2:

09
 0

8 
Ja

nu
ar

y 
20

16
 



S. G. KRASNOV, D. V. GRICHUK, AND T. V. STEPANOVA 

32. Tunnicliffe, V., Botros, M., de Burgh, M. E. 
et al., 1986, Hydrothermal vents of Explorer 
Ridge, Northeastern Pacific: Deep-Sea Res., 
Vol. 33, No. 3, pp. 401-412. 

33. Von Damm, K. L. and Bischoff, J. L., 1987, 
Chemistry of hydrothermal solutions from the 
Southern Juan de Fuca Ridge: J. Geophys. 
Res., Vol. 92, No. B l l , pp. 11344-11346. 

34. Von Damm, K. L., Edmond, J. M., and Grant, 

B. et al., 1985, Chemistry of submarine hydro-
thermal solutions at 21° N East Pacific Rise: 
Geochim. Cosmochim. Acta, Vol. 49, No. 11, 
pp. 2197-2220. 

35. Von Damm, K. L., Edmond, J. M.t and 
Measures, C. I. et al., 1985, Chemistry of sub
marine hydrothermal solutions at Guaymas 
Basin, Gulf of California: Geochim. Cosmo
chim. Acta, Vol. 49, No. 11, pp. 2221-2237. 

289 

D
ow

nl
oa

de
d 

by
 [

M
os

ko
w

 S
ta

te
 U

ni
v 

B
ib

lio
te

] 
at

 0
2:

09
 0

8 
Ja

nu
ar

y 
20

16
 


