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Abstract—The paper presents newly obtained data on the fluxes of hydrothermal-sedimentary material col-
lected with sedimentation traps within 3 m from the bottoms of black smokers at the TAG and Broken Spur
hydrothermal fields and reports the results of comparative analysis of the mineralogical and chemical compo-
sitions of this material. The sedimentary material deposited near the vent was determined to account to approx-
imately 3% of the overall mass of the orebody. The results demonstrate that, in both cases, the trap material is
characterized by high contents of ore components and ore-forming chemical elements (Fe, Cu, Zn, and Co),
and Se, As, Sb, Ba, and P compared to tholeiitic basalts from which these elements are leached. However, the
material of a more “mature” (having an age of 40-50 ka) hydrothermal spring at the TAG field contains 40%
Fe hydroxides, in contrast to the material of a spring at the Broken Spur field (age <1000 yr) whose material is
dominated by sulfides (72%) and contains much pyrrhotite. These springs also show principal differences
between the enrichment coefficients for Se (by a factor of 4.8), As (3), Ca (4.1), and Si (5.2). These differences

are thought to reflect various evolutionary stages of the circulating hydrothermal systems.

DOI: 10.1134/S0016702907070063

INTRODUCTION

Hydrothermal-sedimentary  material — produced
when hydrothermal solutions interact with seawater
forms contained not only metalliferous sediments out-
side hydrothermal fields but massive sulfide ores in the
immediate vicinity of the vents also. It is, however,
quite difficult to unambiguously assay its role in the ori-
gin of orebodies. First, only unsystematic and scarce
data are currently available on the composition of this
material and its fluxes, because the sampling of parti-
cles precipitating in the close vicinity of hydrothermal
vents, which usually occur at depths of more than 2 km,
is still a technically complicated problem, whose solu-
tion is thus fairly expensive. Second, the processes
forming this material itself are poorly understood as of
yet. It is absolutely unclear whether the composition of
the hydrothermal-sedimentary material should vary
during the evolution of a submarine hydrothermal sys-
tem.

As follows from the results obtained by studying
known submarine hydrothermal ore mineralization, the
accumulation of their ore material from the feeding
hydrothermal solutions (fluids) poured out at the sea-
floor at the discharge areas of recycling hydrothermal
systems is characterized by a complicated history and
often cannot be interpreted unambiguously. The vari-
ous viewpoints are mostly underlain by the following

two major approaches. One of them proceeds from the
assumption that various spatially separated mineral
assemblages can be formed by a single solution
depending on local thermochemical conditions. The
other approach assumes that ores were successively
formed by solutions that chemically evolved with the
evolution of the hydrothermal system. Another more
complicated thermodynamic model combines the
mechanisms of the deposition of ore material in the
course of cooling of the high-temperature fluid with
seawater, an evolutionary change of the chemistry of
the fluid, and metasomatic replacements within a single
ore edifice [1]. However, considering the cyclic charac-
ter of hydrothermal activity [2] and the polygenetic
nature of the sulfide ore mineralization [3], it is difficult
to unambiguously trace the evolution of ore accumula-
tion using the mineralogy of the ore edifice as the only
indicator. Massive sulfide ores are variably affected by
the later recrystallization of the material under the
effect of metasomatic processes. The importance of the
utilization of the hydrothermal-metasomatic material
as one of the indicators of the evolution of ore deposi-
tion notably increases when ancient deposits are stud-
ied, for which it is hard to identify the initial composi-
tion of the metal-bearing solutions. In contrast to the
representative materials on the composition of hydro-
thermal solutions and massive sulfide ores, data on the
composition of material that precipitated near vents and
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on its fluxes are very scarce, and only unsystematic data
on some hydrothermal fields in the Pacific Ocean are
now available from the literature [4-8].

This paper discusses the composition of the sedi-
mentary material collected immediately beneath the
smoke of black smokers in the Atlantic Ocean with the
use of sediment traps in the course of the BRAVEX/94
cruise [9]. The traps were fairly precisely deployed by
Mir submersibles at a distance of 3 m from the bottoms
of black smokers at two hydrothermal fields: TAG and
Broken Spur. Both of the fields are underlain by basalts
within the rift valley of the slow-spreading Mid-Atlan-
tic Ridge (MAR). The material collected by a trap at the
Broken Spur field was already partly described else-
where [10, 11], whereas data on the composition of the
hydrothermal-sedimentary material collected by a trap
at the bottom of a black smoker at the TAG field have
never been published before. The major difference
between these fields is the age of their active edifices.
The Broken Spur hydrothermal field is located within
the axial zone of the rift valley and belongs to fields of
the central type, along with the Squid Forest, Lucky
Strike, Snake Pit, and Pui de Fol [12]. The 13 edifices
(which are mostly active) discovered at the field contain
approximately 100000. t of sulfide ores [13]. Accord-
ing to Bogdanov [14], they were accumulated for no
more than 1 ka. The TAG hydrothermal field is related
to a long-lived system that is spatially restricted to the
marginal part of the rift valley. According to modern
estimates, the active mound of the edifice contains
~2.7 mln. t of ore, and an additional 1.2 mln. t are con-
tained in its roots [15], which penetrate into the basaltic
basement to a depth of 125 m. Using isotopic dating
techniques, Laloey et al. [16—18] demonstrated that the
massive sulfide ores started to form there at 40-50 ka.
The difference between the ages of the hydrothermal
fields allowed us to reveal characteristic evolutionary
differences in the mineralogy and chemistry of the col-
lected hydrothermal—sedimentary material.

METHODS

Thanks to the simplicity of their design and conve-
nience of exploitation, sediment traps are widely uti-
lized in various types of studies. They enable the
researcher not only to collect material deposited in a
water column but also to assay the fluxes. An
undoubted advantage of this method is the possibility
of collecting amounts of material sufficient for detailed
mineralogical and chemical study. Traps were used for
examining the composition and fluxes of hydrother-
mal-sedimentary material practically immediately
after the discovery of active hydrothermal springs [4,
6-8]. The studying of sedimentation processes within
selected areas at hydrothermal fields with a high spa-
tiotemporal variability of fluxes put forth the task of
increasing the representativeness of the samples. The
point is that the sampling cup of a trap rigidly con-

GEOCHEMISTRY INTERNATIONAL  Vol. 45  No. 7

699

nected to its cone bottom collects accompanying mate-
rial when the trap is deployed and then lifted aboard,
and it is then practically impossible to separate this
material from that collected at a specified water level.
To preclude this “contamination,” the traps were
equipped with devices that made it possible to isolate
the sampling cups in the course of trap deployment and
lifting. To study material fluxes at active hydrothermal
fields, we designed and tested two KSL-400/1 sediment
traps [19] equipped with devices for the isolation of the
sampling cups to preclude the contamination of the
material. The disadvantages of this technique are as fol-
lows. The trap preferably collects “heavy” material,
which readily sinks in seawater, whereas fine particles
usually remain in a suspended state in the water column
due to the Brownian agitation of water molecules.

One KSL-400/1 trap was deployed using a Mir sub-
mersible at the Broken Spur hydrothermal field at the
bottom of the largest Saracen Head edifice. The fluid
discharged from the head of this edifice had a tempera-
ture of 362°C. The position of the trap is schematically
shown in Fig. 1. The area of the cone of the trap was
0.125 m?2. Over its exposure time of 17.5 days, the trap
colleted 4.0 g of dry material. Table 1 presents a
description of this material under a binocular micro-
scope in water. Another trap was deployed in an analo-
gous manner at the TAG field, near the top of a mound
crowned with a black smoker in its upper part, at a dis-
tance of 3 m from the most massive chimney (Fig. 2).
Over the exposure time of 5.87 days, the trap collected
3.87 g of dry material, whose description under a bin-
ocular microscope is presented in Table 2.

Processing of trap samples. Experience indicates
that the processing strategy of material samples col-
lected in a water column can fundamentally affect the
results. Particular attention should thereby be paid to
samples collected by sediment traps. Inasmuch as the
granulometry and composition of this material are
extremely diverse and heterogeneous, this material can
be examined using a broad spectrum of methods and
analytical techniques. Different sampling strategies
sometimes led to differences in the results, which, in
turn, initiated specialized studies with the aim of devel-
oping common approaches to sampling strategies, sam-
ple preparation, and the laboratory analysis of trap
material. In processing the samples, we adhered to uni-
versally adopted recommendations [21].

During the preparatory stage (aboard), we assayed
the collected material under a microscope (Tables 1
and 2) and separately identified biogenic and abiogenic
particles. Biogenic particles were identified by
S.V. Galkin and A.L. Vereshchaka (Shirshov Institute
of Oceanology, Russian Academy of Sciences), and the
preliminary description of the mineral components was
conducted by A.Yu Lein (same institute). The sample
was then held until the complete precipitation of the
mineral constituent, and the remaining liquid with sus-
pension was filtered through Whatman GF/FC glass
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Fig. 1. Schematic cross section through the Broken Spur field [20] and the deployment site of the KSL-400/1 sediment trap. The

trap is shown out of scale (enlarged).

fiber filters. The precipitate and filtered suspension
were washed by twice distilled water to remove soluble
salts. The material was then dried at a temperature of
55°C and hermetically packed to store for further anal-
ysis in the laboratory. A generalized treatment scheme
of the samples is displayed in Fig. 3.

The chemical composition of the material was
determined (only of its mineral constituent) by neutron
activation (analyst D.Yu. Sapozhnikov, Vernadsky
Institute of Geochemistry and Analytical Chemistry,
Russian Academy of Sciences) and atomic adsorption
(analyst L.L.. Demina, Shirshov Institute of Oceano-
logy, Russian Academy of Sciences). The results of
analyses for organic carbon in the precipitated matter

point to its very low concentrations (C,, = 0.15%)
[10,11]. The bulk of C,,, appeared to be contained in
suspended matter (5—6%% (analyst L.V. Demina, Shir-
shov Institute of Oceanology, Russian Academy of Sci-
ences). The results of chemical analyses are summa-
rized in Table 3.

The granulometric composition was determined by
conventional techniques at the Analytical Laboratory
of the Shirshov Institute of Oceanology, Russian Acad-
emy of Sciences by V.P. Kozakova (Fig. 4). The mine-
ral composition is presented based on the results of
X-ray diffractometry on a DRON-4 analyzer (analyst
V.V. Serova, Shirshov Institute of Oceanology, Russian
Academy of Sciences). It was most difficult to deter-

Table 1. Material precipitating from the smoke of the black smoker at the Broken Spur field (collected by a sediment trap)

Composition, % Organogenic material (~15%)

Mineral nonore material (~10%)

Mineral ore material (~75%)

Suspended matter (~15%) | Aggregates of organic detri-
tus and sea (plankton)

“snow” flakes

Precipitated material
(~85%)

Fragments of shrimp carapac-
es; single foraminifer, gastro-
pod, radiolarian, and ptero-
pod shells; polyhaeta tubes
and copepod carapaces

Anhydrite grains and aggregates,
mica flakes, feldspars, quartz,
and white nontransparent frag-
ments of hydrothermally altered
basalts

Flakes of pyrrhotite crystals,
single pyrite and sphalerite
crystals and aggregates

(>0.1 mm), orange-brown ag-
gregates of oxidized sulfides,
and single chalcopyrite grains
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Fig. 2. Schematic cross section through the active TAG mound [15] and the deployment site of the KSL-400/1 sediment trap.
The trap is shown out of scale (enlarged). (/) Massive pyrite breccia; (2) pyrite—anhydrite breccia; (3) pyrite—anhydrite—siliceous
breccia; (4) pyrite— siliceous breccia; (5) basalt breccia cemented by amorphous silica; (6) basalt breccia.

mine the concentrations of Fe hydroxide species. Pre-
liminary examination under a binocular microscope
revealed its fairly high contents in the trap material
from the TAG field, but Fe hydroxides do not yield X-
ray diffraction patterns. Because of this, their concen-
trations were assayed visually in smear slides under a
polarizing microscope (analyst A.A. Karpenko, Shir-
shov Institute of Oceanology, Russian Academy of
Sciences). Based on these determinations, we semi-

Table 2. Material precipitating from the smoke of the black

quantitatively assayed the mineral composition of the
samples (Table 4). The mineral material was examined
under a microscope in polished thin sections in
reflected light that were prepared without heating, with
preliminary saturation with epoxy resin. The micro-
scopical studies were conducted by V.N. Apollonov
(Institute of the Geology of Ore Deposits, Petrography,
Mineralogy, and Geochemistry, Russian Academy of
Sciences).

smoker at the TAG field (collected by a sediment trap)

Composition, %

Organogenic material (~20%)

Mineral nonore material (~2%)

Mineral ore material (~78%)

Suspended matter (~10%)

Precipitated material (~90%)

Aggregates of organic detritus
and sea (plankton) “snow”
flakes

Fragments of shrimp carapac-
es; single foraminifer, radi-
olarian, gastropod, and ptero-
pod shells; polyhaeta tubes
and copepod carapaces

Anhydrite grains and aggre-
gates, mica flakes, feldspars,
quartz, and white nontranspar-
ent fragments of hydrothermally
altered basalts

Aggregates of dark brown Fe
hydroxides, sulfides covered
with ocher, and aggregates of
pyrite and sphalerite crystals
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Sample from a sediment trap

Preliminary description under a binocular microscope

Suspended
matter

Precipitated
matter

Filtering and weighing

g
g g=]
p= g £
7] o O
£ & g s 2
° X = ZIC = R =
5= £ g g S —=Z 3 2
Ug o g E S sqo-:—e =
S @ L
o & 3 S & g = =
= = Q =} =
El= =) S 8 E= R ¢ g
o 5] < = < g
208 g SR X @ o = O S
3= = 5 O = >
U S = =) o3 E°%
iy = 3 g =0 S g8 2
e = < S & E ESE 2.
g% g S g SZ|| E=5 S
E:Q B ey > w“s 57O 2
' £ g 2 D 2 > o
EZ an 3] = L A, =
g g = = a s S
Q< = = = g = =
S = E g S 15)
L = = = o o>< 2
A< E QO 5
8 =5
3 || &3
° A2
A >
i)

Fig. 3. Schematic chart of the processing routine of trap
samples.
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Fig. 4. Granulometric composition of trap material.
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RESULTS
Saracen Head Edifice, Broken Spur Field

The composition of the trap material collected at a
3-m distance from the bottom of a black smoker chim-
ney is dominated by sulfides in a silt granulometric
fraction (~60%). The material consists mostly of lacy
flakes of pyrrhotite aggregates (0.01-0.1 mm) with
abundant pyrite, sphalerite, isocubanite, and chalcopy-
rite crystals and aggregates. Some of them are con-
tained in the pelite fraction, which also includes fine
powder of Fe oxi-hydroxides. The sand fraction (~5%)
consists of massive sulfide grains: aggregates of isocu-
banite and anhydrite grains and aggregates of marcasite
and pyrite (up to 3 mm across). The material sometimes
contains large (up to 1 mm) corroded monocrystalline
grains of anhydrite with pyrite inclusions. The material
generally represents the composition of the zone where
ore minerals rich in iron are actively deposited, along
with minerals rich in calcium (anhydrite and hydrother-
mal calcite), and silicon (amorphous silica), barium (in
barite), and aluminum (in aluminosilicates). The chem-
ical and mineral composition of the collected material
enabled us to calculate the contents of major compo-
nents under the assumption that Fe is contained mostly
in sulfides and hydroxides, Ba in barite, and Si in the
form of amorphous SiO,. To assay the fraction of
organic matter (OM), we utilized the formula OM =
Core X 2 [27]. The content of lithogenic material (LM)
was calculated from the Al concentration and the aver-
age concentration of this element in the lithosphere
(8.05%) [28]. The results of the calculations are pre-
sented in Fig. 5.

Mineral composition. According to their mineral
composition, textures of mineral aggregates, and grain
sizes, the trap material can be subdivided into five types
(listed in order of decreasing frequency of occurrence):

(1) Flaky aggregates of thin-platy pyrrhotite (resem-
bling snowflakes) with rare globules of pyrite and
sphalerite (Figs. 6a—6d).

(2) Colloform—zonal textures (Figs. 6e—6h): (e)
isocubanite—pyrite, (f) marcasite—pyrite, (g) marcasite—
pyrite—sphalerite, (h) magnetite—sphalerite.

(3) Large, sometimes corroded monocrystalline
grains of anhydrite, often with pyrite and chalcopyrite
inclusions (Fig. 6i).

(4) Cubanite grains with pyrite rims (Fig. 6j).

(5) Dendrites (Figs. 6k, 61): (k) pyrite, (1) sphalerite—
marcasite.

Mineralogically, the trap material is dominated by
pyrrhotite and pyrite, whereas the massive ores of the
Saracen Head sulfide edifice consist mostly of pyrite,
chalcopyrite, isocubanite, and sphalerite with an anhy-
drite admixture [29]. A composition similar to that of
the trap material is characteristic of diffusers (beehive-
shaped overgrowths on smoker chimneys). According
to Butler and Nesbitt [30], the inner parts of diffuser chan-
nels are strongly dominated by pyrrhotite (50-90%), and
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Table 4. Comparison of the mineral composition of material
precipitated by the smoke of the Broken Spur and TAG fields
(based on X-ray powder diffraction data, analyst V.V. Serova,
Shirshov Institute of Oceanology, Russian Academy of Scienc-
es) and the field at 21°N, East Pacific Rise (EPR) [7, 26]

o[ T [rno [0
Pyrrhotite Fe,_,S +++++ ++ | ++++
Pyrite FeS, ++++ | |
Sphalerite ZnS +++ A+ |+
Chalcopyrite | CuFeS, ++ +++ ++
Fe oxi-hydrox- + 44|
ides
Calcite CaCO; + + ?
Opal Si0, - nH,0 + ++ ++
Anhydrite CaSO, +++ +++ ++
Barite BaSO, + + +
Waurtzite 7ZnS - ++ ++
Isocubanite CuFe,S; ++ ++ ++
Marcasite FeS, + + +

Note: Abundances: +++++ very much, ++++ much, +++ moderate
amounts, +++ little, + traces, — not found.

their outer parts consist mostly of pyrite, marcasite, and
sphalerite. The aggregates of the edifice and the parti-
cles collected by sediment traps also show certain
structural differences. For example, aggregates of thin
platy pyrrhotite and colloform-zonal aggregates of
grains from the edifice are more massive and coarser
grained. The zonal structures and textures of the ores of
the edifice definitely testify to the recrystallization of
material during the growth of this edifice [31]. In the
trap material, the zonal textures of particles, conversely,
exclusively reflect the variations in the thermochemical
conditions of the mineral-forming processes during the
growth of the particles in the course of their ascent
along the fluid feeders of the edifice. There are obvi-
ously two simultaneous mechanisms of ore deposition:
the growth of massive ores by precipitation from fluid
on the inner walls of the fluid channels with associated
metasomatic replacements and the deposition of mate-
rial (as a result of volumetric precipitation from over-
saturated solutions) immediately in the flow of hydro-
thermal solutions at variations in the thermochemical
parameters. The latter processes produces the fine par-
ticles of the smoke of black smokers.

Fluxes. Proceeding the exposure times of the traps,
the amount of collected material, and the areas of the
collection cones, one can easily calculate the fluxes of
sedimentary material and its discrete components. As
can be seen from Fig. 7, the structure of the flux is dom-
inated by Fe sulfide species. The second most abundant
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chemical element in the flux is Ca, which forms mostly
sulfates. It was determined that the source of Ca’* is

hydrothermal solutions, whereas SO?[ is borrowed
from seawater [32]. Thus, anhydrite is formed with the
participation of seawater. Under oxidizing conditions
(in seawater), Ca sulfates and Fe oxi-hydroxides are
formed. Our samples also contained single crystals of
aragonite, which is formed in the low-temperature part
of the hydrothermal plume immediately above the vent.

The extensive studies of plankton communities
inhabiting the Broken Spur field [33] have revealed
high plankton contents: from 1 mg/m? at 1 km from the
vent to >600 mg/m? within a few meters from it. In the
immediate vicinity of the smoker, shrimp ‘“clouds”
were detected, which fed mostly on chemosynthetic
bacteria. Their remnant maintain an elevated OM flux
in the zone of the active precipitation of ore minerals
(Tables 1, 2).

The flux of amorphous silica is less significant. It
was calculated from the Si concentration in the sam-
ples. However, according to data obtained at a vent in
the active field of the Juan de Fuca Ridge [4, 5], some
silica amount can be spent on Fe—S—Si phases that are
hard to identify by X-ray diffraction. At the same time,
the simulation of geochemical mineral-forming pro-
cesses [34] indicates that the drastic cooling of hydro-
thermal solutions leads to the crystallization of a phase
consisting of 30-70% amorphous silica. The high silica
concentrations in the hydrothermal solution and con-
trastingly low contents in the trap material possibly
suggest that Si forms very fine-grained suspended
material that is disseminated by flows and does not sink
to the seafloor. According to other data [32], much sil-
ica does not form any mineral phases but is supplied to
seawater in the form of solution.

TAG Field: The Top of the Active TAG Mound

Chemical and mineral composition. The trap
material is characterized by high concentrations of Fe-
bearing minerals in the form of sulfides and hydroxides
(Table 4). Compared to the material from the trap at the
Broken Spur field, this material is dominated by Fe oxi-
hydroxides (41%) and has somewhat elevated contents
of amorphous silica (Fig. 5). The predominant sulfide is
pyrite, and the material contains low concentrations of
chalcopyrite. It should be mentioned that the trap mate-
rial contains much less pyrrhotite than the material
from the Broken Spur field, and this mineral is absent
from the edifice [35-37]. It is reasonable to suggest that
the growth of the edifice was associated with complete
pyrrhotite replacement by pyrite or marcasite.

The mineral composition of the massive ore of black
smokers at the TAG edifice is similar to that of the
Saracen Head edifice: anhydrite—chalcopyrite—silica
with notable amounts of marcasite [29, 35, 36]. Edi-
fices resembling Kremlin towers (white smokers) at a
distance of 70 m from the black smokers differ from the

No.7 2007
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latter in having lower temperatures and higher Zn con-
centrations of the discharged solutions. High concen-
trations of Fe and Mn oxi-hydroxides were detected
only near the bottom of the ore edifice [36].

We also posses unique data on the inner structure of
the orebody and the material beneath it [15]. These data
were obtained via deep drilling (Fig. 2). The edifice
rests on breccias of hydrothermally altered (to the
greenschist metamorphic facies) basalts cut by quartz—
pyrite stockworks (roots of the edifice). The peripheral
zone of the roots is characterized by strong chloritiza-
tion of basalts. The upper part of the subore material
contains basalt breccia cemented by amorphous silica.
The roof of the orebody is dominated by sulfide ore
minerals, predominantly pyrite. The central part of the
edifice is made up (like many samples) mostly of anhy-
drite with pyrite and chalcopyrite inclusions. The gen-
eral inner structure of the orebody and its host rocks
made it possible to ascribe it to deposits of the Cyprian

type [38].

Fluxes. In the zone of active sulfide precipitation, the
total flux of sedimentary material equals 5200 mg/m?/day
(Fig. 7), which is 2.8 times higher than the total flux at
the vent of the Broken Spur field and is hundreds of
times higher than the fluxes outside hydrothermal fields
[39]. The predominant chemical element of the flux is
Fe (1820 mg/m?/day) in the form of hydroxide and sul-
fide minerals. The total flux of the latter is close to
3500 mg/m?/day. Relatively high fluxes are also typical
of Zn and Cu: 44 and 52 mg/m?/day, respectively. These
elements occur mostly in the form of sulfides (sphaler-
ite, wurtzite, and chalcopyrite), and their total flux
amounts to 150 mg/m?/day. Other significant fluxes are
those of amorphous silica (274 mg/m?/day) and authi-
genic Ca carbonates and sulfates (aggregate flux of
187 mg/m?/day). In spite of the very high fluxes of sed-
imentary material in the active deposition zone of ore
minerals, much of the material is removed by bottom
currents outside the hydrothermal field. Comparing the
amount of Fe introduced by springs at the TAG field
(which was estimated to 2200 t/yr [40]) with our evalu-
ations of its precipitation (no more than 2.3 t/yr [39]), it
can be seen that the amount of Fe hydrothermally pre-
cipitated within the ore field is 1000 times (!) lower
than the amount of introduced Fe. This also fully per-
tains to Si, Ca, and Ba, which are mostly scattered and
disseminated in the form of solutions or suspended
matter in the water masses and lose their relations with
the spring. Furthermore, we determined [41] that the
plume above the TAG field 6 km? in volume contains
approximately 67 t of Fe in the form of suspended mat-
ter, and the plume above the Broken Spur field 8.24 km?
in volume contains as little as 23.5 t of Fe. This con-
firms a high influx of Fe oxi-hydroxides in the form of
fine suspensions, which are contained in the hydrother-
mal plume above the TAG field.
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Fig. 5. Composition of trap material (see text for symbol
explanations).

DISCUSSION

Formation of the hydrothermal-sedimentary
material. Studies at various submarine hydrothermal
fields have revealed certain zoning in the formation of
the hydrothermal-sedimentary material. In its general
form, this zoning is controlled by the degree of mixing
of the high-temperature mineralized fluid and cold sea-
water. According to the model research conducted by
Janecky and Shanks [42], oversaturated solutions under
conditions close to the state of a hydrothermal fluid
(~350°C, seawater/fluid ~1/10) precipitate Cu sulfides:
chalcopyrite and bornite. Magnetite and pyrite are also
formed under similar conditions and correspond to the
composition of the vertical chimneys of black smokers.
The final, low-temperature member of this succession
(at fluid strongly diluted by seawater: seawater/fluid >
1/10) is sphalerite, a sulfide most typical of white
smokers. Other minerals actively precipitating under
similar conditions, along with sulfides, are high-tem-
perature anhydrite, whose crystallization temperature is
higher than 130°C [26]. The reason for its crystalliza-

tion is elevated SOi_ concentrations in seawater. The
wide occurrence of anhydrite among the mineral
assemblages of the TAG edifice testifies to the active
penetration of seawater into the orebody and its contact
with the hydrothermal fluids. The next minerals precip-
itating as suspended matter are amorphous silica, which
is the most typical constituent of the subore material,
and Ba sulfate (barite). In oxidizing environments (sea-
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Fig. 6. Trap material (Broken Spur field) in thin section. Black globules are air bubbles. (a—d) Flakes of pyrrhotite aggregates with
single (c) pyrite and sphalerite grains; (e—h) colloform textures of (e) isocubanite—pyrite, (f) marcasite—pyrite, (g) marcasite—pyrite—
sphalerite, and (h) magnetite—sphalerite composition; (i) corroded single crystal of anhydrite with inclusions of tiny pyrite and chal-
copyrite grains; (j) isocubanite grain with a pyrite rim; (k, 1) dendrites of (k) pyrrhotite and (1) sphalerite-marcasite composition.

water), Fe forms individual oxides and hydroxides:
magnetite (FeFe,O,), hematite (Fe,0;), goethite
(HFeO,), lepidocrocite (FeOOH), and hydrogoethite
(HFeO, - nH,0). The processes forming sulfide and sul-
fate minerals practically terminate when the tempera-
ture falls to the ambient seawater temperature (approx-
imately 2°C). Observation data at the TAG field [43]
indicate that the temperature anomaly for an ascending
plume at a height of 50 m above the vent reaches 0.2°C,
i.e., is virtually equal to the ambient water temperature,
and the dilution coefficient is >500. By that time, part
of the Fe?* ions of the primary metalliferous solution is
accommodated in sulfide minerals. The same time span
is characterized by the crystallization of Cu, Zn, and Pb
sulfides and the precipitation of elementary S particles.

GEOCHEMISTRY INTERNATIONAL  Vol. 45

During the further ascent of the plume (its oxidizing
part), the remaining Fe?* ions produce Fe** oxi-hydrox-
ides. This process ends at a height of about 120 m above
the vent (at >2000 dilution of the hydrothermal fluid by
seawater). Thus, the processes forming the bulk of
hydrothermal minerals are practically ceased already in
the ascending plume zone. The precipitation succession
of ore minerals into particulate matter can be as fol-
lows: chalcopyrite—isocubanite—pyrite (marcasite)—
magnetite—sphalerite—Fe hydroxides. The succession
for nonore minerals is anhydrite—amorphous silica—
barite.

It is commonly thought that the deposition of the
hydrothermal-sedimentary  material is spatially
restricted to the vent of a spring (ascending plume),
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where the temperature and geochemical gradients are at
a maximum. However, detailed research of the mineral
composition of the trap material has revealed that part
of this material (its highest temperature minerals) start
to precipitate already within the fluid conduits, i.e.,
before the hydrothermal solution reaches the vent of the
black smoker. It is believed that solutions can form
minerals in at least two manners: by the direct crystal-
lization due to oversaturation and via precipitation in
response to a drastic change in the physicochemical
parameters of the environmental equilibrium. In the
former situation, a limited number of crystallization
centers is produced, and consequently, relatively large
mineral crystals can grow. In the latter instance, numer-
ous crystallization centers (whose concentration in a
given volume increases with increasing oversaturation
of the solution) produce cryptocrystalline material,
which resembles colloid; and, finally, colloids them-

GEOCHEMISTRY INTERNATIONAL  Vol. 45  No. 7

selves can be generated if the degree of oversaturation
is particularly high. Colloids are known to be heteroge-
neous two-phase systems (dispersion medium + dis-
persed phase). By analogy with Au and Ag solutions,
Fe colloid solutions can be attributed to the group of
liophobic colloids, which are heterogeneous and
unequilibrated systems [44]. High concentrations of a
dispersed phase create favorable conditions for the
spontaneous coagulation of colloid particles with the
development of globular aggregates with colloform
textures. The onset of noticeable coagulation requires
the electrolyte concentration to be higher than a certain
limit, which can be readily reached by an increase of
the seawater fraction in the solution (sensibilization).
However, the problem of the early stages of the origin
of micelles remains unsettled as of yet.

Colloform textures were often described at sulfide
ore deposits, and relics of these textures are sometimes
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Fig. 7. Fluxes of hydrothermal-sedimentary material and its
components at a distance of 3 m from the Saracen Head edi-
fice, Broken Spur field, and black smokers at the top of the
TAG Active Mound (see text for symbol explanations).

spread so broadly that they were thought to be related
to hydrothermal ores. Betekhtin et al. [45] were the first
to hypothesize that colloids may play a leading role in
the genesis of these textures. These researchers have
demonstrated that much of currently known sulfide ores
were formed by oversaturated colloid solutions in
response to a sharp change in the physicochemical
parameters of the environment. It should be empha-
sized that relations between submarine hydrothermal
systems and the deposition of sulfide ores was estab-
lished only half a century later. It is also pertinent to
mention that colloids can be produced within broad
ranges of temperatures, pressures, and other conditions
[44]. They are often formed in the course of low-tem-
perature processes and produce colloform-zonal tex-
tures. These textures can also be formed by recrystalli-
zation during hydrothermal metasomatism. For exam-
ple, colloform textures of chalcopyrite with rims of
fine-grained sulfides in hydrothermal sulfide ores are
generated by the transformation of the crystal structure
of Cu sulfide at deviations from the stoichiometry in the
Cu-S system [46]. A metasomatic mechanism forming
colloform textures was also determined for zonal-
rhythmical chalcopyrite—sphalerite spherulitic aggre-
gates [29]. The latter are, however, the most ubiquitous
in mature edifices, which are characterized by wide-
spread multistage exsolution textures of solid solutions
within a broad temperature range. Colloform textures
of metasomatic genesis can be readily distinguished
from hydrothermal-sedimentary particles because of
the less massive and finer grained textures of the latter.

Taking into account the precipitation succession of
minerals in the form of particulate matter in the course
of fluid mixing with seawater and a decrease in the
solution temperature, the colloform mineral aggregates
collected by our trap (Figs. 6e—6h) can be arranged in
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the following sequence: isocubanite—pyrite, pyrite—
marcasite, pyrite—marcasite—sphalerite, and magnetite—
sphalerite. According to laws of colloid chemistry, the
core of a globular aggregate (micelle) formed by coag-
ulation is not necessarily made up of the compounds
precipitated earlier from the solution, but instead the
determining factor is the concentrations of the dis-
persed phase of a certain mineral. The higher this con-
centration, the higher the probability of its coagulation.
The onset of the crystallization of colloform rhythmi-
cally zoned magnetite—sphalerite aggregates (Fig. 6h)
was undoubtedly triggered by the precipitation of
minute magnetite grains. The growth of magnetite par-
ticles depleted the dispersed phase in this mineral and,
as a consequence, led to a change of the coagulant. The
particle continued to grow via the precipitation of
sphalerite. It is interesting to note that some grains con-
tain three and occasionally even more magnetite—
sphalerite rhythms. Coagulation and subsequent sorp-
tion occur very selectively and form only some mineral
assemblages, obviously because of the electrokinetic
characteristics of the dispersed system.

At the same time, colloid solutions do not necessar-
ily produce colloform textures. At a low concentration
of the dispersed phase and high enough contents of nec-
essary components in the solution, holocrystalline tex-
tures can be formed, such as aggregates of sulfide min-
erals. Dispersed particles consisting of crystalline com-
pounds carry an electric charge at the edges and
vertices of crystals. The resultant residual uncompen-
sated charge facilitates the adsorption of certain ions
from the solution.

For metal and sulfur ions to interact, the solution
should contain a certain concentration of dissociated
molecules. Dissolved H,S is thought to be able to
decompose chloride complexes (which contain the bulk
of metal in fluids), i.e., Fe polysulfides can be formed
under reducing conditions according to the reaction

FeCl, + H,S, = FeS, + 2H* + 2CI". (1

However, as follows from the results of laboratory
experiments [47], H,S, polysulfides can be formed via
the partial oxidation of H,S or HS~ when hydrothermal
solutions interact with seawater according to the reac-
tion

nH,S (aq) + (n — 120, = H,S, + (n— DH,0.  (2)

At temperatures below 250°C, acidic solutions with
pH 5 precipitate marcasite along with pyrite or instead
of it by the reaction

Fe?* + H,S, = FeS, + S._, + 2H". (3)

This mechanism likely produces pyrrhotite crystals that
subsequently precipitate as particulate matter upon the
outflow of solutions from the vent of the smoker,
according to the reaction

Fe?* + H,S = Fe_,,S + 2H". @)
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A no less interesting issue is the genesis of den-
drites. Although they are relatively innumerous, they
compose an independent group and have characteristic
mineral assemblages. As is known, mineral aggregates
of this type are formed by the rapid crystallization in
thin cracks or in viscous liquids, i.e., when crystal
growth is hampered by external conditions. The reasons
for the development of these aggregates are still not
fully understood. On the one hand, oriented crystal
growth can be caused by the effect of a laminar fluid
flow along fluid conduits. Conceivably, these aggre-
gates could also originally develop in cracks in another
mineral aggregate, which was later decomposed. An
example is the widely known sphalerite dendrites in
tiny cracks in the edifice at 14°45’N at MAR. They are
often replaced by chalcopyrite as a secondary
mineral [48].

The facts and considerations presented above led us
to the following preliminary conclusions about the
mechanisms forming the hydrothermal-sedimentary
material. First, the simultaneous occurrence of holo-
crystalline and colloform aggregates in the trap mate-
rial suggests their close spatiotemporal relations and
provides evidence of the roughly simultaneous precipi-
tation from both weakly oversaturated and strongly
oversaturated (colloid) solutions. Second, the rhythmi-
cally zonal inner texture of the colloform aggregates
testifies to numerous changes in the thermochemical
conditions, perhaps as a consequence of the periodical
oversaturation of the solutions during their ascent along
channels in the edifice. Third, there obviously are two
simultaneously acting mineral-forming mechanisms:
direct precipitation from solutions and sorption—
adsorption processes on the surface of earlier minerals.

Sources of chemical elements. Another important
problem is the source of chemical elements during the
formation of the hydrothermal-sedimentary material
(hydrothermal solution or seawater). A principal indi-
cator of the participation of a given element is its
enrichment coefficient (EC) of the hydrothermal-sedi-
mentary material relative to the composition of the pri-
mary metalliferous fluid. Considering the fact that Fe of
the hydrothermal-sedimentary material is provided
mostly by hydrothermal fluids, it is convenient to exam-
ine the concentrations of other chemical elements rela-
tive to the concentration of Fe (Table 5). As can be seen
in Fig. 8, all elements can be provisionally subdivided
into three groups. The first of them (log EC > 0)
includes elements partly borrowed from seawater, the
second group (log EC ~ 0) comprises elements whose
concentrations do not increase relative to those in the
hydrothermal solution, and the third group (log EC < 0)
consists of elements whose concentrations decrease rel-
ative to those in the hydrothermal solution (Si, Ca, Mn,
and Ba). The relative concentrations of ore elements
(Co, Cu, and Zn) are close to those in the primary met-
alliferous solution, a fact testifying that these elements
effectively precipitate as suspended matter and actively
participate in the generation of the hydrothermal—sedi-
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Table 5. Enrichment coefficients (relative to the metallifer-
ous fluids) of chemical elements in trap material collected
beneath the smoke of black smokers at the Broken Spur (BS)
and TAG fields. The coefficients were calculated by the for-
mula EC = (Element/Fe) in trap/(Element/Fe) in fluid

Enrichment coefficient (EC)

Chemical element
BS TAG

Cu 0.72 0.93
Zn 0.43 2.66
Al - 8.59 x 107
Ba 0.05 -
Ca 0.025 0.023
Si - 0.027

mentary material. The main source of these elements is
hydrothermal fluid.

The behavior of Al differs from those of other ele-
ments. The Al/Fe ratio in the solutions (3.49) is notably
higher than in the trap material (0.003) (Table 6). At the
same time, the higher relative Al contents in the sus-
pended matter suggest its sorption on Fe oxi-hydrox-
ides in the ascending plume and the resuspension of the
fine material of the upper sediment layer by ascending
hydrothermal flows. The analysis of the distributions of
the 2*Th and 2*°Th isotopes in the water column near
the TAG vent [49] has demonstrated that particles 1-10 um
can be involved in recycling. However, our estimates
[11] indicate that the “‘contamination” of the trap sam-
ples with re-suspended material does not exceed a few
percent.

log [A(Element/Fe) in trap material/(Element/Fe) in fluid]

3_
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1r A o A A
A
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P As Al S Ni Cu Co Zn Si Ca Mn Ba

Fig. 8. Element diagram for trap material from the TAG and
Broken Spur hydrothermal fields (element concentrations
are normalized to their contents in the hydrothermal fluid).
Suspended matter from springs at: (/) Juan de Fuca and
(2) MAR [5]. Trap material from fields: (3) TAG; (4) Bro-
ken Spur.
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Table 6. Elemental ratios in hydrothermal solution and sed-
imentary material collected in sediment traps at deployed
black smokers within the Broken Spur and TAG fields. Data
on the field at 21°N, EPR, are compiled from [25]

Element/Fe|Cu/Fe|Zn/Fe|Ca/Fe| Si/Fe | Se/Fe | As/Fe| Al/Fe
Material of mg/mg ug/mg
Broken Spur

Solution |0.025|0.042| 445 | - - - -
Trap 0.018]0.018| 0.11 | 0.01 | 0.85 | 0.17 |0.003
TAG

Solution |{0.030(0.009| 3.94 | 2.56 | — - 13.49
Trap 0.028]0.024| 0.09 | 0.07 | 0.22 | 0.54 |0.003
21°N, EPR

Solution |0.016| 0.06 | 7.84 | 5.79 | — - 10.001

Effect of metasomatic processes in the edifice on
the composition of hydrothermal-sedimentary
material. Detailed studies of the mineral associations
of hydrothermal edifices revealed that the growth of
these edifices is associated with continuous metaso-
matic transformations [50]. Pyrrhotite and sphalerite
are replaced by pyrite. It was also noted that pyrite can
replace other sulfides and even sulfates. The process of
the replacement of minerals by pyrite at terrestrial sul-
fide deposits is thoroughly described in the literature
and is extremely widespread. Its traces were first iden-
tified in hematite and magnetite ores in Ural (Kutum-
skoe deposit). According to [45], the process was initi-
ated by an increase in the H,S concentration in the met-
alliferous solutions during a certain deposition stage of
ore minerals. The process obviously proceeded accord-
ing to the reaction

2F6203 + 2st = FC3O4 + F682 + 2H20. (5)

In some samples, pyrite replaced not only oxides but
also silicates, when the latter interacted with S-bearing
solutions. This process was usually associated with the
introduction of S and removal of Fe (or Zn). For exam-
ple, the elevated Zn and Au concentrations in ores from
the zone of white smokers are explained by the remobi-
lization of these elements from previously deposited
sulfides of the edifice [15]. A good example of this is
the metasomatic replacement of pyrrhotite by Fe disul-
fide (pyrite or marcasite) with the removal of Fe?* from
its crystal structure by the reaction

Fe_,S + S —= FeS, + Fe?*. (6)

The ores often show evidence of the subsequent
replacement of sphalerite by chalcopyrite and, then,
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bornite (ZnS—CuFeS,—Cu,FeS,) according to reactions
like

7ZnS + S + Fe** + Cu* = CuFeS, + Zn**, @)
CuFeS, + 2S5 + Cu* = Cu,FeS,. (8)

The detailed studies of Cu-bearing minerals in the Cu—
Fe-S system at the Logachev and Rainbow fields [46]
demonstrate that the Cu concentration in the orebody
increases and Fe?* is removed in an oxidizing environ-
ment under the effect of seawater: CuFe”*Fe’*S,

(isocubanite)—Cu*Fe?*S, (chalcopyrite)—Cu; Fe**S,
(bornite).

At the same time, it cannot be ruled out that the pre-
dominance of Fe oxi-hydroxide species over sulfides in
the trap material from the TAG field resulted from the
deficit of sulfide sulfur in the solutions themselves.
According to Grichuk’s thermodynamic model [1],
during the early circulation of solutions through “fresh”
basalts, ore elements can be arranged in the following
succession according to their relative mobility (defined
as the ratio of the concentration of a given element in
solution to the concentration of this element in fresh
basalt): Pb > S > Zn = Fe > Cu. This means that Pb is
more rapidly removed from rocks than S and Zn, and Fe
and Cu are leached more slowly. With increasing “age”
of the recycling hydrothermal system, which is defined
as the number of water portions that have passed
through the rock, the relative concentrations of these
elements change from S > Fe and Zn > Cu in a young
system to Fe > S and Cu > Zn in a more mature one.
This clearly demonstrates that the initial metalliferous
solutions should become deficient in S during a certain
evolutionary stage of the system. Hence, excess Fe
should be inevitably incorporated not into sulfides but
hydroxide during later stages.

Role of hydrothermal-sedimentary material in
the development of the orebody. According to the
character of sulfide ore mineralization, Smirnov [3] dis-
tinguished three classes of mineral deposits: volcanic—
sedimentary, volcanic—metasomatic, and combined.
The latter class of deposits is formed in at least two
stages: the early hydrothermal-sedimentary submarine
deposition of ore material and later overprinted hydro-
thermal-metasomatic processes. Proceeding from the
age of a given hydrothermal field, the mass of material
concentrated in the edifice, and the fluxes of sedimen-
tary material from the smoke of the spring, one can
assay the contribution of the hydrothermal-sedimen-
tary material to the overall balance of ore material. The
rate of ore material accumulation at the Broken Spur
field is currently evaluated at approximately 100 t/yr
[13]. With regard for the cyclicity of hydrothermal
activity, the growth rate of the TAG edifice is roughly
twice higher: close to 200 t/yr [14]. Our estimates
obtained with the use of sediment traps indicate that the
amount of hydrothermal-sedimentary material annu-
ally accumulated near the Saracen Head vent at the
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Broken Spur field is close to 2 t, and the analogous
value for the TAG edifice is approximately 6 t/yr. Thus,
the ore material precipitating from the smoke is a little
bit higher than 3% of the material of the edifices them-
selves. This means that the fields in question can be
classed with typical deposits of the volcanic—metaso-
matic type, which are characterized by a strongly sub-
ordinate amount of sedimentary material.

Composition of the hydrothermal-sedimentary
material and cycles of the hydrothermal process.
The isotopic composition of the hydrothermal edifice
[16, 17, 18] and metalliferous sediments [29] of the
TAG field makes it possible to identify discrete cycles
in the evolution of the hydrothermal ore-forming pro-
cess. Over the past 26 ka, hydrothermal activity at the
field has diminished three times and then increased
again. Periods of hydrothermal activity lasted from 3-6 ka
and gave way to periods of volcanic activity, which
lasted 6-8 ka. The latter were identified by high con-
tents of volcanic glass in the sediments. It was also
noted that hydrothermal activity was synchronous at
various vents of the TAG hydrothermal field. The last
cycle, which lasted approximately 10 ka, included two
activation peaks of springs at the Active TAG mound
(Fig. 9), which were identified by the enrichment of the
sediments in minerals produced by the presence of min-
erals of greenschist-facies alterations of basalts (chlo-
rite, colorless mica, epidote, and clinozoisite). Their
grains are 2-3 mm across and larger and suggest high
rates of fluid inflow from the spring and the high frac-
turing of the basement. The attenuation of the hydro-
thermal activity was associated with an increase in the
percentage of low-temperature material in the sedi-
ments. According to Lisitsyn [51], hydrothermal activ-
ity ends with the development of films and crusts of Fe
and Mn oxi-hydroxides on the surface of the edifice.
Bogdanov [29] and Gurvich [32] believe that hydro-
thermal activity at the TAG field reached its closing
phase. Activity at the Mir hydrothermal edifice at the
same field has already ceased (at ~700 ka) [18].

Unfortunately, modern deposits are absent from the
stratigraphic columns, because the uppermost few cen-
timeters of the sediments are lost in the course of sam-
pling by ground corers. This gap in information can,
however, be partly bridged by data obtained by sedi-
ment traps. For example, low contents of altered basalt
fragments (~2%) in the trap material from the TAG field
(Table 2) likely testify to a current relative decline in the
hydrothermal activity of this field. At the same time, the
content of these fragments in the material from the
young Broken Spur field amounts to 10% (Table 1).
This can be explained by the gradual clogging of minor
fluid conduits with hydrothermal material and the
focusing of the fluid discharge. The much higher over-
all flux of sedimentary material at the central spring of
the Active TAG mound is obviously controlled by the
higher outflow rate of the only remaining high-temper-
ature vent at this field. Thus, the contents of fragments
of metamorphosed basalts in the sedimentary material
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Fig. 9. Cyclicity of hydrothermal activity at the Active TAG
mound reconstructed based on studying columns of bottom
sediments (modified after [29, 32, 51]). (I) Cyclicity of
(1) hydrothermal activity; (2) volcanic activity; (II) contents
of hydrothermal component (relative units) in sediments:
(3) Mn globules and crust fragments; (4) minerals of green-
schist metamorphic facies; (5) Fe contents in bottom sedi-
ments; (III) outflow rate of hydrothermal solutions.

can, in fact, be employed as an indicator of the evolu-
tionary stages of the hydrothermal cycle. At the same
time, the predominance of Fe oxi-hydroxides at the
Active TAG mound likely suggests an increase in the
supply of this material to the modern sediments. An
analogous stage occurred about 7 ka BP. Figure 9 dem-
onstrates that the period of time corresponding to the
reactivation of the spring was predated by a drastic
increase in the outflow of hydrothermal Fe [29].

If the reasoning presented above is correct, then the
evolution of the hydrothermal-sedimentary material
within a single hydrothermal cycle 3 to 6 ka long can be
imagined as follows. The attenuation of volcanic activ-
ity is associated with faulting and fracturing in the oce-
anic crust, which facilitates the development of a
hydrothermal convection system and its rapid evolu-
tion. For example, the 1993—-1996 research at the Lucky
Strike and Menez Gwen fields (37°17°N and 37°50’N at
MAR, respectively) [52, 53] have demonstrated that
changes affected not only the temperature of the solu-
tions but also their gas composition (first of all, H,S)
and the concentrations of chemical elements over a
time span as brief as a few years. Analogous data on the
F spring at the very young crust at the East Pacific Rise
(EPR) at 9°16.8'N also display remarkable evolution-
ary changes in the composition of the fluid between
1991 and 1994 [54]. The reasons for these fluctuations
remain obscure and can be related to the evolution of
the circulation system, which is controlled by the evo-
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lution of the magmatic and tectonic processes. The dis-
charge zone of hydrothermal solutions (hydrothermal
field) was then controlled by the structural pattern of
tectonic fractures and faults, and single hydrothermal
edifices started to grow on the seafloor surface. In the
process of their growth and the sealing of minor fluid
conduits with hydrothermal material, the discharge
zone narrowed, which led to the development of a sig-
nificant central spring. Its activity gradually also
decreased with time and eventually ceased. The period-
ical reactivation of some edifices could be related to
their destruction under the effect of the increasing pres-
sure of hydrothermal solutions. An analogy is the clos-
ing of a faucet: the hydrodynamic wave occurs then in
resonance and thus manyfold increases the hydrody-
namic shock. The destruction mechanism of vertical
edifices was described in much detail in the literature
based on extensive factual material on ore clastic rocks,
which are widespread at modern hydrothermal fields.
The cessation of hydrothermal activity may also be
affected by the resumption of local volcanic activity.
Liquid basic lavas obviously could seal and block frac-
tures and cracks that had served as conduits for hydro-
thermal solutions. The hydrothermal system passes to
the state of an interlude before the next hydrothermal
cycle.

The periodical recurrence of these cycles results in
the extension and deepening of the fracturing zone in
the basement under the effect of tectonic and hydrody-
namic processes and in the gradual extension of the
hydrothermal orebody itself both on the seafloor sur-
face and down the underlying subore rocks. The focus-
ing of solution discharge and the development of a sin-
gle significant conduit leads, in turn, to the develop-
ment of the subsurface circulation of solutions (effect
of an aspirator) in the zone of brecciated and shattered
subore rocks. Thus, the zone where the fluid mixed with
seawater also deepened, and the mineral-forming pro-
cess proceeds more smoothly, in contrast to this process
at young vents, whose basement is still not extensively
shattered. Indirect evidence in support of this idea is the
low pyrrhotite contents in the smokes of the Active
TAG mound, which possesses a well-developed system
of roots. A condition necessary for pyrrhotite precipita-
tion from a solution is known to be the reaction rate: the
higher this rate, the higher the probability of pyrrhotite
crystallization. Pyrrhotite usually precipitates in the
zone of the maximum oversaturation of the solution at
contact between the hot fluid and seawater.

The attenuation of hydrothermal activity at the TAG
field within a single hydrothermal cycle, a phenomenon
inferred from several lines of indirect evidence [29],
should have inevitably bring about exogenic processes,
so that the process itself should have gradually become
supergene. The example of modern submarine edifices
and ancient sulfide orebodies also demonstrates that the
resumption of hydrothermal activity develops toward a
decrease in the degree of oxidation of the ores compos-
ing the edifice, and the cessation (supergene phase)

GEOCHEMISTRY INTERNATIONAL  Vol. 45

RUSAKOV

leads, conversely, to an increase in this degree. For
example, corresponding to the degree of oxidation, Fe-
bearing minerals can be arranged in the following suc-

cession: Fe?*S (trolilite:)—Fe(21+ _»S (pyrrhotite)—
Fe?*S, (pyrite, marcasite)—Fe*Fe," O, (magnetite)—

Fe3*O(OH) (goethi‘[e)—Feg+ O; (hematite). Young
springs are characterized by reducing conditions and a
pyrite—pyrrhotite composition of the smokes of their
smoker. As the activity of the spring gradually attenu-
ates, the mineral composition of the edifice and, corre-
spondingly, of the hydrothermal-sedimentary material
carried by the spring to the surface, should systemati-
cally change to pyrite—oxi-hydroxide, thus reflecting of
the involvement of exogenic processes. An important
role is played there by the shattering of the subore rocks
(basement of the edifice) and the extension of the mix-
ing zone of the solutions with seawater (see above).
Sulfide particles carried by a spring usually precipitate
within a few dozen (rarely, a few hundred) meters from
it, whereas Fe oxi-hydroxides can migrate (because of
their smaller grain sizes) for much greater distances
with water masses and accumulate outside the hydro-
thermal edifices, forming both proximal and distal met-
alliferous sediments.

Thus, there can be several reasons for high contents
of oxidized Fe species in the sedimentary material of
the TAG edifice. First, the accumulation of ore material
is associated with the development of sulfide roots
(stockwork sulfide ores) in the basement of the edifice.
As was mentioned above, the mature TAG edifice has
roots extending for at least 125 m down the basaltic
basement. Thus, the precipitation of ore material from
the solutions starts long before these solutions reach the
vent. Consequently, the smokes of the smoker contain
only the remaining ore minerals, which are depleted in
S (Fe > S). The latter was partly spent on sulfide miner-
als according to reactions like (1), (3), and (4). Second,
it should be taken into account that the evolution of a
recycling hydrothermal system is accompanied by the
evolutionary transformations in the composition of the
solutions feeding this body, because various chemical
elements are variably scavenged from the rocks of the
crystalline basement. The relation Fe < S in a young
spring should eventually give way to Fe > S in a mature
one [1]. Third, previously deposited elements can be
remobilized from the orebody by the ascending solu-
tion flow, as was documented, for example, for Fe and
Zn, according to reactions (6) and (7).

Comparative analysis of the chemical composi-
tion of the hydrothermal-sedimentary material,
hydrothermal solutions, and tholeiitic basalts. It is
known that a result of interactions between seawater
and basalts is the leaching of 8-16% of the mass of
these rocks. The removal of Si accounts for approxi-
mately half of the loss, Ca accounts for one-fifth of it,
and the removal of all other elements corresponds to
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10% for each of them [55]. Currently available exten-
sive material on the chemistry of hydrothermal solu-
tions reveals their characteristic similarities throughout
the whole oceanic rift system. This, in turn, led to the
classing of all known hydrothermal ore occurrences
with a single metallogenetic province of the Earth and,
consequently, to consider all of these processes on a
global scale. Their principal differences from ambient
seawater are ubiquitously low pH values (2—6, 3.3-3.8
on average), reducing conditions, absence of Mg,

SOLZ[, dissolved O, and U, and high concentrations of
metals and H,S (Table 3). However, in spite of these
similarities, the composition of the hydrothermal solu-
tions of the springs considered here show certain differ-
ences, which are also reflected in the composition of
their hydrothermal—sedimentary material.

The Cu/Fe ratio in both the solution and the sedi-
mentary material at the TAG field is higher than at Bro-
ken Spur (Table 6), which can account for the mobility
of Cu relative to Fe during their leaching from volcanic
rocks. The ratios in the solution and sedimentary mate-
rial are very close and testify to the high efficiency of
Cu precipitation near the spring. The Zn/Fe ratio in
solution near the spring at the Broken Spur field is
higher than at TAG. However, the trap material of the
TAG field has a higher Zn/Fe ratio, which testifies to its
active precipitation from the solution in the form of
sphalerite. The Zn/Fe ratio of the solution and sedimen-
tary material at the Broken Spur spring field is higher
than at TAG spring, a fact confirming the more active
removal of Zn relative to Cu at the younger field. The
Zn/Cu and Zn/Fe ratios are the highest in the solution
of the spring at 21°N at EPR. The higher Ca concentra-
tions in the hydrothermal solutions relative to Fe prede-
termine high Ca/Fe ratios. The contrastingly low ratios
in the sedimentary material testify to weak Ca involve-
ment in the mineral-forming processes (low efficiency
of precipitation). No more than a few percent of the
total Ca concentration is spent on the crystallization of
anhydrite (near the vent), and even less Ca is incorpo-
rated into hydrothermal aragonite (in the ascending
parts of the plume). The bulk of Ca is supplied to bot-
tom oceanic waters in the form of solutions. The same
pertains to Si. However, the higher mobility of Ca
caused a higher Ca/Fe ratio in the sedimentary material
of the young spring than in the mature one, and the
Si/Fe ratio is, conversely, higher at TAG than at the Bro-
ken Spur, perhaps because of the higher resistance of
aluminosilicates to leaching. The Al/Fe ratio in solu-
tions is higher than in the sedimentary material, which
suggests weak Al participation in the mineral-forming
processes. Because of the high Al stability in the rocks,
the Al/Fe ratios at both fields are virtually identical.

The chemical composition of the trap material also
shows high contents of ore metals, which predeter-
mines their high enrichment coefficients (EC) relative
to the composition of tholeiitic basalts from which
these elements are leached: Cu, Zn (thousands), Fe, Co
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Table 7. Enrichment coefficients (relative to tholeiitic ba-
salts as the parental rock) of chemical elements in trap mate-
rial collected beneath the smoke of black smokers at the Bro-
ken Spur (BS) and TAG fields. The coefficients were calcu-
lated by the formula EC = (Element/Al) in trap/(Element/Al)
in basalt

Enrichment coefficient (EC)
Chemical element
BS TAG
Se 480000 99299
Cu 6520 8644
Zn 4785 4919
As 2170 6677
Co 460 820
Fe 298 361
Sb 213 404
Ba 190 449
P 126 217
Ca 41 9.9
Si 1.4 7.4

Note: Concentrations of chemical elements in tholeiitic basalts are
compiled from [28].

(hundreds), As (thousands), and Sb, Ba, and P (hun-
dreds) (Table 7). In spite of the aforementioned similar-
ities, the fields show some differences. For example, the
higher Cu, As, Co, Sb, Ba, P, and Si contents in the trap
material from the TAG field predetermine the higher
enrichment coefficients of these elements (Fig. 10).

log [(Element/Al) in trap material/(Element/Al) in basalt]

ol
5ok o] &2
4 ‘3“3:":*
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Se Cu Zn As Co Fe Sb Ba P Ca Si

Fig. 10. Element diagram for trap material from the TAG
and Broken Spur hydrothermal fields (element concentra-
tions are normalized to their contents in average oceanic
tholeiitic basalt). (/) TAG and (2) Broken Spur.
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This is caused, first of all, by the significant supply of
these elements with primary metalliferous solutions at
the TAG field (Table 3). The highest differences
between EC in the trap material from the springs are
typical of Se (by a factor of 4.8), As (by a factor of 3),
Ca (4.1), and Si (5.2). The EC of Se and Ca are higher
at the Broken Spur field, and those of As and Si are
higher at TAG. This suggests that the composition of
the hydrothermal-sedimentary material is closely
related to the composition of hydrothermal solutions.

CONCLUSIONS

1. The origin of hydrothermal-sedimentary material
is a complicated multistage process, which is closely
related to the formation of colloid solutions, the coagu-
lation of their dispersed phase, and sorption—adsorption
processes. Detailed data obtained on the mineral
assemblages and textures of this material indicate that
the material started to form inside the orebody or below
it, in the subore rocks, but not only in the discharge
zone of fluid from the vent of the spring, as was thought
previously.

2. Itis important to stress that the composition of the
hydrothermal—sedimentary material (its granulometry,
mineralogy, and chemistry) is closely related to certain
evolutionary stages of the mineral-forming process and
reflects the composition of the primary metalliferous
solutions and the influence of hydrothermal and super-
gene processes. This composition can be used as an
indicator when the evolutionary history of hydrother-
mal activity is studied.

3. The assessment of the fluxes of hydrothermal-
sedimentary material with the use of sediment traps
near springs allowed us to reveal the inner structure of
the flow and determine its contribution to the ore-form-
ing processes.
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