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Subaqueous ferromanganese deposits (FMD),
except nodules, are commonly classified into hydro-
genic and hydrothermal types. According to [1-9 and
others], both types are formed as a result of coprecipi-
tation of Fe-Mn colloids that absorb chemical ele-
ments, including nonferrous metals (NFM), from sea-
water. It is assumed that the hydrothermal deposits
should be depleted in NFM relative to the hydrogenic
counterparts, because the duration of contact of col-
loids, which produce the hydrothermal deposits, with
seawater i1s much shorter. To subdivide FMD, the dia-
gram (Cu + Ni + Co) x 10 — Fe — Mn proposed by
Bonatti et al. [1] is widely used.

However, our investigations have shown that hydro-
thermal FMD are formed by both coprecipitation of
Fe—-Mn colloids and direct crystallization of oxyhy-
droxides from oversaturated solutions. The low NFM
contents are only typical of the crusts in the discharge
zone of hydrothermal solutions that form hydrother-
mal-metasomatic (stockwork) sulfide ores. At the same
time, the crusts associated with surficial hydrothermal-
sedimentary sulfide ore, as a rule, are characterized by
very high NFM contents comparable or even exceeding
those in FMD [10, 11]. Therefore, the hydrothermal
deposits fall into the field of hydrogenic FMD in the
Bonatti diagram.

In this communication, based on the study of sedi-
ments from the Ashadze-1 hydrothermal field and other
original evidence, we substantiate the necessity to rec-
ognize hydrothermal-hydrogenic FMD, a new variety
of hydrogenic FMC that are deposited near hydrother-
mal-sedimentary sulfide occurrences. A new discrimi-
nant diagram Cu—Cu/Co is proposed for more accurate
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identification of FMD types in the rift valley of the
Mid-Atlantic Ridge (MAR).

The Ashadze-1 hydrothermal field was found in
1993 during cruise 22 of the R/V Professor Logatchev
in the course of joint survey of the All-Russia Research
Institute of Geology and Mineral Resources of the
World Ocean (VNIIO) and the Polar Marine Geological
Exploration Expedition (PMGRE). The field is located
at the edge of a small gentle terrace composed of ser-
pentinized ultramafic and gabbroic rocks at the west
wall of the rift valley [12] close to its intersection with
a NW-trending lineament. In the study area, this linea-
ment is traced along the western slope of Fersman Sea-
mount, the bend of the rift valley bottom at 12°50'—
12°55" N, and the grabenlike depression in the northern
part of the western terrace at 13°00'-13°05" N (Fig. 1).
Beyond this area, the lineament crosses Fersman Sea-
mount (corner uplift) and the transform Marathon Frac-
ture Zone that extends along its southern slope [13, 14].

FMD were found in this field in the central (stations
1021, 1291) and marginal (stations 1087, 1292) sectors
of the massive sulfide orebodies, as well as at the surface
of hydrothermally altered (often sulfidized and brecci-
ated) serpentinite and gabbro (stations 1007, 1008, 1071,
1085, 1086) in the vicinity of these orebodies.

The mineral composition of samples was studied on
DRON-2 and D8 Advance Bruker AXS X-ray diffrac-
tometers at St. Petersburg State University and the
Institut Francais de Recherche pour I’Exploitation de la
Mer (IFREMER), France, respectively. The morphol-
ogy of mineral aggregates was investigated on a JEOL-
35 SEM at the Botanical Institute, Russian Academy of
Sciences. The bulk chemical composition was deter-
mined using the standard technique with chemical anal-
ysis and atomic absorption spectroscopy (S-115), the
cold vapor method using a PA-915+ analyzer equipped
with RP 91C (All-Russia Research Institute of Geology
and Mineral Resources of the World Ocean), and the
ICP-MS method (All-Russia Geological Research
Institute).
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Fig. 1. Index map of the Ashadze-1 high-temperature hydrothermal field.
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Fig. 2. Geological sketch map of the Ashadze-1 ore occurrence. Modified by N.I. Rozhdestvenskaya and V.E. Bel’tenev after the
data of the 22nd, 24th, and 26th cruises of R/V Professor Logatchev. (1) Sulfide orebody, (2) debris of sulfide ore and mineralized
rocks, (3) ore-bearing and metalliferous mud, (4) foraminiferal and coccolithic carbonate sediments, (5) bedrock outcrops and fields
of large blocks, (6) bedrock outcrops and fields of large blocks partly overlapped with sediments; (7—9) stations where FMD have
been carried up with (7) grab, (8) dredge, and (9) box corer.
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Fig. 3. Chondrite-normalized REE patterns (Taylor and
McLennan, 1985) of FMD from Ashadze-1 (stations 1007,
1071, 1085) and Logatchev-2 (stations 631, 643) hydrother-
mal fields and the western wall of the rift valley (stations
1057, 1083).

Three varieties of FMD recognized in the Ashadze-1
field reveal distinct morphological, structural-textural,
chemical, and mineralogical features. The compact sin-
terlike crusts (2 cm thick) with complex spotty-zonal
structure are most abundant. They were identified on
sulfide bodies and metasomatic rocks in the marginal
area. The following fragments (zones) are recognized
in various combinations (from bottom to top): (i) yel-
low-orange, rust-colored powdery and feltlike bacterio-
morphic masses of goethite often with kidney-shaped
FMD that envelop goethite fragments (1-2 mm);
(ii) intergrowths of gray massive thin-bedded, com-
plexly convoluted and kidney-shaped, fingerlike bir-
nessite segregations, often together with black and
brown powdery amorphous segregations of Fe—Mn
hydroxides and less abundant goethite (0.5-1.5 cm);
and (iii) bunchy intergrowths of birnessite and black and
brownish black amorphous Fe-Mn hydroxides (2-3 mm).
The vertical and lateral boundaries between the zones
are diffuse. Pseudomorphs of Fe—-Mn oxyhydroxides
after polychaetas are abundant. Sporadic pseudomor-
phs after diatoms and sponge spicules are noted. The
manganese minerals are locally replaced with an amor-
phous Fe-Si substance. In marginal sectors of such
areas, the black manganate aggregates become reddish.
They are gradually dissolved inward and replaced with
red-brown powdery and less frequent compact glassy
Fe—Si masses with abundant bacteriomorphic goethite.
The bunchy aggregates are replaced most readily,
whereas the massive variety is more stable.

The second variety of FMD was recovered together
with aragonitized and serpentinized ultramafic rocks
(Station 1086). These sinterlike crusts are up to 1.5 cm
thick. Their slightly convex surface is rough. The con-
cave bottom is covered by mm-scale coating of bacteri-
omorphic goethite or cherry-colored powdery amor-
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phous mass. The structure is zonal. The lower zone
(1 cm thick) has a framework that consists of thin (up
to 1 mm) entangled beds of black and cherry brown
compact mass of 10-A minerals (todorokite NaMn,O,, -
3H,0 with an admixture of vernadite Mn(OH), and bir-
nessite). The fingerlike aggregates of pyrochroite
Mn(OH), and lithiophorite (Al,Li)MnO,(OH), of the
same color grow out of these beds to meet one another
like stalactites and stalagmites(!). In some cases, they
fill the interlayer space completely, and a free space is left
in other cases. The areas filled with powdery and kidney-
shaped aggregates are much less frequent. Discrete crys-
tals, coatings, and radiate aragonite aggregates are located
in cavities. The upper zone up to 7 mm thick consists of
compact carbonated sediment (aragonite, calcite, and
manganocalcite) with black and cherry brown globules of
Ca-todorokite [(Mn,Ca)MnsO,; - 4H,0] occasionally
intruded by the underlying material.

The third variety of FMD is composed of thin (up to
1 mm) loose globular and bunchy coatings of amor-
phous Fe-Mn oxyhydroxides that cover fragments of
serpentinized ultramafic rocks (samples 1007, 1071-1).

The above varieties differ in chemical composition
(table; Fig. 3). The compositions of the crust from the
Logatchev-2 field and FMD from the wall of the rift
valley to the west of the Ashadze-1 ore occurrence (sta-
tions 1057, 1083) are presented for comparison. For
example, crusts of the first variety are characterized by
elevated contents of K, Na, Mn, Cu, Zn, Mo, Li, and
subordinate Cd. In this regard, they are close to the
todorokite—birnessite crusts from the Logatchev-2
field. The variety of carbonates is appreciably distin-
guished by anomalously high Ca and Mg contents and
anomalously low Fe, Ni, Co, Zn, Pb, and W contents.
This sample contains much less K, Na, Mn, Cu, Mo, TI,
and Li, but the content of Cu is nevertheless higher than
that of other NFMs. In terms of the REE pattern, both
varieties, like the crusts from the Logatchev-2 field,
pertain to the hydrothermal type [5, 6] with the low
total REE content and low negative Ce anomaly
(Ce/Ce*). Minor amounts of S, and Hg indicate that
the elevated Cu content is not related to sulfides.

The third variety is characterized by high Fe, Co,
and Pb contents and depletion in Mn. This variety is
close to the hydrogenic deposits at the western wall in
terms of contents of Mn, Fe, Co, Zn, and Pb and to the
hydrothermal crusts of the first variety in terms of Cu
and Ni contents. In contrast to samples 1057 and 1083
with the high content of total REE and Ce/Ce* > 1 (typ-
ical of the hydrogenic variety), the loose sediments are
characterized by a lower content of the total REE and
Ce/Ce* < 1. In other words, in terms of the REE pat-
tern, they occupy a transitional position between hydro-
thermal and hydrogenic FMD [5, 6]. The enrichment of
hydrothermal crusts in Mn and Cu and their depletion
in Al and Pb (against the high background contents of Fe
and Co in hydrogenic deposits) make it possible to use
Mn/Fe, SiO,/Al,0;, Cu/Co, and (Cu + Zn)/(Co + Pb)

DOKLADY EARTH SCIENCES Vol. 415A No. 6 2007
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ratios for discrimination of these FMD types. In terms
of these parameters, the deposits of the third type are
transitional as well (table).

The prevalence of Cu over Co is inherent to FMD
from other hydrothermal fields of the MAR with occur-
rences of hydrothermal-sedimentary sulfide ore. Such a
feature was not established in the hydrothermal-meta-
somatic ore occurrences, where Zn often predominates
among the NFMs [10, 11]. At the same time, most
hydrogenic deposits in the MAR are distinguished by
relatively high Co contents [9-11]. This difference con-
firmed by statistical processing of more than 300 anal-
yses [11] is distinctly expressed in the Cu vs. Cu/Co
diagram (Fig. 4), where compositions of 98 FMD sam-
ples from 52 stations in the MAR rift valley have been
plotted. Four groups of FMD are recognized.

The crustlike FMD of the first and second groups are
referred to as a hydrothermal type. Their relations to the
hydrothermal sulfide formation are corroborated by
dredging. The hydrothermal crusts characterized by a
high growth rate were formed under nonequilibrium
conditions at the hydrothermal solution—seawater
geochemical barrier (as sulfide ore). Judging from the
textural-structural features, these crusts are products of
direct crystallization of manganese minerals from over-
saturated solutions rather than products of avalanche-
like coprecipitation of Fe—Mn colloids as was supposed
previously. In the course of crystallization, K, Na, Co,
Ni, Cu, Zn, Mo, Li, Cd, and other elements are incorpo-
rated into the lattice of manganates. At some moments
of the hydrothermal cycle, the density of ore-bearing
solutions became higher than that of seawater (sols)
and these solutions spread from a vent at the bottom as
stratified branching microflows (streams). It is sug-
gested that the gray massive bedded segregations
were formed as products of crystallization of such
microflows. The intercalating fingerlike, bunchy, and kid-
ney-shaped aggregates are products of manganate crystal-
lization from less dense solutions diluted with seawater.
Only powdery amorphous masses were probably formed
by coagulation of the dissolved Fe and Mn species.

The geochemical features allow us to suggest that
the crusts of the first group grew at the sites of discharge
of hydrothermal solutions with low concentrations of
Cu and other NFMs. Therefore, they are depleted in
these elements (except Zn in some cases). The crusts of
the second group grew at the sites with high NFM con-
centrations in solution with predominance of Cu and/or
7Zn and are enriched in these metals. Furthermore, the
NFM contents in hydrothermal crusts are controlled by
their mineral composition. In contrast to other manga-
nese oxyhydroxides, the total NFM contents in 10-A
manganates may attain 8% of Mn?* concentration [15].
The 10-A manganates crystallize simultaneously with
the hydrolysis of Mn?* cations and NFM. This process
is promoted by high pH (>8) and moderate oxidizing
potential. As follows from the prevalent todorokite—bir-
nessite composition, the hydrothermal crusts grow
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Fig. 4. Compositions of FMD from the rift valley of the
equatorial segments of the MAR plotted on the discriminant
diagram Cu vs. Cu/Co. Hydrothermal fields: (/) Ashadze-1,
(2) Logatchev-1, Logatchev-2, (3) Lucky Strike, (4) TAG
(Mir), (5) Snake Pit; segments of rift: (6) 6° N (Markov
Basin), (7) 13°-15°N, (8) 16°~17° N, (9) 24°30" N. Numer-
als in circles: (1) hydrothermal crusts that mark hydrothermal-
metasomatic sulfide ore; (2) hydrothermal crusts that mark
hydrothermal-sedimentary sulfide ore; (3) hydrogenic FMD;
(4) cupriferous hydrogenic (hydrothermal-hydrogenic) FMD.

under slightly alkaline and low-oxidizing conditions. If
Ca activity is high enough, coprecipitation of carbon-
ates and manganates is possible under such conditions.
If the parameters of hydrothermal solutions change to
slightly acid and low-reducing ones, manganese aggre-
gates are replaced with Fe—Si compounds.

The loose FMD of the third and fourth groups are
formed in the principally distinct, hydrogenic mode by
coprecipitation of Fe—Mn colloids. Therefore, FMD of
both types are enriched in chemical elements absorbed
from seawater. In deposits of the fourth group, Cu pre-
vails over Co. In the Cu—Cu/Co diagram, their compo-
sitions occupy a space between the typically hydro-
genic FMD of the third group and the crusts of high-
temperature hydrothermal fields, and thus may be
called hydrothermal-hydrogenic. The hydrothermal-
hydrogenic FMD are a variety of cupriferous hydro-
genic deposits developed in the Cu-rich hydrochemical
fields. The local concentration of Cu in the bottom
water may be related to different causes. Under condi-
tions of a rift valley, i.e., in the absence of thick sedi-
mentary cover, the most probable mechanism is the dis-
charge of Cu-bearing solutions, including the solutions
that produce hydrothermal-sedimentary sulfide ores.
This fact makes it possible to use the hydrothermal-
hydrogenic FMD as a prospecting guide for sulfide ores.
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