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If you can't read Russian
25 years ago in Galapagos rift american researchers descovered first oceanic bottom hydrothermal field

(http://www.divediscover.whoi.edu/). Today we known these phenomens in all oceans and in any marginal seas. Unfortunatally
all discoveries was . As exampele - divings on the Atlantis FZ High Inside Corner
(http://www.nsf.gov/od/lpa/news/, Newsletter of the US RIDGE Initiative, Ridge Events,
http://earthguide.ucsd.edu/mar/, Ridge Inter-Disciplinary Global Experiments, V. 11, # 2, 2001).
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Active hydrothrmal fields location
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Atlantic Ocean Hydrothermal Fields

1998

Litbology and Mineral Resources, Vol. 33, No. 4, 1998, pp. 391-394. Translated from Litologiya i Poleznye iskopaemye, No. 4, 1998, pp.
436-439. Original Russian Text Copyright © 1998 by Mazarovich&Sokolov.

The Tectonic Position of Hydrothermal Fields on the Mid-Atlantic Ridge

A. O. Mazarovich and S. Yu. Sokolov
Received February 11, 1998

Abstract
The position of hydrothermal fields on the Mid-Atlantic Ridge has been compared to the satellite altimetry data and the position of

earthquake epicenters (1937-1997). It has been established that the hydrothermal fields gravitate to the relatively stable (aseismic) parts of rift
zones, which are most favorable for the stable circulation of solutions under the conditions of spreading at low velocities. Such regions are
situated in the discontinuity areas. It is presumed that the solutions migrated not across the rift, as it has been believed, but in the directions
with the best conditions of permeability, i.e., along the rift strike, in accordance with the orientation of cracks. In this case, the discharge areas
must lie within the boundaries of most stable sites where the conditions for longterm (up to tens of thousands of years) stable circulation of
hydrothermal solutions exist. The discontinuities seem to represent the regions with an increased amount of breccias or, in other words, with
the increased open porosity and permeability. Thus, in the scheme proposed, the major circulation of oceanic water and its transformation into
ore-forming fluids proceeds along the strike of rift zones.

The work at compiling a digital tectonic map of the Central Atlantic is carried out in the Laboratory of geomorphology and tectonics of the
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oceanic floor, Institute of Geology, RAS. This work is accompanied by creating the database and analyzing widely diverse materials. In the
course of these investigations, the authors have accumulated observations that might be of interest to the specialists in the field of oceanic
hydrothermal systems.

High-temperature hydrothermal sources were discovered in the late 1970s. At present, more than 100 hydrothermal active and relic
fields of the World Ocean have been studied to a variable extent of detail (Rona and Scott, 1993).

Regional investigations (Rona, 1986; Rona and Scott, 1993; etc.) have shown that the majority of hydrothermal ore occurrences are
situated within the boundaries of neovolcanic rift zones on the Mid-Atlantic Ridge (TAG, Snake Pit, and Broken Spur) and gravitate to the
volcanic arches of these zones. It has been noticed that active hydrothermal sources are most frequently confined to the tectonic disturbance
zones. The situation is known when the active hydrothermal field (e.g., Logachev field) is located on the surface of marginal bench of the rift
valley, this bench being composed of serpentinized ultrbasic rocks (Bogdanov et al., 1995). This situation does not fit well into the existing
scheme of hydrothermal system circulation on spreading ridges.

When the map of magmatism of the Central Atlantic was compiled, the idea arose to reflect on it the position of hydrothermal fields as
well. Upon their plotting on the map of gravitational anomalies compiled from satellite data (Sandwell and Smith, 1997), we compared the
picture obtained with the position of earthquake epicenters (1937-1997). Information on the earthquakes was obtained via the Internet from
the catalog of the National Earthquake Information Center (USA). This comparison has revealed the following.

The Logachev Field, recently discovered in the 14°15' N region (Bogdanov, 1995), is situated in the segment of the Mid-Atlantic Ridge
between the Cape Verde and Marathon fractures. Analysis of the altimetric map (Fig. 1a), combined with the earthquake epicenters, has
showed that the aseismic region is located precisely in this area. The zone of extensive gravitational anomalies registered as a trench in relief is
also located in this area. The anomalies are traced to many hundreds of km east and west of the ridge axis. Note that the three among five well
known deepfocus earthquakes in the axial part of the Atlantic Ocean with the epicenter depths of 60, 60, and 51 km and magnitudes 6,7.3, and
4.7, respectively, are connected with the same lineament.
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Fig. 1a. Logachev hydrothermal field and earthquackes epicenters position
black dots - epicenters; stars - hydrothermal fields; rings -aseismic gaps
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Fig. 1b. Hydrothermal fields and earthquackes epicenters position on Kane FZ region
black dots - epicenters; stars - hydrothermal fields; rings -aseismic gaps

The TAG, Snake Pit, and Broken Spur hydrothermal fields (Fig. 1b) are also situated either in aseismic zones or near them. The
extensive bottom depressions (fractures) are also located near them. Deep-focus earthquakes have not been established in the Kane Fracture
Zone. Within the TAG field, hydrothermal edifices were formed either on the surface of intensely crushed basement or within the talus
composed of volcanite fragments (Lisitsyn et al., 1990). The well-known hydrothermal plumes (Lukashin etal., 1997) fall into the aseismic zone
as well.

The results obtained indicate that hydrothermal fields gravitate to the relatively stable parts of rift zones, which are obviously most
favorable for the stable circulation of hydrotherms under the conditions of spreading at low velocities. Such regions are situated in the
discontinuity areas.

The general scheme of formation of hydrothermal solutions is well known and reduced to the following. Within the boundaries of rifts,
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oceanic water penetrates into the crust via the system of open cracks (gjars) and is heated to near-critical temperatures (over 400°C)
due to its interaction with rocks of the oceanic crust and magma chambers. Thereafter, ore-forming hydrothermal solutions enriched in
various elements penetrate to the surface and are discharged as "black smokers" and other polymetallic ore occurrences (Lisitsyn et al., 1990;
Rona, 1986; Karson and Rona, 1990; etc.). The tectonic position of hydrothermal fields, established by the authors, can refine the existing
models.

Open cracks within the rift zone are oriented sub-parallel to its strike. It would be reasonable to suggest  that the solutions will migrate
not across the rift, as is commonly believed, but in the directions with the best conditions of permeability, i.e., along the rift strike (similar to
the fractured reservoirs in oil traps). It is possible that this motion is directed toward the most uplifted parts of the rift valley. In this case, the
hydrothermal discharge zones must be situated in the most stable areas, where the favorable conditions for the long-term (up to tens of
thousands of years) stable circulation of hydrothermal solutions exist. Such ascending "jets" are situated precisely within the regions with zero
or reduced seismicity revealed by the authors. The discontinuities seem to represent the regions with an increased amount of breccias, in other
words, with the increased open porosity and permeability (Fig. 2).
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Fig. 2

CONCLUSION
The major circulation of oceanic water and its transformation into ore-forming solutions proceeds along the strike of rift zones with the

subsequent discharge in relatively stable areas.
Analysis of the arrangement of earthquake epicenters on the Mid-Atlantic Ridge between 30°N and 15°S shows that there are a number

of regions within the specified boundaries (south of the Ascension Fracture Zone and others) with reduced seismicity or alltogether without it
(Fig. 3), which coincide with the discontinuity areas. We assume these are the most promising areas for the discovery of hydrothermal fields.
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Fig. 3. GEBCO (top) and altimetry maps (bottom) on MAR (11°- 6° S,  20°- 5° W)
black dots - epicenters; ellips -aseismic gaps with hydrothermal field
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Abstract

The analysis of data on the location of hydrothermal fields, seismicity, and satellite altimetry evidences that in mid-ocean ridges with
low spreading velocity hydrothermal fields tend to be grouped in areas with generally low seismic activity and at intersections of discontinuities
and rift zones. Based on this assumption, the Sierra Leone Fracture Zone was studied in 2000 during cruise 22 of the R/V Akademik Nikolaj
Stra-khov. The study of gabbrodolerite and dolerite showed that sulfide ore minerals in them were formed both by hydrothermal and
magmatic processes. The analysis of melt inclusions demonstrated that magmatic complexes formed from a high-temperature (1210-1255°C)
low-potassium melt of the N-MORB type. Investigations of fluid inclusions revealed that gabbro and dolerite formed under the influence of an
active hydrothermal system at a temperature of 205-226°C. Thus, the Sierra Leone Fracture Zone is considered to be perspective for the
discovery of a new hydrothermal field.

The analysis of data on the location of hydrothermal fields, seismicity, and satellite altimetry evidences that hydrothermal fields tend to
be grouped in areas with generally low seismic activity and at intersections of discontinuities and rift zones in mid-ocean ridges with low
spreading velocity (Mazarovich and Sokolov, 1998). Based on the model considered in this paper, fluids migrate along the rift strike in line with
the orientation of fractures. In such a case, places of ore component discharge should be located in the most stable areas of rift zones, where
favorable conditions for long-term (up to some tens of thousand years) stable circulation of hydrothermal solutions are available.

The analysis of earthquake epicenter location data (CNSS..., 1997) revealed that the equatorial Atlantic (Fig. 1) incorporates two regions
where earthquakes are not recorded or significantly lower than in the adjoining segments of the Mid-Atlantic Ridge (MAR). The first region is
situated in the St. Peter Fracture Zone area (2040/ N), while the second region is located in the Sierra Leone Fracture Zone area (6° N). Both
faults have short active segments and can be attributed to discontinuities.
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Fig. 1. Distribution of earthquake epicenters (CNSS..., 1977) in Atlantic Ocean equatorial part.

The map is based on satellite altimetry (Sandwell and Smith, 1997). Arrows indicate the areas with lowered seismicity. Latitudes and
longitudes are given in degrees up to the decimal place.

We investigated the Sierra Leone Fracture Zone in 2000 during Cruise 22 of the R/V Akademik Nikolaj Strakhov (Peyve et al., 2000). A
bathymetric swath survey with the SIMRAD 12S multibeam echosounder and dredging were carried out. They allowed us to detect rocks with
hydrothermal alterations and sulfide mineralization.

GEOLOGICAL SETTING OF THE HYDROTHERMALLY ALTERED ROCKS
The MAR rift zone between the Strakhov Fracture Zone (4° N) and 7° 10' N Fracture Zone is divided ini. three large segments. The

southernmost segment located between the Strakhov Fracture Zone anc 5°05' N. The almost meridional rift valley developed here has a
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straight linear shape. It is bounded by rir mountains complicated by near-latitudinal saddle (Ekvatorial'nyi..., 1997). The dredging
recovered here only differently altered basalts. The second segment i-located between 5°05' N and 6°\5' N. The general strike of the rift zone is
320°. It consists of three iso-lated intricate depressions. Its western wall is composes of narrow elongated ridges with the meridional strike
changing into 320° at 5°05' N. The third segment is a topographically well-expressed rift valley with neovolcanic ridges. The rift structure is
disturbed by two large latitudinal fracture zones (6°54' N Zone and Sierra Leone Zone at 6°-6°'20' N). Based on the satellite altimetry data
(Sandwell and Smith, 1997), both zones are marked by clear linear gravity minima. Ultramafic rocks and gabbroids are widespread on the rift
valley walls. Itsb bottom is composed of fresh pillow basalts.

The area of the intersection of the Sierra Leone Fracture Zone with the rift valley has a very complex structure (Fig. 2). The rift valley
consists of two branches separated by a mountain with the minimum depth of 1902 m. We propose to name this mountain "Leonov Mountain"
in honor of the late professor Georgii Pavlovich Leonov, Geological Faculty, Moscow State University (see more detail in http://atlantic.tv-
sign.ru/names/russian/names_r.html).   The eastern branch is a narrow valley with slopes rising up to 750-800 m. It sharply changes the trend
from near -meridional valleys to the north  the Leonov Mountain. The western branch turns east and can be traced to the south of the Leonov
Mountain.
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Fig. 2. Seafloor topography at the intersection of the rift valley and Sierra Leone Fracture Zone
(100 m contour interval).

Triangles are locations of dredging stations. Stations are numbers given to the right; rocks types, to the left. (BS) Basalts, (U) ultramafic rocks,
(GB) gabbro, (DL) dolerites.

During Cruise 22 of the R/V Akademik Nikolaj Strakhov, the dredging was carried out at four stations in the study area considered to
be perspective for finding hydrothermal activity, (Fig. 2). Two stations are located on the northeastern slope of the Leonov Mountain (S2231
and S2232); the third station, at the branching of the rift valley (S2234); and the fourth station, in the eastern branch of the rift (S2230). Rocks
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with signs of hydrothermal alteration were detected at stations S2231, 2232, and 2234. The material from Station S2234 is of special
interest, because it contains abundant sulfide minerals.

Dolerite with sulfides.

Foto - P.Morozzi (IGM CNR, Bolognha, Italy)

At stations S2231 and S2232, serpentinized and amphibolized mantle ultramafic rocks prevail. Breccia with ultramafic clasts is also
present. Rocks with the predominance of gabbro, gabbrodolerite, and dolerite were dredged at Station S2234. These rocks are fragments of a
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dike complex, which is testified by rectilinear quenching contacts between medium-grained gabbro and dolerite with the formation of
aphyric basalts. Slickensides and fine zones offoliation develop in dolerite.

Specific feature of ore formation in the Sierra Leone Fracture Zone were scrutinized using rock samples from Station S2234. Special
attention was paid to dol-eritic porphyrites containing sulfide mineralization. The rocks are strongly altered, and secondary minerals
(amphiboles, chlorites, and others) are widespread. At the same time, porphyritic plagioclases preserved the primary magmatogenic
appearance. The thermobaro-geochemical analysis revealed fluid inclusions in secondary minerals (amphiboles) and melt inclusions in large
porphyritic plagioclases. We obtained convincing information pertaining to physicochemical parameters of the magmatic and hydrothermal
systems in the Station S2234 area.

STUDY METHODS. Compositions of sulfides, melt inclusions, and inclusions-hosting minerals were determined using a Camebax-
Micro X-Ray analyzer. The melt inclusions were studied in the high-temperature thermochamber with an inert medium (Sobolev and Slutskii,
1984). Experiments with the inclusions were executed taking into consideration the recommendations proposed in (Magmatogenfiaya
kristalliz.atsiya..., 1975; Sobolev and Danyushevsky, 1994), as well as on the basis of our own experience (Simonov, 1993). Fluid inclusions were
studied with the help of thermometric and cryo-metric methods (Ermakov and Dolgov, 1979; Roedder, 1984) in the medium-temperature
chamber and cryo-chamber with an original design (Simonov, 1993). Data on fluid inclusions were processed on a computer using the
PETROLOG Program (Danyushevsky, 1998). Thus, we obtained additional information on parameters of the basaltic magma systems.

The analytical study was conducted at the United Institute of Geology, Geophysics, and Mineralogy, Novosibirsk.

PETROGRAPHIC AND MINERALOGICAL FEATURES OF ROCKS. Hydrothermal rocks at stations S2231 and S2232 are mainly
represented by carbonate veins in ultramafic rocks often containing vugs and druses of small arago-nite crystals. Breccia of serpentinite clasts
is of particular interest. It is cemented by carbonate material with overgrowths of druses of elongated small aragonite crystals (up to 5 mm). At
Station S2234, the influence of hydrothermal systems on rocks is expressed in the replacement of clinopyroxene by amphiboles (predominantly
actinolite) and wide development of sulfides.

Samples of doleritic porphyrites recovered by dredging at Station S2234 were studied in more detail in order to reveal specific features
of ore-forming processes in the Sierra Leone Fracture Zone. They contain phenocrysts of rather fresh plagioclase (up to 5 mm in size) and
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clinopyroxene replaced by actinolite and chlorite (up to 1 mm). The matrix has predominantly doleritic texture with elongated
plagioclase microcrys-tals (up to 0.5 mm). The studied samples (S2234/22 and S2234/37) are characterized by the presence of numerous
aggregates (up to 4 mm) of sulfides, which fill up in some places interstices between small elongated plagioclase crystals in the porphyritic
matrix. In other places, sulfides penetrate along fractures in altered (mainly pyroxene) phenocrysts. Sulfides are also developed along borders
of large grains. Thus, judging from morphology of these aggregates and their relationship with silicates, one can suggest that sulfides of the
first group were formed at the last stages of magmatic processes, and the second group of clearly secondary sulfides, originated as a result of
hydrothermal processes. The polygenous nature of sulfides is also proved by their compositions.

The sulfides from interstices between magmatic silicate minerals are characterized by the presence of cubanite , which form
disintegration structures together with chalcopyrite. The presence of cubanite, which is typical of high-temperature and magmatic ore deposits
(Ramdor, 1962), testifies, first, to sufficiently high temperatures of the formation of these sulfides and, second, to their possible magmatic
origin. Not only chalcopyrite but also pyrrhotite is found in association with cubanite. Pyrrhotite most probably is a product of the decay of
cubanite at lower temperatures (Ramdor, 1962).

Sulfides from fractures in altered large pyroxene grains are generally represented by pyrrhotite. The development of pyrrhotite along
fractures in intensively altered phenocrysts in association with secondary minerals, such as actinolite and chlorite, evidences its hydrothermal
origin.

Hence, specific features of the ore mineralization noted above suggest that the sulfides formed under an active influence of both
hydrothermal and magma systems. We determined the parameters of solutions and melts based on the study of melt and fluid inclusions.

CHARACTERISTICS OF MELT AND FLUID INCLUSIONS
Melt Inclusions. Primary melt inclusions (5-30 \lm in size) were found in plagioclase from doleritic porphyrite (Sample S2234/37). These

platy inclusions are arranged as rectilinear zones and bands, which sometimes completely fill up small phenocrysts. Fine-grained light and
dark phases predominate in the inclusions. The homogen-ezation temperature of the inclusions is sufficiently high and varies from 1210 to
1255°C. Despite the large scatter in values, one can observe a stable direct correlation between the homogenezation temperature and
magnesium content. In most cases, the homogenezation temperature is in agreement with the liquidus temperature, which was calculated with
the use of the PETROLOG Program, within the accuracy of measurements. This indirectly suggests relative dryness of the melts. These data
serve as an independent criterion for the validity of results obtained from the study of fluid inclusions.

The analysis of inclusion composition showed that characteristic geochemical parameters of the melts, such as FeO/MgO and TiO^
content, practically do not change with temperature decrease. The Fe index (approximately 0.8-1.0) is independent of the Ti content. All these
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data suggest the absence of fractionation and the primitive nature of the melt. Taking into consideration very low concentration in
melt inclusions, we can conclude that the gabbrodolerite-forming magma at Station S2234 belongs to the N-MORB type.

Melting parameters of the mantle substratum and primary basaltic magma formation were estimated for rocks from Station S2234
based on melt inclusion data according to the procedure described in (Schilling etaL, 1995). It turned out that the melting took place mostly at
a depth of 40-80 km and at a temperature of about 1310-1470°C. These results agree with the previously obtained estimates of primary melt
generation depths in the MAR (Simonov et al., 1999; Schilling etal., 1995; Shen and Forsyth, 1995). The comparison of physicochemical
conditions of magma crystallization with the parameters of primary melts showed that compositions and temperatures of the magma systems,
which produce gabbrodolerites, lack any correlations with depths of the generation of primary mantle magma. We can only note some decrease
in the Mg content in liquidus melts with increase in the magma generation depth.
The analysis of melt inclusions reveald that magmatic rock associations from Station S2234 formed from low-potassium  (probably H2O-poor)
primitive melts of the N-MORB type. Thus, endogenic fluid components of these melts hardly could strongly effect the composition of rock-
altering hydrothermal solutions.

Fluid Inclusions. The examination of samples, thin sections, and polished plates of dolerite testifies that a sufficient part of ore
mineralization in samples from Station S2234 is most likely related to hydrothermal processes. In other words, hydrothermal solutions, which
transformed initial rocks and produced secondary mineral associations, were to a certain extent responsible for the sulfide mineralization.

Amphiboles from Sample S2234/22 contain uniformly distributed and most likely pseudosecondary fluid inclusions, 5-15 Mm in size.
The flat, slightly faceted inclusions contain a light-colored fluid and a small gas bubble. Experiments carried out in a microcryo-chamber
allowed us to establish that the eutectic temperature ranges from -22.7 to -22.9°C, suggesting the predominance in the solution of sodium salts
(mainly NaCl) with an admixture of Na2SO4 and KC1. The latter crystals dissolve at temperatures ranging from -2.5 to -3.2°C, indicating that
the salt concentration is 3.8-5.0 wt %. Measurements in a microthermochamber showed that the inclusions become completely homogeneous at
174-196°C. Taking into account the water-depth at Station S2234 and correction for pressure (350 bar as minimum), the temperature of
hydrothermal solutions varies from 205 to 226°C.

The study of fluid inclusions in dolerite-hosted secondary minerals at Station S2234 revealed that active hydrothermal systems with
temperatures of 205-226°C are functioning in the area. Solutions of these systems are dominated by NaCI with an admixture of Na2SO4 and
KC1, and the total salt concentration is 3.8-5.0 wt %. The low salt content and the predominance of sodium compounds indicate that seawater
was the source for these hydrothermal solutions. The presence of Na2S04
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CONCLUSIONS
(1) Cubanite, chalcopyrite, and pyrrhotite prevail among sulfide ore minerals in gabbrodolerites and dol-erites from Station S2234.

Specific structural and compositional features of sulfides allow us to suggest the influence of both hydrothermal and magmatic processes on
their formation.

(2) Based on melt inclusion data, magmatic associations from Station S2234 formed from high-temperature (1210-1255°C), ,
low-K melts of the N-MORB type.

(3) Based on fluid inclusion data, gabbro and doler-ite recovered at Station S2234, were situated in the area of an actively operating
hydrothermal system with temperatures of205-226°C. The solutions are dominated by NaCI, and the total salt concentration is 3.8-5.0 wt %.
The low salt content and the predominance of Na evidences that seawater was the source of hydrothermal solutions. The presence of Na2S04 in
hydrothermal solutions testifies to the active participation of salts in the sulfide formation.

 (4) In general, the sulfides studied at Station S2234 have both hydrothermal and magmatic origin. They were most probably formed at
the level of subintrusive gabbrodolerites rather than on the ocean floor. Provisionally "dry" melts of the N-MORB type with a minimum water
content and low-concentration hydrothermal solutions based on seawater actively participated in the ore formation.

(5) The theoretical assumption of the assignment of hydrothermal systems to areas with lowered seismicity (Mazarovich and Sokolov,
1998) do not contradict the results of geological sampling in the Sierra Leone Fracture Zone and can be accepted as the basis for planning
marine expeditions within the discussed topic. The analysis of the detailed bathymetric map with 10-m contour intervals (Fig. 6) shows that the
seafloor area at Station S2234, which is located between two branches of the rift, is marked by the presence of many rounded hills (20-30 m
high) and mountains (up to 200 m high), which can be interpreted as volcanic edifices of the central type. The similar seafloor topography is
fairly typical of areas with black smokers (Bogdanov, 1997). Hence, precisely this region is of primary interest for the detailed prospecting for
new ore-forming hydro-thermal systems.
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Hydrothermal fields in the Mid-Atlantic Ridge: Setting and prospects of further discoveries

A. O.  Mazarovich and S. Yu. Sokolov

Abstract

Analyzed is the setting of active and inactive hydrothermal fields and sulfide occurrences on the Mid-Atlantic Ridge between 65°N and
65°S. Multifaceted interpretation of the data has enabled a prediction of how sulfide mineralization is distributed in the Atlantic Ocean.

Introduction

Analyzing the InterRidge database (Hannington, 2001) shows that, by now, 97 active hydrothermal fields have been discovered in all the
earth’s oceans, including seas. Of the entire population, 15 occurrences fall in the Atlantic basin, 72 in the Pacific, and the rest, in the Indian
and Arctic oceans. This study is focused on the Atlantic Ocean alone, between Iceland on the north and the Bouvet triple junction region on the
south.
Several years ago, Mazarovich and Sokolov (1998) noted that on the Mid-Atlantic Ridge (MAR), hydrothermal fields gravitate to rift zones
with low to zero seismicity (for samples of M 4+ events). In addition, these regions have been shown to contain discontinuities. Our analysis has
covered the span between ca. 14°N and 30°N. Based on these two criteria, hydrothermal mineral occurrences may be expected to exist south of
7°N in the Atlantic Ocean.

. 59 77Litbology and Mineral Resources, Vol

15.02.2008file://E:\www_main\ofr\2003\hydrothermal_fields\hydr2003.html



There, in the summer of 2000, cruise 22 of the R/V Akademik Nikolai Strakhov  (GIN RAS) was conducted (Peyve et al., 2000), resulting
in the detection of rocks that show hydrothermal alterations and sulfide mineralization.

R/V Akademik Nikolai Strakhov in Mindelo (Cabo Verde), 2000
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R/V Akademik Ioffe in Antarktic

The new data have provided the basis for predicting sulfide mineralization for this area (Mazarovich et al., 2001). Based on the
prediction just mentioned and on the results of the SIMRAD E -12 multibeam echo sounder bathymetric survey performed by the R/V
Akademik Nikolai Strakhov, this area was re-explored in 2001 by a GIN RAS team headed by S.G. Skolotnev on board the R/V Akademik
Ioffe. These studies have yielded further evidence for the presence of sulfides at the predicted locality, as well as in another low seismicity rift
segment, the Markov Hole, which is the deepest (4975 m BSL) basin in the MAR rift zone.
The above is weighty evidence that aseismic areas (i.e., those lacking large events and continuous record of small events along the entire length
of the ridge) of slow spreading mid-ocean ridges are most favorable for hydrothermal systems to form in, and, hence, for sulfide
mineralization. These considerations afford a prediction of localities that hold the greatest potential for sulfide mineralization in the Atlantic
Ocean as well.
Our prediction draws on satellite altimetry data (Sandwell and Smith, 1997; Smith and Sandwell, 1997), earthquake epicenter distribution
(CNSS.., 1997), and a variety of geological data.

Hydrothermal fields and sulfide mineralization: Structural setting in the Atlantic
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To date, several active and inactive hydrothermal fields and methane plumes have been detected in the Atlantic Ocean between 14°N
and Iceland (Fig. 1).
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Fig. 1. Location of active and inactive hydrothermal fields and
sulfide mineralization in the northern part of the Mid-Atlantic Ridge.

Hereinafter, latitudes and longitudes are given in degrees (to the first decimal place). Topographic base, from satellite altimetry data
(Smith and Sandwell, 1997). Earthquake epicenters, from CNSS Earthquake Composite Catalog. 1–2 hydrothermal  fields: 1 – active (with
proper names) and 2 – inactive; 3 – sulfide mineralization; 4 – hydrothermal alteration; 5 – metalliferous sediments; 6 – methane plume; 7 –
area with potential for sulfide mineralization and/or active hydrothermal fields; 8 – earthquake epicenter.

Location of hydrothermal fields

Analyzing the tectonic setting of active hydrothermal fields discerns two principal groups. Group one (Rainbow, Lucky Strike,
Reykjanes, etc.) cluster at those segments of the Mid-Atlantic Ridge immediately adjacent to the Azores and Iceland hot spots. These portions
of the spreading system are marked by the absence of fracture zones (FZs) with considerable offsets and by smooth topographic relief. Their
structural characteristics have been repeatedly discussed in publications (e.g., Almukhamedov et al., 1990)). Group two (Broken Spur, TAG,
etc.) are found in that segment of the ridge with major FZs (Atlantis, Kane, Cape Verde) hundreds of kilometers apart and with numerous
discontinuities in-between. Water depth above the fields ranges from hundreds of meters (as on the Reykjanes Ridge) to 3650 m (as on the
TAG active mound). It is at the bends of rift valleys that black smokers cluster. This can be exemplified by the Broken Spur field (Fig. 2A).
Here, clearly visible are rift valley bends and fractures approaching the valley.
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Fig. 2. Relationship of discontinuities and aseismic segments of the Mid-Atlantic Ridge.

. 65 77Litbology and Mineral Resources, Vol

15.02.2008file://E:\www_main\ofr\2003\hydrothermal_fields\hydr2003.html



 – location of the Broken Spur field. B – study area in the South Atlantic. Earthquake epicenters, from (CNSS…, 1997).
Cartographic base, from predicted topography (Smith and Sandwell, 1997). 1 – Broken Spur active hydrothermal field, 2 – earthquake

epicenter, 3 – dredge station.

The location of inactive hydrothermal fields coincides with zones of present-day hydrothermal activity, except for the edifices north of
Cape Verde FZ and north of Kane FZ. In both cases, however, these are regions that are distinguished by relatively low seismicity. Water
depth above the fields ranges from 1700 m (Lucky Strike) to 3900 m  (at 24°30'N).

Setting of sulfide mineralization

Sulfide mineralizations of various origins and bedrock zones showing strong hydrothermal imprints have a wider geographic spread,
from the Atlantis FZ region to the Bouvet triple junction. The stations that yielded sulfides lie in water depth between 2200 m (Fersman Smt.)
and 4800 m (Markov Hole).
Alongside data of common knowledge, Russian and Western publications offer evidence contributing to the InterRidge database on sulfide
mineralization and seafloor degassing. This information was acquired by the R/V Antares (cruise 9, dredge 46; 1990), the R/V Akademik
Nikolai Strakhov (cruise 7, dredge  71, 1988; cruise 9, dredges 27, 36, 41, 1989; cruise 18, dredge 43, 1994; cruise 22, dredge 34, 2000), the R/V
James Gillis (cruise 7309, dredges 58, 93, 1973), the R/V Pillsbury (cruise 7003, dredge 25, 1970), the R/V Geolog Fersman (cruise not specified,
dredges 74, 130, 192), the R/V Akademik Ioffe (cruise 10, dredge 32, 2001), the R/V Gelenzhik (cruise 96, dredge 17, 1996), and the R/V
Akademik Kurchatov (cruise 20, the photograph of gas bubbles, 1975).
Sulfides were recovered from various parts of rift valley slopes, from corner highs (Fersman Smt.), transverse ridges (on the west of the active
segment of the Romanche FZ), directly from the FZs (Sierra Leone FZ) (Fig.  3A), and outside present-day rifts (the Bouvet triple junction
region and Spiess Ridge). Almost everywhere, sulfide occurrences were found to be associated with tectonization and strong hydrothermal
imprints in wallrock and to coincide with low seismicity zones.
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Fig. 3. Location of sulfide mineralization with respect to aseismic segments of the Mid-Atlantic Ridge
(Sierra Leone FZ region) (A) and a structurally similar portion of the South Atlantic (B).

Earthquake epicenters, from (CNSS…, 1997). Cartographic base, from predicted topography (Smith and Sandwell, 1997).
1 – earthquake epicenter, 2 – dredge station, 3 – dredge station with sulfide mineralization; 4 – structurally similar areas.

Likely structural setting of sulfide mineralization in the South Atlantic between the equator and 55°S
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In the South Atlantic, only sporadic sulfide occurrences and a unique indication of hydrothermally altered rocks (at 24°S) have been
reported (Fig. 4). The Mid-Atlantic Ridge trends roughly NS without major bends or transform offsets. Overlaying earthquake epicenters on
altimetry data shows that here, just as in the North Atlantic, aseismic tracts exist, some of them being larger than those in the North Atlantic
(south of Ascension I., 52°S) (Fig. 4).
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Fig. 4. Map showing predicted sulfide occurrences in the southern part of the Mid-Atlantic Ridge.

Topographic base, from satellite altimetry data (Sandwell and Smith, 1997). Earthquake epicenters, from CNSS Earthquake Composite
Catalog.

1 – sulfide mineralization, 2 – hydrothermal alteration, 3 – earthquake epicenter, 4 – hot spot, 5 – area with potential for sulfide mineralization
and/or active hydrothermal fields.

Noteworthy is that they can be either related or unrelated to FZs. In view of the considerations discussed in the previous section, it is
probably worthwhile to focus on the former. Promising areas like this could be found south of Ascension I. (which is remarkably complex in
architecture), between the Martin Vaz and Hotspur FZs, 20°S (Fig. 3B), and at 45°S. Two similar localities exist on the Southwest Indian Ridge
(Fig. 4), in the regions of the Shaka and Jabaru FZs.
Of special interest are aseismic zones in the Bouvet triple junction region. As mentioned above, these zones have also yielded sulfide
mineralization. One locality is the Spiess Ridge, on which a vast caldera has been mapped. The large Axial Volcano caldera, albeit occurring in
a different geodynamic setting (on the Juan de Fuca Ridge), is known to be associated with a major hydrothermal field, currently being studied
under the NeMO (New Millennium Observatory) Project (http://newport.pmel.noaa.gov/nemo_cruise98/project.html). Another locality is
situated directly near Bouvet Island — in other words, in the vicinity of the Bouvet triple junction hot spot.

Discussion

Over a timespan of more than 100 years, the Mid-Atlantic Ridge has been dredged relatively thoroughly. We do not know the total
number of samples obtained, yet the number of stations from which we have data is 4500. Judging from this random sample, the ridge has been
studied in a depth range from 5000 m to a few tens of meters. Sampling involved all the principal morphostructures of rift valleys and active
segments of the FZs, the percentage of dredge hauls with sulfide mineralization being very low. Thus, of the ca. 850 dredge hauls performed by
the R/V Akademik Nikolai Strakhov, only six (0.7%) brought sulfides. This implies that sulfides are not developed in a continuous belt along
the entire length of the ridge, but are constrained to within certain nodes.
The nature of aseismic segments of the ridge appears to be critical to unraveling the setting of sulfide mineralization. Most likely, these
segments are zones of relatively high heat flow, which is responsible for lithospheric ductility. This is further supported by heat flow data
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(Podgornykh and Khutorskoy, 1997). It is from aseismic zones of the MAR axial zone (as, e.g., in the Markov Hole region, at 10°N, and
at St. Peter FZ) that  elevated heat flow values (>70 mW/m2) have been recorded. Elevated heat flow values, however, have been documented
on transverse ridges (Vema FZ) as well. The anomalous nature of these regions is also expressed topographically. Here, rather complexly built
nodes exist, whose distinctive feature is large blocks sitting inside fracture zones (e.g., Georgy Leonov Smt. in Sierra Leone FZ; St. Peter FZ;
the rift segment between Cape Verde and Marathon FZs), and which were mapped reliably enough using multibeam echo sounders during the
R/V Akademik Nikolai Strakhov cruises. Judging from the “predicted topography” data (Smith and Sandwell, 1997), such zones exist in the
South Atlantic as well (Figs. 3B, 4).
Let us now discuss the correlation of the data along a profile drawn along the Mid-Atlantic Ridge (Fig. 5). This plot shows generalized
information on (i) topographic relief and the free air gravity field, (ii) seismicity, (iii) distribution of sulfide mineralization, (iv) Bouguer
anomalies, and (v) seismic tomography. With respect to everything pertaining to sulfide mineralization proper, seismic tomography, seismicity,
and gravity anomalies provide a background data set, based on which correlation is performed. This data set enables an internally consistent
interpretation of correlative anomalies and those features discernible on the profile. This is detailed below.
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Fig. 5.  Correlation of geophysical fields, seismicity, and hydrothermal occurrences
along the Mid-Atlantic Ridge:

(A) Free air gravity anomaly from satellite altimetry data (Sandwell and Smith, 1997) and fracture zones intersecting the MAR;
(B) Seismicity along the MAR (http://quake.geo.berkeley.edu/cnss/),  hydrothermal  occurrences, and predicted hydrothermal features: 1 –
active hydrothermal  occurrence, 2 – inactive hydrothermal occurrence, 3 – sulfide mineralization, 4 – methane plume, 5 – area with potential
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for sulfide mineralization and hydrothermal activity. (C) S-wave velocity section based on the RG5.5 seismic tomography model (Zhang
and Tanimoto, 1992) and the classic Bouguer anomaly.

The seismic tomography pattern obtained from S-wave data best reflects the temperature regime and partially molten state of the
mantle (Becker and Boschi, 2002). Our analysis draws on the RG5.5 model (Zhang and Tanimoto, 1992) for spherical harmonics up to the 36th
order parametrized on 5° x 5° blocks, in particular, a velocity variation profile along the MAR to a depth of 500 km. This profile shows clearly
three minima (Fig. 5C), corresponding (from north to south) to the Iceland, Azores, and South Atlantic plumes. Above these plumes, basaltic
magmatism is especially massive (Dmitriev et al., 1999b). In combination with slow spreading, this gives rise to distinct positive anomalies of
seafloor topography along the ridge axis, because in these MAR zones basaltic products accumulate appreciably more vigorously than in zones
of “background type” magmatism (Dmitriev et al, 2001c). These topographic anomalies induce free air gravity anomalies (Fig.  5A), largely
reflecting variations of the most contrasting density discontinuity, the water/seafloor (crust) boundary. Following the classic (2.75 g/cm3
density) Bouguer anomaly scheme, removal of the influence of topography from free air gravity anomalies leaves an anomalous field that is
chiefly induced by variations of the Moho, because this is the next most contrasting boundary in the density section near the surface (Fig. 5C).
The Bouguer anomaly thus obtained, due to isostatic mechanisms at work, is a mirror image (with respect to free air anomalies) of the
topographic anomalies induced by the massive basaltic melts of the plume assemblage. In addition to the Moho influence, this anomaly includes
the influence of deeper seated (but less contrasting) density inhomogeneities, whose contributions to the anomalous field we have not separated.
On the tomography section, note the match of the principal Bouguer lows and their correlative minima, represented by zones of low density
mantle, as well as the marked (ca. 10 arc degrees, or ~1000 km) southward displacement of the Azores and Iceland plumes. Tomographic
anomalies are displaced in this manner from Bouguer anomalies because the contribution from deep seated density variations is considerably
smaller than that from the Moho. This implies that the region of low density mantle material of the plume is displaced from the relatively
massive basaltic melts, marked by gravity anomalies. The above is not at variance with the published data on the southward migration of the
Azores plume (Dmitriev et al, 2001b, 2001d; Cannat et al, 1999).
Let us now analyze Fig.  5B, which draws on seismic data (CNSS…, 1997). On Fig.  5, correlation of seismicity with the other geophysical
parameters shows that in plume regions, seismic events are more frequent and have lower magnitudes than those in the “cool” mantle region
near the equator and in certain fragments to the north. The correlation of seismicity to geophysical and petrologic parameters is detailed in
(Dmitriev et al., 1999b). The above does not apply to the reduced frequency of seismic events in the South Atlantic, which is an artifact of the
sparser network of recording stations in this part of the world. It is readily apparent that seismicity distribution along the ridge shows
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“clusters” ca. 1.5–2 arc degrees across, with the documented sulfide occurrences and other related phenomena gravitating to the spaces
between the “clusters.” In discussing the relatively well-understood North Atlantic, it is worth notice that sulfide occurrences gravitate not to
zones of strong, not frequent seismic events (for samples of M 4+ events) as such, but to zones associated with plume phenomena in the upper
mantle.
In our opinion, the most likely underlying cause of this relationship is that the presence of the plume propagating (or simply functioning) along
the ridge gives rise to an additional joint system in the crust, which facilitates water influx and circulation and water enrichment in
components typical of hydrothermal solutions. In addition, massive plume-related basaltic magmatism, the supply of essential volatiles in the
plume zone, and elevated heat flow, create further conditions to promote hydrothermal activity. Fractured zones also promote serpentinization
processes and associated methane production (Charlou et al, 1998; Dmitriev, Bazylev, et al., 1999a; Dmitriev et al, 2001a). It is also observed
that active hydrothermal edifices are displaced slightly southward from inactive ones, which may be further evidence for migration of the
plume and its related hydrothermal systems. This implies that products of hydrothermal activity, potentially taking place in zones lacking
strong seismic events, may be detected not only in the regions of present-day mantle plumes, but also in those areas outside the MAR zone that
contain inactive hydrothermal edifices.

Conclusions

Let us summarize the regularities of sulfide distribution along the MAR.
(1) In the MAR axial zone, active and inactive hydrothermal edifices and sulfide mineralization are not distributed randomly, but are confined
to zones of elevated ductility, marked by low seismicity (for samples of 4+ M events).
(2) In association with these zones, discontinuities are often found that may offer further evidence for the low density (elevated ductility) of the
crust of these portions of the MAR.
(3) In searching for hydrothermal edifices and sulfide mineralization, it is worthwhile to focus, in addition to the above, on plume zones, as
detected from seismic tomography data in both the North and South Atlantic.
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