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FOREWORD

Dramatic advances in understanding global tectonics have been made in
the last half century and the information and specific data acquired on the
floor of the World Ocean by the scientific community probably has excee-
ded that available in all previous time. With the benefit of new technology
and advanced concepts in the earth sciences extensive exploration of the
deep seabed became possible, and has been carried out in many parts of the
world. Many features have been recognized and data recorded that are vital
for understanding the fundamental processes that shape the earth’s surface
and control the habitable environment. The data collected to date on the oce-
an floor and its physical environment greatly exceeds our understanding and
appreciation of their fundamental importance in the earth sciences, and our
ability to apply this knowledge effectively in improving our way of life.

With his extensive scientific knowledge and unique experience from ma-
ny cruises in association with scientists throughout the world, Dr. Evgeny
Gurvich has made an outstanding contribution in acquiring basic data on
hydrothermal and sedimentation processes in the ocean, as well as in the
synthesis of data and concepts available from cruise reports and an extensive
literature. This book reports his pioneer efforts and exceptional contribution
to the earth sciences in demonstrating the relationship of the physical and
chemical properties of hydrothermal discharge, the spreading rate, dynamics
and tectonic setting of the ocean ridges through time, and the general physi-
cal and chemical features in the ocean that influence and control the deposi-
tion of metalliferous sediments and the accumulations of mineral resources
of interest to world industry.

By defining and describing the specific sedimentation and genetic pro-
cesses leading to mineral deposition on the ocean floor this volume is a
pioneer achievement in demonstrating how fundamental scientific data on
the sea floor can be used effectively in locating, exploring and evaluating
the vast mineral resources that are available to the world.

The author of this exceptional volume is anxious to obtain support for
continuing his scientific research and dedicated service in exploring the
new frontiers of ocean geology and mineral resources.

Gordon A. Gross
Ph.D., Senior Resource Geologist, Emeritus
Geological Survey of Canada, Ottawa



PREFACE

Metalliferous sediments are the most widespread hydrothermal object in
the World Ocean. Their fields are halos of dispersion of submarine hydro-
thermal mineral forming systems, and the metalliferous sediments carry in-
formation on these systems. | have always tried to remember it dealing
with data on the metalliferous sediments.

During work on this book | have had three main goals:

- to offer in a condensed form what is, in my opinion, the most important
information and data on the distribution, composition and accumulation
rates of the metalliferous sediments and their components;

- to trace the process of formation of composition of the metalliferous sedi-
ments from effluence of hydrothermal metal-bearing matter to the ocean to
its accumulation on the floor;

- to show the opportunities provided by studies of the metalliferous sedi-
ments for solving scientific and practical problems.

For the preparation of the book I have used original materials and the re-
sults of analyses of samples collected during many years in the expeditions
of the P.P. Shirshov Institute of Oceanology, Moscow (Cruise 3 of DES
Ob; Cruises 8, 14 and 25 of R/V Dmitry Mendeleev; Cruise 24 of R/V Aka-
demik Kurchatov; Cruises 7, 12, 15, 21, 23, 31, 34, 35, 41 and 42 of R/V
Akademik Mstislav Keldysh; Cruise 3 of R/V Professor Shtokman), of the
All-Union Institute for Geology and Mineral Resources of the World Oce-
an, Sankt-Petersburg (Cruise 4 of R/V Geolog Fersman), in Legs 6 and 35
of D/S Glomar Challenger (collections of Alexander Lisitzin and Yury
Bogdanov) and in Leg 138 of D/S JOIDES Resolution (collection of Mi-
khail Levitan). The DSDP/ODP Directory furnished many samples on our
request. All samples have been analyzed in the Laboratory of Physical
Geological Research of the P.P. Shirshov Institute of Oceanology or on
board the ships during expeditions. Numerous published data have been
used along with the results and data from these analyses.

Probably some important data and information have been overlooked or
provided in insufficient detail. If this is the case the list of references will
be of interest and indicate papers and publications where the desired infor-
mation may be found.



xii  PREFACE

The goals set in the preparation of this book will have been achieved if
it provides new incentive for study of the metalliferous sediments and
arouses the interest of specialists and students in the allied earth sciences
and applied geology.

For more than 25 years | worked at the P.P. Shirshov Institute of Oce-
anology in Moscow and studied the geochemistry of river run-off and of
mixing zones of rivers and seas, the geochemistry of a number of chemical
elements in the ocean sedimentary cycle, the sedimentation in Arctic seas
and on continental slopes, the metalliferous sediments and submarine hyd-
rothermal activity. Since 2002 1 live in Germany. In 2003 I joined the Alf-
red Wegener Institute for Polar- and Marine Research in Bremerhaven
(AWI) as a guest scientist and worked on the composition of bottom sedi-
ments in the Russian Arctic seas. At the beginning of 2005 my contract at
the AWI run out. If my knowledge and experience are of interest for some
organization in any country, | ask to consider this book as an application
and contact me.

Acknowledgements

I would like to express my sincere gratitude to my teachers Yury Bog-
danov and Alexander Lisitzin. Not only have they introduced me to and
taught me science, but also they have encouraged me to write this book.
Alexander Lisitzin has always supported me and helped me in difficult si-
tuations.

I am very pleased to thank my colleagues for friendly cooperation in
joint work in many ocean expeditions. In the course of my work | constan-
tly received the support and accepted the good advice of my friends and
colleagues: Genrikh Arnautov, Nikolay Bortnikov, Georgy Cherkashev,
Lyudmila Demina, David Gershanovich, Yury Girin, Zinaida Gorbunova,
Vladimir Gordeev, Vyacheslav Gordeev, Dmitry Grichuk, Alexandra Isa-
eva, Georgy Ivanov, Nikolay Katargin, Sergey Krasnov, Alexander Kras-
nyuk, Anatoly Kurinov, Tat'yana Kuz'mina, Lev Lebedev, Alla Lein, Mi-
khail Levitan, Vyacheslav Lukashin, Areg Migdisov, Alexey Mitropolsky,
Lev Moskalev, Konstantin Muraviov, Inna Nemirovskaya, Alexander No-
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During my studies of metalliferous sediments | benefited from the coo-
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I am much obliged to Dr. Wolfgang Engel for his support and good ad-
vice during preparation of the book for publication.
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INTRODUCTION

Metalliferous sediments are unconsolidated deep-sea deposits that form
in volcanically active areas on the floor of oceans and seas. An admixture
of hydrothermal metal-bearing matter from the interior in the Earth’s crust
was and is being contributed to the ocean by submarine high-temperature
springs and as a result the abiogenic part of these sediments is enriched in
Fe, in a number of trace elements, in many places in Mn, and depleted in
Al and Ti.

Some criteria for distinguishing metalliferous sediments have been offe-
red. According to Bostrom (1973), metalliferous sediments have a ratio of
Fe/(Al+Fe+Mn) greater than 0.5, a ratio of Al/(Al+Fe+Mn) less than 0.3,
and a ratio of (Fe+Mn)/Al greater than 2.5. According to Strakhov (1976),
metalliferous sediments have a ratio of (Fe+Mn)/Ti greater than 25. Lisi-
tzin et al. (1976) considered that sediments that have 10% or more Fe in
the abiogenic part and that are depleted in Al and Ti are metalliferous. This
criterion is used in this book. Metalliferous sediments, which contain more
than 30% Fe, are also referred to as "ore sediments” (Butuzova 1989; Lisi-
tzin 1993). Nevertheless it must be remembered that all criteria mentioned
here follow conventional use, and significant amounts of hydrothermal
matter accumulates on the ocean floor outside the areas mapped as metal-
liferous sediments in sediments classified to be non-metalliferous.

Metalliferous sediments were collected for the first time on the East Pa-
cific Rise during the expedition on board HMS Challenger (1873-1876)
(Murray and Renard 1891). At a later time samples of metalliferous sedi-
ments were collected during the expedition on board USS Carnegie (Re-
velle 1944). However, at that time scientists paid little attention to these
unusual sediments.

Skornyakova (1964) was the first scientist to presume that enrichment of
Fe and Mn in bottom sediments from the East Pacific Rise was related to
submarine hydrothermal activity. Also in 1964 Zelenov (1964) published a
paper that reported the first visual observations of hydrothermal sedimen-
tation on the sea floor. He filmed and studied sedimentation and the dis-
persal of minerals bearing Fe and Mn that entered the ocean in exhalations
from an underwater volcano. Nevertheless major advances in the investi-
gations of metalliferous sediments began after the papers of Bostrom and
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Peterson (1966, 1969) and Bonatti (1967) were published that were devo-
ted to metalliferous sediments of the East Pacific Rise. Almost simultane-
ously the results of the first comprehensive studies of metalliferous (and
ore) sediments were published (Miller et al. 1966; Hot brines ... 1969; Ba-
turin et al. 1969) that were related to hydrothermal activity and hot brines
in three deeps (Atlantis 11, Discovery and Chain) in the rift zone of the Red
Sea. In the ensuing years marine geologists from many countries (Austra-
lia, Bulgaria, Canada, France, Germany, Great Britain, Greece, India, Italy,
Japan, New Zealand, Russia, Sweden, USA, USSR and others) became
aware of recent metalliferous sediments and initiated their studies on
samples from the East Pacific Rise, and also from spreading ridges of the
Indian, Atlantic, and Arctic Oceans, of back-arc basins, and from the vici-
nity of some underwater volcanoes. At present the number of known deeps
with metalliferous sediments in the Red Sea rift zone exceeds twenty.

Metalliferous sediments were of special interest to many researchers be-
fore the discovery of the deep-sea high-temperature springs and the mas-
sive hydrothermal sulfide deposits. They were of special geological inte-
rest and some believed that they were most likely genetically related to
submarine hydrothermal activity. However views differed on the mecha-
nism of their origin and formation of their composition. From the time of
their discovery and the initial studies of them the metalliferous sediments
from the Atlantis Il and Discovery Deeps of the Red Sea rift zone were
considered to be genetically related to underwater hydrothermal activity.

It became apparent from the discovery of submarine high-temperature
hydrothermal systems and massive sulfide deposits (Francheteau et al.
1979) that metalliferous sediments were formed by a mixture of metal-bea-
ring matter from hydrothermal sources with background pelagic sedimen-
tary material and that fields of metalliferous sediments were halos formed
by the dispersion of the metal-bearing matter around underwater high-tem-
perature hydrothermal systems. Subsequent discoveries of high-tempera-
ture hydrothermal fields with associated sediments bearing oxide and sul-
fide metallic minerals have demonstrated and confirmed that this is the ca-
se. As expected metalliferous sediments occur within and around hydro-
thermal fields (Haymon and Kastner 1981; Shearme et al. 1983; Marchig
et al. 1986; Lisitzin et al. 1989, 1990, 1992; Bogdanov et al. 1990,
1993a,b, 1995a,c, 1997a, 2002, 2005; Lukashin et al. 1990; Cherkashev
1990, 1992; Gurvich et al. 1991, 1995a; Krasnov et al. 1992a; Gurvich
1994; Kuhn et al. 2000; Cave et al. 2002, et al.). Exceptions are in areas
where due to high rate of abiogenic sedimentation there is strong dilution
by lithogenic material and the content of hydrothermal components in the
sediments is low. Sediments whose abiogenic part contains less than 10%
Fe are not considered to be metalliferous even where there is evidence of
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the intensive contribution of material from hydrothermal sources. Sedi-
ments from the Guaymas Basin in the rift zone of the Gulf of California
are the best example of this type. Within the Guaymas Basin, because of
the high rate of abiogenic sedimentation that is approximately 1000 times
higher than in rifts of the open ocean and despite very active high-tempe-
rature hydrothermal activity, metalliferous sediments do not form there
(Lisitzin et al. 1990).

For the first time ancient metalliferous sediments were collected during
Leg 2 of the Deep Sea Drilling Project (DSDP) in the basal layer of the se-
dimentary cover of the Atlantic seabed (Peterson et al. 1970). In the subse-
quent legs the drill ships Glomar Challenger and JOIDES Resolution me-
talliferous sediments were sampled repeatedly (Initial Reports ... 1970-
1987; Cronan 1976; Stoffers et al. 1983; Proceedings ... 1988-2004; Levin
et al. 1985, 1987; Lisitzin et al. 1990; Gurvich 1992, 1998; Gurvich et al.
1988, et al.). Ancient non-lithified and lithified analogues of metalliferous
sediments that accumulated in paleoceans and paleoseas also occur on land
on the continents and islands within ophiolite belts (Goodwin 1964, 1973;
Robertson and Hudson 1973; Parrot et al. 1974; Bonatti et al. 1976; Fleet
and Robertson 1980; Robertson et al. 1983, 1987; Karl 1984; Varnavas
and Panagos 1984; Zaikov et al. 1984; Satian 1985; Zaikova 1985, 1991,
Zaikov and Zaikova 1986; Yamamoto 1987; Gross 1984, 1988, 1991; Kar-
poff et al. 1988; Peters 1988; Pfeifer et al. 1988; Gurvich et al. 1989; Gur-
vich and Zaikov 1992, et al.).

Rona (1984) has estimated that only about 5% of the metal amount from
hydrothermal sources that enters the oceans accumulates in sulfide minerals
(massive sulfides) within hydrothermal fields, and about 95% outside of
them. According to the estimation of Lisitzin (1993), at the early stage of
the active life of hydrothermal edifices less than 5% of hydrothermal matter
accumulates within them, at the mature stage about 50%, and at the ageing
stage more than 90%. This suggests that at the most active early stage in the
life of hydrothermal edifices metal-bearing matter entering the ocean accu-
mulates mainly outside of the hydrothermal fields in metalliferous and tran-
sitional to metalliferous sediments. Thus the accumulation rate of hydro-
thermal matter in metalliferous sediments undoubtedly reflects the intensity
of input of hydrothermal matter in the areas where it enters the ocean, and
also the composition of the metalliferous sediments probably reflects the
composition of hydrothermal fluids. All of this indicates that, with other
factors being equal, higher rates of accumulation of metalliferous sediment
are related to shorter distances from the sources of hydrothermal matter and
that metalliferous sediments should reflect not only the presence and inten-
sity of hydrothermal activity, but also its position.
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Variations in the composition and the rate of accumulation of metallife-
rous sediments in time and space depend on many factors both large and
small. Spreading rate of the ridges is the most important parameter that in-
fluences the large-scale factors (Bostrom 1973; Lisitzin et al. 1976, 1990;
Lisitzin 1978; Bogdanov 1980; Levin et al. 1987; Gurvich 1998). Tectonic
reorganizations of spreading ridges, migration of hydrothermal activity
along the spreading axes, and also cyclicity of hydrothermal processes are
the most important medium and small-scale factors. The rate of accumu-
lation of metalliferous sediments and their composition reflect all of these
factors (Lyle et al. 1986; Rea and Leinen 1986; Lyle et al. 1987; Gurvich
et al. 1995; Gurvich 1998). Directions and velocities of bottom currents in
areas of hydrothermal activity are also important factors that influence the
transport and dispersal of hydrothermal metal-bearing matter and its accu-
mulation in metalliferous sediments (Bostrom 1973; Gurvich et al. 1979;
Walter and Stoffers 1985; Hauschild et al. 2003).

Many hundred reports of work devoted to metalliferous sediments have
been published to date. The study of metalliferous sediments was most
popular from the late sixties to the mid nineteen eighties when many tens
reports of work were published annually. In later years interest in metal-
liferous sediments decreased and reports relating to them appeared only
occasionally. Now the number of reports that appear annually worldwide
is not more than 10 to 20 and they are devoted mostly to proximal metal-
liferous sediments from hydrothermal fields. An explanation for this ap-
pears to be that, since the discovery of modern deep-sea high-temperature
hydrothermal activity, researchers have concentrated all their attention on
underwater hydrothermal fields, ore-forming solutions, hydrothermal plu-
mes and, most important of all, on massive hydrothermal mineral depo-
sits. As a result studies of the most widespread hydrothermal object in the
ocean are being neglected. The decrease in interest in distal metalliferous
sediments that accumulated outside of hydrothermal fields, on the one
hand, is probably because of their relative monotonous composition, and
on the other hand, because of the absence of new approaches in the study
of their geology. Nevertheless the potential for investigation of the infor-
mation obtained during research on metalliferous sediments is far from
exhausted. In the overwhelming majority of published papers and reports
devoted to metalliferous sediments researchers consider them to be an
"end-in-themselves™ and forget that their fields are halos of dispersion of
underwater hydrothermal mineral forming systems and they carry infor-
mation on these systems. By recognizing this and with such an approach
metalliferous sediments can be particularly useful in determining past
hydrothermal activity in the oceans and the associated formation of mine-
ral deposits in the geological past and in prospecting for hydrothermal
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mineral deposits. Cores of metalliferous sediments are "annals" recording
not only sequences of hydrothermal events but also the intensity and tem-
poral and spatial variations of hydrothermal activity and the conjugate de-
position of minerals. The study of this aspect of metalliferous sediments is
still "in swaddling-clothes".

It is necessary to emphasize that the book is devoted to and restricted to
metalliferous sediments that are related to the accumulation and sedimen-
tation of hydrothermal matter from hydrothermal plumes or from the de-
struction and redeposition of material from massive mineral deposits. The
development of sediment hosted metalliferous sediments similar to those
found at the Mound field of the Galapagos Spreading Center, in the Middle
Valley of the Juan de Fuca Ridge, and in the Escanaba Trough of the
Gorda Ridge have not been considered. These deposits have formed under
completely different conditions and are a subject for a special major study.



CHAPTER 1 RECENT METALLIFEROUS
SEDIMENTS IN THE OCEANS

Recent metalliferous sediments occur in the open parts of all oceans, on
the flanks and in the axial parts of spreading ridges where submarine hyd-
rothermal activity exists or existed in rift zones. Recent metalliferous
sediments are most widely distributed in the Pacific Ocean, are much less
abundant in the Indian and Atlantic Oceans and very few occurrences are
known in the Arctic Ocean.

1.1. Metalliferous sediments from the Southeast Pacific

The largest areal distribution of recent metalliferous sediments in the
World Ocean occurs in the Southeast Pacific. The field is almost continu-
ous and occupies about 10 million km? between ~5°S and ~45°S to the
west and to the east of the axis of the East Pacific Rise (EPR) (Metallife-
rous sediments ... 1979; Fig. 1.1%).

1.1.1. Conditions of formation

Metalliferous sediments are most widely distributed in the Southeast Pa-
cific because hydrothermal activity is most intensive there and the accu-
mulation rates of diluting abiogenic material and its proxy Al are low in
the pelagic area of this southern arid zone (Lisitzin 1978; Lisitzin et al.
1980a). Within the field of metalliferous sediments the accumulation rate
of Al on the bottom does not exceed 10 mg cm™ ka™ and the average rate
is 1.75 mg cm™ ka ™, whereas the average rate in pelagic areas of the Paci-
fic ocean is 25.8 mg cm™ ka™* (Lisitzin et al. 1980a). In the Southeast Pa-
cific the content of hydrothermal components in bottom sediments is
significant over long distances from the axis of the EPR.

1 Shore line from http://www.pangaea.de/Software/PanMap/WVS/WVS.zip;
plate boundaries positions from http://www.pangaea.de/Software/PanMap/Layers/
PlateTectonicBoundaries.zip
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1.1. Metalliferous sediments from the Southeast Pacific 9

The average width of the field of metalliferous sediments in the South-
east Pacific is more than 2000 km, and the maximum width is about 3500
km. It must be noted that on the axis of the EPR and in its vicinity (within
a few kilometers) the sedimentary layer is very thin or absent because of
the very young or recent ocean crust here.

In the Southeast Pacific metalliferous sediments accumulate on structu-
res related to the Nazca plate and three spreading ridges surrounding it, the
East Pacific Rise in the west, the Chile Rise in the south, the Galapagos
Spreading Center in the north, and also to the Pacific and Antarctic plates
(Fig. 1.1). Within the Nazca plate the South Galapagos Ridge divides the
Peru Basin into the western (Bauer Depression) and the eastern deeps. The
South Galapagos Ridge is considered to be an extinct segment of the anci-
ent spreading ridge. At present within the area covered by metalliferous se-
diments in the Southeast Pacific the full spreading rate of the EPR varies
from 8 to 16-20 cm a™* (according to Handschumacher (1976), up to 24
cm a™%), and of the Chile Rise 3-4 cm a™* (Forsyth 1972; Klitgord et al.
1973; Herron et al. 1981).

Hydrothermal solutions entering the ocean in hydrothermal fields of the
EPR rift zone are sources of metal-bearing matter in the metalliferous se-
diments accumulating in the Southeast Pacific. Many hydrothermal fields
may not have been discovered, nevertheless indirect data and the huge
fields of metalliferous sediments that are known indicate that a great num-
ber of fields may exist in the EPR rift zone between 5°S and 45°S. Hydro-
thermal processes are most active in the EPR rift zone in the segment be-
tween 18°S and 26°S which has the maximum spreading rate (Rea 1978;
Rea and Blakely 1975; Minster and Jordan 1978). Detailed studies of this
geodynamically unique part of the World Ocean rift system, including the
ones that used deep-sea manned submersibles (Francheteau and Ballard
1983; Bécker et al. 1985; Renard et al. 1985; Marchig et al. 1987, et al.),
have shown that the area of the greatest uplift in the axial part of the rift
(2590 m) occurs at 17°26'S. Southward the basal part of the axial rift
deepens gradually, and near the transform fault at 20°30'S reaches a depth
greater than 2900 m. To the south of the transform fault it rises to 2800 m,
and then the depth increases again near the boundary of the Easter Plate.
All of the main hydrothermal fields and hydrothermal sulfide manifestati-
ons in this part of the rift have been found within the axial graben 90 m
deep and some hundreds of meters wide (Backer et al. 1985; Renard et al.
1985; Marchig et al. 1988; Krasnov et al. 1988). These fields are located in
modern spreading centers at the raised parts of the spreading axis. Hydro-
thermal vents occur along tectonic cracks and breaks, often in marginal
parts of the axial valley of the spreading centers.
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Within the area of metalliferous sediments in the Southeast Pacific sedi-
mentation rate varies from 1 to >25 mm ka™ and the distribution of sedi-
ments is not uniform but erratic. On the raised parts of the seabed where a
lot of biogenic carbonaceous material accumulates the sedimentation rate is
usually higher. The highest values (from 10 to >25 mm ka™) have been
measured at some sites in the axial zone of the EPR between 10°S and 25°S
(Bogdanov and Chekhovskikh 1979), where the highest spreading rate and
the highest accumulation rate of hydrothermal matter occur. Here sedimen-
tation rates between 5 and 15 mm ka™ are typical (Dekov 1994), though
much higher rates (up to 240 mm ka™) also occur (Shimmield and Price
1988). Measured accumulation rates of abiogenic matter in metalliferous
sediments vary from 3 to 6000 mg cm™ ka™ and the average rate is about
20 mg cm™ ka™. As a rule mass accumulation rates of metalliferous sedi-
ments in the axial part of the EPR are higher than on the flanks of the ridge.
In the axial part of the ridge the highest mass accumulation rates of metal-
liferous sediment (>100 mg cm™ ka™) have been reported between 10°S
and 25°S (Bogdanov and Chekhovskikh 1979; Bogdanov et al. 1979a) and
the average mass accumulation rate of metalliferous sediments collected
between 20°30'S and 22°S is 180 mg cm™ ka™ (Dekov 1994).

1.1.2. Lithologic composition

Detailed studies of the lithologic composition of metalliferous sediments
from the Southeast Pacific have shown that they are typical pelagic sedi-
ments enriched to some extent by hydrothermal metal-bearing matter and
combined trace elements. They consist of a mixture of two main compo-
nents, pelagic sedimentary material and metal-bearing matter. Pelagic sedi-
mentary material accumulates according to circumcontinental, latitudinal,
vertical and tectonic zonalities, and the accumulation of hydrothermal me-
tal-bearing matter takes place in sediments in the vicinity of hydrothermal-
ly active zones (Lisitzin 1978; Lisitzin et al. 1976; Bogdanov et al. 1979a).
The lithologic composition of metalliferous sediments depends on the lo-
cation in the ocean where they accumulated. The following lithologic types
of metalliferous sediments occur in the Southeast Pacific: a) carbonaceous;
b) noncalcareuos; c) coarse-grained edaphogenic? sediments with metalli-
ferous cement; d) turbidites (Lisitzin et al. 1976; Bogdanov et al. 1979a).
Brief descriptions of these types of metalliferous sediments are as follows:

2 Clastic sediments, which composed mainly (>70%) of products of underwater
disintegration of bedrocks (Murdmaa 1979).
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a) Carbonaceous metalliferous sediments are the most widespread. They
occur above the critical depth of carbonate accumulation. Within the areas
of metalliferous sediments in the Southeast Pacific this depth varies from
4200 to 4700m. In some places because of the redeposition of sedimentary
material the carbonaceous metalliferous sediments occur at greater depths.
The carbonaceous metalliferous sediments differ in appearance from the
background carbonaceous pelagic ooze by their brown color and sometimes
by spotty coloring that is dependent on the content of the metal-bearing
matter. Biogenic material is prevalent in their composition. It consists for
the main part of coccoliths that form the pelitic (<0.01 mm) grain size frac-
tion. Significant amounts of planktonic foraminifera skeletons and organo-
genic detrital material are present. When uplift takes place in an area there
is an increase in the development of foraminiferal carbonaceous material
and a decrease in the development of coccolithic material. Colloidal clots
and globules of Fe-oxyhydroxides are the main components of the abioge-
nic part of these metalliferous sediments. Usually pelitic coccolith ooze is
more enriched in the metal-bearing matter. This is an indication of the im-
portant role of bottom water dynamics in the distribution of this material.

b) Noncalcareuos metalliferous sediments are not abundant and can be
found below the critical depth of carbonate accumulation on slopes of mag-
matically active structures and in adjoining parts of deep-sea basins. They
differ from background pelagic clays in their dark-brown or brownish-black
color. They are semiliquid, colloform-caseous with a water content of up to
80% or more. The aluminosilicate part of noncalcareuos metalliferous sedi-
ments consists of fine-grained material that is indistinguishable from back-
ground material in pelagic clays. The only difference is the presence of Fe-
montmorillonite in noncalcareuos metalliferous sediments.

c) Coarse-grained edaphogenic sediments with metalliferous cement oc-
cur in areas of intensive tectonic discontinuities in the vicinity of the EPR
axis. They consist of edaphogenic breccia with semiliquid cement of brown
metalliferous mud with an admixture of carbonaceous material. The com-
position of fine-grained fractions of these sediments is similar to that in ty-
pes (a) and (b). Irregular fragments of basalt and dolerite occur in the coar-
ser grain size fractions and sometimes they have traces of hydrothermal al-
teration. The size of fragments varies from several millimeters to several
centimeters.

d) In vertical sections metalliferous turbidites may have one or more co-
mplete or incomplete sedimentation cycles. Complete cycles are up to 40
cm thick and have gradation from sandy carbonaceous material in the lo-
wer parts to pelitic colloform material in the upper parts. With changes in
grain size the color of the components of the sediments changes from yel-
low and cream to brown and dark brown tones. The upper part of a com-
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plete cycle consists of typical metalliferous sediment. In places the upper
parts of the successions have been washed out by turbid flows and the cyc-
les are incomplete.

1.1.3. Mineral compaosition

In the Southeast Pacific metalliferous sediments accumulate at depths
from less than 3000 m in the axial part of the EPR to depths of nearly 5000
m on distant flanks of the EPR and mainly above the critical depth of car-
bonate accumulation. Therefore as mentioned previously, carbonaceous
metalliferous sediments are the most widespread in which biogenic calcite
is the predominant mineral component. In areas of the greatest uplift of the
seafloor the content of calcium carbonate in the metalliferous sediments
may be 80-90% or even more and it decreases with depth (Bostrom 1973;
Lisitzin et al. 1976; Lisitzin 1978; Bogdanov et al. 1979a). Apparent con-
tents of biogenic opal (5-10%) occur only in the northern subequatorial
part of the area of metalliferous sediments (Lisitzin et al. 1976).

As for detrital minerals, quartz, plagioclase, hornblende, monoclinic and
rhombic pyroxene, volcanic glass (mainly basic), epidote, magnetite, zir-
con, and occasionally garnet have been identified in metalliferous sedi-
ments. Some of these minerals are terrigenous. Quartz and feldspar are
mainly of eolian origin. Another part of the detrital material consists of
volcanogenic and edaphogenic minerals (Lisitzin et al. 1976).

Smectite and mainly Fe-montmorillonite are the most abundant clay mi-
nerals (Sayles and Bischoff 1973; Sayles et al. 1975; Bagin et al. 1975,
1979, 1993a, 1996; Heath and Dymond 1977; Bogdanov et al. 1979a; Gor-
bunova 1981, 1982; Gorbunova and Lisitzin 1981; McMurtry and Yeh
1981). The crystallinity of Fe-montmorillonite is minimal in the surface
layers of sediments, and increases downward (Gorbunova 1981, 1982). In
areas near the flanks of the EPR the clay component in the abiogenic part
of the metalliferous sediments consists almost entirely of poorly crystalli-
zed monomineralic Fe-montmorillonite and poorly crystallized goethite.
Between 5°S and 30°S near to the axis of the EPR and to the east of it
there is an area (province) of well to medium crystallized Fe-montmorillo-
nite. Outside of these areas terrigenous clay minerals prevail in metallife-
rous sediments (Gorbunova and Lisitzin 1981).

Fe-Mn micronodules are the most abundant authigenic components of
metalliferous sediments. In places on the East Pacific Rise flanks they
form 10-20% of the abiogenic part (Sayles and Bischoff 1973) and up to
90% of the sandy-silt fractions of the sediments (Bogdanov et al. 1979a),
near the axis they are less abundant (Dekov et al. 2003). Small Fe-Mn no-
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dules occur in sediments in some places on the flanks of the EPR (Girin et
al. 1979). Zeolite minerals have also been identified (Bogdanov et al.
1979a). Except in the axial part of the EPR, fine-grained barite occurs eve-
rywhere in metalliferous sediments (Arrhenius and Bonatti 1965; Bostrom
et al., 1973; Gurvich et al. 1979; Walter and Stoffers 1985). The barite co-
ntent in the carbonate-free part of sediments may be more than 4%.

X-rays show that amorphous colloidal and poorly crystallized Fe- and
Mn-minerals are the main metal-bearing mineral components in the metal-
liferous sediments. Fine-grained superparamagnetic particles of Fe(lll)-
and Mn(1V)-oxyhydroxides prevail. Particles of crystallized ferromagnetic
Fe-Mn minerals occur in very small amount (Dymond et al. 1973; Bagin et
al. 1975, 1979, 1993a, 1996; Bagin and Pechersky 1977; Lisitzin et al.
1976; Heath and Dymond 1977; Bogdanov et al. 1979a; Walter and Stof-
fers 1985; Dekov 1994). In the vicinity of hydrothermal fields Fe-, Cu- and
Zn sulfide minerals have been found in the metalliferous sediments mainly
in the sandy-silt fractions. Pyrite is the most abundant, and chalcopyrite
and sphalerite are less abundant and other sulfide minerals are rare (Hay-
mon and Kastner 1981; Dekov 1994).

Metallic minerals occur in metalliferous sediments mainly as formless
aggregated masses of colloform matter with rounded surfaces. The diame-
ter of the particles is about 3 microns and they are usually yellow in color.
The second colloform phase consists of globular brown particles that are
found also in the nonmetalliferous pelagic clay. These particles appear to
be composed of iron-silica gels (Bogdanov et al. 1979a). Mdssbauer spec-
troscopy studies together with data from electron diffraction studies and
energy dispersion analysis have shown that the metal-bearing matter of the
metalliferous sediments is composed mainly of fine-grained (d<100A)
poorly crystallized goethite and Mn-ferroxigite (Bagin et al. 1993a,b,
1996; Gendler et al. 1993). Magnetic minerals from metalliferous sedi-
ments are mostly paramagnetic or superparamagnetic (d<100A) and some-
times they are fine-grained single-domain particles. Titanomagnetite in va-
rious states of oxidation and maghemite in small amounts have been iden-
tified (Bagin et al. 1975, 1979, 1996; Bagin and Pechersky 1977). Separate
crystalline phases of Mn-minerals in metalliferous sediments have been
identified as 6-MnQO, and todorokite (Dymond et al. 1973; Walter and
Stoffers 1985). An increased content of Mn in the coarse grain size frac-
tions of the metalliferous sediments has been observed (Dymond et al.
1973; Dekov and Gurvich 1991).

Native metals and alloys occur in the sandy-silt fraction of metal-bea-
ring matter in metalliferous sediments from the Southeast Pacific, namely
Cd°, Ni°, Al°, Sn°, Si°, Ti°, Al-Mg-Si, Al-Si, Al-Fe, Al-Mg, Al-Ti-Ca, Fe-
Si, Fe-Cr-Ni-C, Zn-Al, Zn-Fe, Cu-Zn, Cu-Zn-Al, Ag-Cu, Sn-Cu, Sn-Zn,
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Sn-Pb, Sn-Pb-Zn (Shterenberg et al. 1981; Davydov 1992; Dekov 1994).
Particles of metals and alloys are mainly less than 0.1 mm in size (Dekov
1994). The widest spectrum of native metals and alloys has been found at
distances up to 10-20 km from known hydrothermal fields. Among them
Al°, Sn°, Cu-Zn and alloys of the Zn-, Sn- and Al groups are prominent
and alloys of the Fe group, Ni°, and Cd° are much less abundant. At a dis-
tance from the hydrothermal fields the native metals and alloys are deple-
ted and at distances of 50-100 km from the axis of the ridge particles of
the Al and Fe groups are predominant (Davydov 1992).

1.1.4. Chemical compaosition

The average chemical composition of carbonate-free matter of metallife-
rous sediments from the Southeast Pacific is shown in Table 1.1. Carbona-
ceous metalliferous sediments are prevalent and the average chemical co-
mposition of abiogenic matter of the background pelagic carbonaceous se-
diments from the Pacific Ocean is also shown in this table for comparison.
Enrichment in Fe, Mn and a number of trace elements and depletion in Al
and Ti in comparison with their contents in background sediments are the
main features apparent in the chemical composition of metalliferous sedi-
ments that are consistent with their definition. There is excessive accumu-
lation of most elements in metalliferous sediments, for many of them ex-
cessive accumulation is predominant.

The distribution of Fe and Mn in carbonate-free matter of surface sedi-
ments from the Southeast Pacific is shown in Fig. 1.2 and 1.3. The areas
with the highest contents of Fe and Mn occur in the axial zone of the EPR,
and these areas are wider where the spreading rate at the axis is higher. As
the distance from the EPR axis increases, Fe and Mn contents decrease and
eventually are similar to the characteristic contents for background pelagic
sediments. Depending on the directions of the bottom currents crossing the
EPR axis, the maximum contents of Fe and Mn may be found to the west
of the axis where the predominant currents flow west and to the east of the
axis where the predominant currents flow east. This distribution of Fe in
the sediment is clearly shown in Fig. 1.2, and also in the distribution of the
(Fe+Mn)/Al ratio in metalliferous sediments from the axial zone of the
EPR at 19°S-21°S, shown in Fig. 1.4, where the predominant bottom cur-
rents flow westerly (Lonsdale 1976; Reid 1981). The contents of Fe and
Mn are relatively reduced in a zone of metalliferous sediments located clo-
se to the axis of the EPR, but where hydrothermal activity is greater on a
ridge segment the zones are relatively wider. The Fe content reaches a ma-
ximum at 10-20 km from the axis and then decreases. The Mn content rea-
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ches a maximum at a distance of 40 km from the axis and then decreases
away from it (Fig. 1.5; Davydov et al. 1997). The maximum Fe/Mn ratios
are found near the axis of the EPR and higher values occur near hydrother-
mal fields and decrease away from them (Fig. 1.5).

Table 1.1. Average contents of chemical elements in carbonate-free matter of metal-
liferous sediments from the Southeast Pacific and of background sediments. Based
on data from Turekian and Wedepohl (1961), Bostrom and Peterson (1969), Bost-
rom and Valdes (1969), Skornyakova (1970), Horowitz (1970), Bostrom (1973),
Crocket et al. (1973), Piper and Graef (1974), Gurvich et al. (1976, 1977, 1979,
1980a,b,c), Gurvich (1977, 1987), Oreshkin (1977), Bogdanov et al. (1979a), Lisi-
tzin (1978), Lisitzin et al. (1980b,c, 1990), Lukashin and Lisitzin (1980), Lukashin
et al. (1980a,b), Cox et al. (1981), Ravizza and McMurtry (1993), Dekov (1994).

Metalliferous Background Metalliferous Background

Element sediments sediments Element sediments  sediments
Fe % 16.86 5.8 U 3.8 1.3
Mn 5.07 0.75 Li 32 45
Si 16.19 23.4 Rb 33 45
Al 4.35 7.8 La 157 61.8
Ti 0.27 0.45 Ce 114 83.1
Ba 1.08 1.05 Sm 29.3 18.8
Eu 7.7 4.3
Cu ppm 1041 136 Yb 11.0 6.8
Zn 411 159 Y 290 191
Pb 155 41 Sc 26.1 20.8
Tl 15.5 0.7 Hf 6.3 4.1
Cd 1.7 0.42 Zr 456 178
Sn 6.42 15 Th 5.0 7.9
Ni 826 136 Ga 10 18
Co 218 32 Ag 5.32 0.11
Cr 29 50
\Y 428 91 Hg ppb 460
As 93 13 Au 10 35
Sh 11.9 3.9 Pd 15 4
Mo 93 27 Ir 0.5 0.3
B 210 250 Os 0.29*

* Content in dry bulk sediments

The content of Al that is a proxy of lithogenic matter has a reverse pat-
tern of distribution; minimum amounts are found in the EPR axial zone.
There is a gradual increase in the amount of Al with increasing distances
from the axis and a gradual transition to the background contents found in
pelagic sediments (Fig. 1.6). In close proximity to the EPR axis within 10
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to 20 km the metalliferous sediments have higher contents of lithogenic
aluminosilicate (edaphogenic) material, Al, and Ti (Dekov 1994). This re-
sults in a decrease in the content of Fe and metal-bearing matter as menti-
oned previously. The absence of higher contents of Al and Ti in sediments
at the EPR axis at the sections shown in Fig. 1.6 and on the regional maps
(Lisitzin et al. 1980a,b), and also the absence of a decrease in the contents
of Fe and Mn in metalliferous sediments at the EPR axis (Fig. 1.2, 1.3),
may be attributed to different levels of detail in research data or in methods
of reporting it. During special work in the area at 18°30'S such phenomena
were observed within 20-30 km from the EPR axis (Fig. 1.7).
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Fig. 1.2. Iron contents [%] in carbonate-free matter of surface sediments from the
Southeast Pacific. After Bogdanov et al. (1979c). The arrows show the directions of
the bottom currents from Lonsdale (1976), Reid (1981), and Lupton et al. (2004).

The distribution of lithogenic Si in the metalliferous sediments appears
to coincide with the distribution of Al. Though metalliferous sediments
in the Southeast Pacific are very poor in biogenic silica, the Si/Al ratio is
not constant but increases near the axis of the EPR (Fig. 1.8). The ratio
of Si/Al varies from area to area along the EPR. In near surface metalli-
ferous sediments in the vicinity of the EPR axis at 10°S the Si/Al ratio is
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about 8, at 14°S — about 18, at 20°S — about 14.5, at 42°S — about 5
(Walter and Stoffers 1985), at 16°S it is about 62 (Dubinin and Volkov
1992), and between 20°30'S and 22°S it is about 6 (Dekov 1994). In all
cases these values exceed 3, which is the average value for Si/Al ratios in
lithogenic material of metalliferous sediments (Heath and Dymond
1977). The data show an excess of Si relative to Al, which is attributed to
the accumulation of hydrothermal Si in metalliferous sediments (Dy-
mond et al. 1973; Migdisov et al. 1979; Dubinin and Volkov 1992).
However it must be noted that in the proximity of the EPR axis there is a
decrease in the Si/Al ratios and in the content of hydrothermal Si in abio-
genic matter of the metalliferous sediments that is related to the increase
in content of lithogenic material. Evidently this is illustrated in the sec-
tion across the EPR axial zone at 18°30'S (Fig. 1.7). The increase in con-
tent of hydrothermal Si in addition to the increased content of edaphoge-
nic material already mentioned is another reason for the reduced contents
of Fe and hydrothermal metal-bearing matter in metalliferous sediments
in the vicinity of the EPR axis.
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Fig. 1.3. Manganese contents [%] in carbonate-free matter of surface sediments
from the Southeast Pacific. After Bogdanov et al. (1979c).
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Fig. 1.4. Distribution of the (Fe+Mn)/Al ratio in metalliferous sediments from the
axial zone of the East Pacific Rise at 19°S-21°S. After Walter and Stoffers (1985).

Average contents of trace elements in abiogenic matter of metalliferous
sediments from the Southeast Pacific range from values higher to lower
than those reported for background contents. The ratios of average element
contents in abiogenic matter of metalliferous sediments to those in pelagic
carbonaceous sediments of the Pacific Ocean calculated from the data in

Table 1 are:

Al - Ga - Cr > Ti > Th - Si - Li Rb - B - Ba -
056 056 058 060 063 069 071 073 084 103
Sc »C¢e - Y 5 HfF - Sm > Yb > Ir - Bu - U - La —»
125 137 152 154 156 161 1.7 179 190 254
Zr > Zn > Au > Fe > Sb - Pb > Pd > Sn - V > Ni >
256 258 286 291 305 3.79 3.8 4.3 471 6.06
Mn - Co - As - Cu - Tl - Ag

6.76 685 7.15 7.63 22 48

The average relative roles of the excessive accumulation of the elements in
% are calculated based on the assumption that the accumulation of Al in
metalliferous sediments is caused only by background process:
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Al-Ga—->Cr—>Ti >Th-> Si > Li - Rb- B - Ba— Sc » Ce »
0 0 4 7 12 19 22 23 34 46 56 59
Y s5H - Sm->Yb> Ir s5Bu-> U - La—> Zr - Zn > Au—- Fe »
63 64 64 65 67 69 71 78 78 78 80 81
Sb-Pb—->Pd—->Sn >V - N ->Mn—->Co—As > Cu- Tl - Ag
82 85 85 87 88 91 92 92 92 93 97 99

Distributions of contents of different elements in abiogenic matter of
metalliferous sediments are different. The results from numerous studies
have shown that there are four basic types of distribution:

Typel. The maximum contents of elements occur in metalliferous sedi-
ments in the axial zone. The contents of elements gradually decrease to
background values away from the axial zone of the EPR. This type of dist-
ribution is typical for the main hydrothermal elements in metalliferous se-
diments — Fe and Mn (Fig. 1.2, 1.3), and for some trace elements: Zn, V,
Pb, As, Cd, P, B, Hg (Fig. 1.9, 1.10; Bostrém 1973; Bostrom and Valdes
1973; Bostrom et al. 1973; Oreshkin 1977; Migdisov et al. 1979; Dubinin
and Volkov 1992).

Type 2. The contents of elements are reduced in metalliferous sediments
in the axial zone, and increase at a distance from it and have maxima on
both flanks; at further distances from the axis the contents of elements de-
crease to background values. This type of distribution is characteristic for
many trace elements, including Ni, Co, Hf, Sc, Ba, TR, Zr, Sb etc. (Fig.
1.11). Similar distributions are shown on the maps published by Bostrom
(1973), Bostrom et al. (1973), Gurvich (1977), Gurvich et al. (1977, 1979,
1980a,c), Gurvich and Lisitzin (1980a,b,e), Lukashin et al. (1980b). It is of
interest to note that the contents of Hf, Sc, Ba, TR and Zr have greater va-
riation than the contents of Ni, Co and Sb. The contents of elements in the
first group on the flanks of the ridge may be four or more times higher than
their contents in sediments sampled in the axial zone, and the contents of
elements in the second group may be 1.5 to 3 times higher.

Type 3. There are three areas where the maximum contents of elements
occur in this type of distribution. The first area is in the axial zone and the
other two are on the flanks, and at greater distances from the axis the ele-
ment contents decrease to background values. This type of distribution is
characteristic for Cu (Fig. 1.5, 1.10) and sometimes for Zn (Fig. 1.5).

Type 4. The minimum contents of elements occur in the axial zone and
the element contents gradually increase to background values a distance
from the axis. This type of distribution is characteristic for Al (Lisitzin et al.
1980b) and elements such as Ti, Th, and Ga (Fig. 1.12; Lisitzin et al. 1980c;
Gurvich and Lisitzin 1980f; Gurvich et al. 1980b; Lukashin and Lisitzin
1980a). However at some sections across the EPR Th has Type 2 distribu-
tion (Fig. 1.12; Gurvich et al. 1980b).
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Fig. 1.6. Aluminum contents in abiogenic matter of metalliferous sediments at the
sections across the East Pacific Rise. Based on data from Bostrém and Peterson
(1969) and Migdisov et al. (1979).

Downcore variations in the contents of chemical elements in abiogenic
matter of metalliferous sediments in the Southeast Pacific were investiga-
ted by a number of workers including Bender et al. (1971), Migdisov et al.
(1979), Marchig and Gundlach (1982), Kunzendorf et al. (1984/1985),
Varnavas (1988), Dubinin and Volkov (1992), Marienfeld and Marchig
(1992), Dekov (1994), et al. Because of the low content of organic matter,
the average content of organic carbon is 0.06% (Marchig and Gundlach
1982), the diagenetic vertical redistribution of chemical elements in metal-
liferous sediments from the Southeast Pacific is relatively insignificant.
This has been proven also in studies of pore waters by Bischoff and Sayles
(1972). In metalliferous sediments near the EPR axis the content of orga-
nic carbon increases and diagenetic processes may be actively developed
(Dekov 1994). There are two reasons for this: activity of organisms in are-
as of hydrothermal activity, and shallower depths (Bogdanov et al. 1979b).
The average content of organic carbon is 0.23% in metalliferous sediments
from the near-axial part of the EPR at 20°30'S-22°S, but it can be as high
as 0.7 to 1.1% (Dekov 1994) within small areas and in some interlayers.
Diagenetic alteration in metalliferous sediments has been significant or
marked in a section about 90 km long that crosses the axis of the Chile
Rise (Marienfeld and Marchig 1992).

Only casual changes and major trends were found in the early studies of
vertical distribution of chemical elements in metalliferous sediments. This
was because samples from cores of sediments were taken only at intervals
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Fig. 1.7. Composition of abiogenic matter in metalliferous sediments at the section
across the East Pacific Rise axial zone at 18°30'S. Based on data from Marchig et
al. (1986) and Marchig and Erzinger (1986).

of 10-20 cm or greaters. Considering the actual sedimentation rates (see
Sect. 1.1.1), such intervals sampled did not yield sufficient information for
studying the short periods of time, thousands to tens of thousands of years
(Fig. 1.13), in which the variations in the contents of elements developed.
Consequently only the diagenetic redistribution of elements and the trends
that developed over long periods of time were found.

3 Qccasionally sharp increases in the contents of some elements in metalliferous
sediments were found in some horizons only (Rydell et al. 1974; Kunzendorf et
al. 1984/1985).
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Fig. 1.8. Si/Al ratios in metalliferous sediments at the section across the East Paci-
fic Rise at 14°S. Based on the data from Bostrém and Peterson (1969).
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Fig. 1.9. Fe, Zn, V, and Pb contents in abiogenic matter of metalliferous sediments
at the section across the East Pacific Rise at 39°S. After Migdisov et al. (1979).

In situations where variations in the contents of elements developed in
short periods of time the frequency of sample intervals can result (and has
resulted) in obtaining data for casual phases of variation in element con-
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tents when the intervals sampled were short or in obtaining average data
for long time periods when the intervals sampled were long.
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Fig. 1.10. Cu, B, As, and Cd contents in abiogenic matter of metalliferous sedi-
ments at the section across the East Pacific Rise at 14°S. Based on the data from
Bostrém and Peterson (1969) and Bostrom and Valdes (1969).

Such studies can be carried out on the flanks of spreading ridges, as
there the hydrothermal material in metalliferous sediments originates not
from a specific hydrothermal field or vent but from hydrothermal sources
in various extended parts of the rift. The sample results obtained reflect
rather long periods of tens of thousands to millions of years of evolution of
hydrothermal activity in these parts of the rift system.

As for studies of metalliferous sediments from the EPR axial zone that
accumulated in the vicinity of specific hydrothermal fields and vents, at
the sedimentation rates of 5 to 15 mm ka™ (typical for the area at 21°S)
sample intervals of 1 to 2 cm are required for obtaining data for rather
short intervals (~1 ka) of temporal variation in hydrothermal activity (Fig.
1.13). The study of more detailed patterns in the evolution of hydrothermal
activity and the distribution of elements through time would require more
frequent and shorter sampled intervals. However such studies have no pra-
ctical value because due to bioturbation all sediments being in the top lay-
ers (some centimeters) of the strata have been mixed and disturbed and
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their small structures have been broken (Kuptsov 1989). In sediments with
higher sedimentation rates the rhythms of discharge and variations in the
composition of hydrothermal fluids are reflected within periods of 100 to
500 years and even within 20 years (Metz et al. 1988; Lisitzin et al. 1990).
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Fig. 1.11. Ba, Ni, Zr, Co, La, Sc, Sb, and Hf contents in abiogenic matter of metal-
liferous sediments at the section across the East Pacific Rise at 39°S.

The first study of metalliferous sediments from the Southeast Pacific
with sample intervals of 2 cm was carried out by Shimmield and Price
(1988). Cyclicity of sedimentation with a period of about 5 ka (Fig. 1.14)
was identified in Core 154-18 located at 20°01.9'S, 113°51.4'W, at a depth
of 3129 m, collected several kilometers to the west of the EPR axis.

This cyclicity was caused by cyclic accumulation of hydrothermal matter
in the metalliferous sediments sampled in this core and was indicated by
the in-phase variations of the Fe/Al ratio and antiphase variations of Alcrg
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Fig. 1.12. Ti and Th content in abiogenic matter of metalliferous sediments at the
section across the East Pacific Rise at 39°S.
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Fig. 1.13. Interrelationships between sedimentation rates, sample intervals and dif-
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(recalculated to carbonate-free base) content. Metalliferous sediments sam-
pled in Core 154-19 located at 19°50.3'S, 116°37.8'W, at a depth of 3334 m
collected 300 km to the west of the EPR axis and in Core 154-20 located at
19°39.8'S, 117°58.0'W, at a depth of 3470 m collected 440 km to the west
of the EPR axis have almost unvarying sedimentation rates of 4.0 and 3.3
mm ka’; and there are no distinct trends in Fe/Al and Alcegs values in me-
talliferous sediments in these cores.

Sedimentation

rate [mm ka™] Alceg [%]
0 100 200 1 2 3
0 s 0
; 209
0.861
40-
3.90]
T ‘o 60
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) >
25.64- 2 5.
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""""" 120-
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140

0 025 050
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Fig. 1.14. Variations in sedimentation rate, Fe/Al ratios, and Alceg contents in

Cores 154-18 (squares and diamonds), 154-19 (triangles), and 154-20 (circles).
Based on data of Shimmield and Price (1988).

Twenty cores of metalliferous sediments 22 to 168 cm long (Fig. 1.5)
were collected in 1987-1988 during Cruise 4 of the R/V Geolog Fersman
within the polygon from 20°30'S to 22°S at three sections located 10, 20 and
40 km to the west of the EPR axis. A large collection of samples was ob-
tained from these cores that were taken at intervals of 1 to 2 cm (Gurvich
1988). These samples have been studied comprehensively by Dekov
(1994). The chemical composition and ages determined on these sedi-
ments showed a cyclicity in the variation in contents of Fecrg (Fig. 1.15),
and also of Alcrg and Ticrg Within individual cores (Dekov 1994).
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Fig. 1.16. Frequencies of occurrence of Fecrg variation cycles with different peri-
ods in metalliferous sediments from the EPR axial zone at 20°30'S-22°S to the
west of the axis. After Dekov (1994).
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Fig. 1.17. Variations in contents of Feceg and Mncgg in metalliferous sediments
from Core GF-85 over time. After Dekov (1994). The core position is shown in
Fig. 1.5.

The contents of Alcrs and Ticrg vary in an antiphase manner with the
variations in contents of Feces due to the mutual dilution of hydrothermal
and lithogenic matter. The frequencies of occurrence of cycles with diffe-
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rent periods are shown in Fig. 1.16. More than a half of the cycles have pe-
riods of 10+5 ka.

In the cores recovered for metalliferous sediment sequences that accu-
mulated during the last 200-300 ka there are variation cycles for Mnces
with periods of about 100 ka (Fig. 1.17). Variation cycles for Fe/Mn ratios
also have periods of about 100 ka (Fig. 1.18).

Fe/Mn Fe/Mn Temperature [°C]
4 5 3 4 5 26 2.2 1 I8
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_, 100 -100
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200 - 200
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Fig. 1.18. Variations of Fe/Mn ratios over time in metalliferous sediments from
Cores GF-120 and GF-85 (Dekov 1994), and variations of Equatorial Pacific sur-
face water temperatures over time (Kennett 1982).

It is noted that the cycles with a period of ~100 ka in metalliferous sedi-
ments in Cores GF-120 and GF-85 accumulated in areas more than 100 km
apart and adjacent to different hydrothermal fields (Fig. 1.5) are in-phase.
Long-period cycles of Fe/Mn ratios and fragments of them in metalliferous
sediments from shorter cores are in-phase with the cycles of these two co-
res. Cyclicity of Feceg With the period ~10 ka is related to local cyclicity of
hydrothermal activity within individual hydrothermal fields (Rona 1984).
And the observed cyclicities of Fecrg in the individual sediment cores are
not in-phase for the whole area from 20°30'S to 22°S. As for the cyclicities
of Mncrg and Fe/Mn ratios with a period of ~100 ka they are in-phase for
an area that is more than 150 km long. This cyclicity is certainly caused in
a normal way. It is found in the pattern of distribution of Fe/Mn ratios in
surface sediments from the western flank of the EPR at 20°30'S-22°S (Fig.
1.5) that accumulated where a westerly direction of flow of the bottom cur-
rents is predominant. If there was a decrease in the flow of currents in a
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westerly direction Fe/Mn ratios at the same distance west of the EPR axis
would be lower and if there was an increase in flow the ratios would be
higher.

The intensity of mixing of ocean waters and the velocities of bottom
currents are connected to climate changes. In Pleistocene and Holocene
time they were especially strong. Variations in the temperature of surface
water are an indication of these changes. The intensity of mixing of ocean
waters increases with lower temperatures and decreases with higher tempe-
ratures. Comparison of variations of Fe/Mn ratio in metalliferous sedi-
ments from Cores GF-120 and GF-85 over time, and variation of the tem-
perature of surface waters from the Equatorial Pacific over time show dis-
tinct synchronism (Fig. 1.18). This synchronism confirms the assumptions
that were made about the common causes of cyclic variations of Fe/Mn
ratios in metalliferous sediments from the polygon area that was explored.

1.1.5. Mineral carriers of chemical elements

The contents and distribution of chemical elements in metalliferous se-
diments are influenced to a great extent by the minerals that carry them.
Special attention was given to this aspect of the study of the geochemistry
of metalliferous sediments in the seventies and eighties of the last century
by Dymond et al. (1973), Sayles and Bischoff (1973), Sayles et al. (1975),
Bagin et al. (1975), Lisitzin et al. (1976), Heath and Dymond (1977), Gur-
vich et al. (1977, 1979, 1980a-c), Migdisov et al. (1979), Cronan (1980),
Varnavas (1988), Dekov (1994), and others.

In the metalliferous sediments accumulated 10 km to the west of the EPR
axis the main carriers of most chemical elements and especially of the hea-
vy metals are the Fe- and Mn-oxyhydroxide and the Fe-smectite minerals.
They carry more than 90 to 95% of the total contents of these elements.
About 50% of the Si is bound chemically to hydrothermal silica and Fe-
smectite minerals (Dekov 1994).

The relative roles of different mineral carriers of some chemical elements
in metalliferous sediments of the EPR axial zone between latitudes 10°S
and 25°S at distances up to 150 km from the EPR axis, in the Bauer Dep-
ression and in the Central Basin (the southern part of the Peru Basin) are
shown in Fig. 1.19 based on the data of Heath and Dymond (1977).

Fe- and Mn-oxyhydroxides and Fe-smectites are the prevalent mineral
carriers of all of the elements studied except Si and their role as mineral
carriers decreases with distances away from the EPR axis. About 80% of
the non-lithogenic Fe is carried in Fe-oxyhydroxides and about 20% in the
Fe-smectites in metalliferous sediments from the EPR axial zone. At a dis-
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tance from the axis the proportion of the Fe in the respective minerals cha-
nges and its relative content carried in the Fe-smectites increases and in the
Fe-oxyhydroxides decreases. In metalliferous sediments from the Bauer
Depression and Central Basin the relative contents of the Fe carried in
these minerals are about equal. Most (=90%) of the Mn and Ni and 50 to
80% of the Cu and Zn are carried in the Fe- and Mn-oxyhydroxides. At a
distance from the EPR axis the relative contents of elements carried in
these minerals decrease. Only in metalliferous sediments from the EPR
axial zone Si is carried mainly in the non-lithogenic minerals, Fe-smectites
and opal, and this is reflected by the high Si/Al ratio (Fig. 1.8). There is a
sharp increase in the amount of Si carried in lithogenic minerals at a dis-
tance from the axis.
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- Fe-smectites
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|:| aluminosilicates
|:| opal

Fig. 1.19. Relative roles of different mineral carriers of chemical elements in me-
talliferous sediments from the EPR axial zone between 10°S and 25°S (A), Bauer
Depression (B) and Central Basin (C). Based on data from Heath and Dymond
(1977).

- Fe- and Mn-oxyhydroxides

It has been possible by using partition chemical analysis to identify cha-
nges in the role of different mineral carriers for twelve chemical elements
in transitions of metalliferous sediments deposited from 300 km to the
west of the EPR axis to those accumulated 1200 km to the west of it and in
the deep-sea red clays in the South Basin (Fig. 1.20).
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Fig. 1.20. Relative roles of different mineral carriers of chemical elements in me-
talliferous sediments accumulated 300 km (A) and 1200 km (B) to the west of the
EPR axis as well as in deep-sea red clays (C). Based on the results of partition
chemical analysis. The data of Gurvich (1977), Gurvich et al. (1977, 1980a-c), and
Migdisov et al. (1979)

Non-lithogenic minerals are the main carriers for all the elements of the
group in metalliferous sediments accumulated 300 km to the west of the
EPR axis. In sediments 1200 km west of the axis the role of these non-li-
thogenic mineral carriers is lower and becomes secondary (<50%) for Ti,
Th, Zr and Hf, but it remains significantly higher than it is in the red clays.
At some distance from the EPR axis the role of Mn-oxyhydroxide minerals
and of amorphous Fe-hydroxides as element carriers decreases and the role
of crystallized Fe-oxyhydroxides and Fe-smectite minerals increases. A si-
milar trend has been observed with an increase in the age of metalliferous
sediments (Marchig and Gundlach 1982; Varnavas 1988, et al.) and the ro-
le of leached Fe is also reduced with an increase in the age of metalliferous
sediments (Dubinin and Volkov 1992).

The data for the distribution and occurrence of Ti in metalliferous sedi-
ments may appear strange or inconsistent when first examined. However
they are confirmed in the very high Ti/Al ratios in metalliferous sediments
from the EPR axial zone (Fig. 1.21) and by the study of leached forms of
this element. Practically all of the Ti in metalliferous sediments from the
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EPR axial zone has been leached, about a half of it in metalliferous sedi-
ments on the EPR flanks and about 20% of its bulk content in metallifero-
us sediments in the Bauer Depression (Dubinin and Volkov 1992).
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Fig. 1.21. Ti/Al ratios in metalliferous sediments from sections across the East

Pacific Rise at 14°S and at 39°S. Based on the data from Bostrom and Peterson
(1969) and Migdisov et al. (1979).

Fe- and Mn-oxyhydroxides and Fe-smectite minerals are the prevalent
carriers of the rare-earth elements (REE) in metalliferous sediments in
most of the section across the EPR at 16°S (Fig. 1.22). Despite significant
fluctuations in the contents of the REE 55% to 85% of their bulk contents
are carried in these minerals in almost all sediments of the section. Litho-
genic minerals in sediments from the EPR axial zone carry minimal part of
the REE content but their role increases at a distance from the axis. Some
part of the REE content is bound in biogenic carbonate in the carbonaceous
and low-carbonaceous metalliferous sediments.

Transitions in the role of different mineral carriers of barium in the ge-
neralized section through metalliferous sediments from the EPR axial zone
to deep-sea red clays in the Southern Basin are shown in Fig. 1.23. Fe- and
Mn-oxyhydroxides are major carriers of Ba in metalliferous sediments of
the EPR axial zone where the Ba content is minimal (Bostrom et al. 1973;
Gurvich et al. 1979). Metalliferous sediments are enriched in Ba at a dis-
tance from the EPR axis where fine-grained authigenic barite becomes the
main carrier of the element (Gurvich et al. 1979). This barite has formed
during decomposition and mineralization of organic matter (Bostrom at al.
1978; Gurvich et al. 1978).

According to the above data and that of Lukashin (1983), the average
roles of Fe- and Mn-oxyhydroxide and Fe-smectite minerals as carriers of
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Fig. 1.22. Relative roles of different carriers of the REE in bottom sediments from
the section across the EPR at 16°S. After Dubinin and Volkov (1986).

different chemical elements in metalliferous sediments from the Southeast
Pacific are reduced in the following sequence in the order of magnitude
shown in %:
Mn - (Ni, Co) > (V,Cu) > Zn - (Fe, REE) - (Sb, Zr, Hf, Sc) —
>98 95-98 90-95 80-90 70-80 60-70
(Ti, Th)y-» Ba — Si
50-60 20-40 10-20

This sequence is eloquent evidence indicating that most of the chemical
elements investigated, including the elements-hydrolysates, have been con-
tributed to the metalliferous sediments from solution and are bound within
the hydrothermal and authigenic mineral carriers. If we compare this sequ-
ence with the data showing excessive accumulation of chemical elements
in metalliferous sediments (Sect. 1.1.4), we can conclude that most of the
Ni, Co, V, Cu, Zn, REE, Sb, Zr, Hf and Sc was contributed from solutions
and bound in hydrothermal mineral carriers. Si is also a part of this sequ-
ence of elements because it also has entered metalliferous sediments from
solution and is bound not only with Fe-smectite minerals but also with
opal. According to Cronan (1980), Ni and Co are bound mainly in the ma-
nganese minerals, but Cu and Zn are bound mainly in the iron minerals. As
for Ti and Th that were contributed to metalliferous sediments from soluti-
ons, most of their contents are bound in authigenic mineral carriers.
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Fig. 1.23. Transitions in the relative roles of different mineral carriers of barium in
the generalized section in the Southeast Pacific from metalliferous sediments at
the EPR axial zone to deep-sea red clays in the Southern Basin.

It is important to consider the carriers of aluminum in metalliferous se-
diments. According to the results of the partition chemical analysis, Al is
not bound with amorphous Fe-hydroxides and Mn-oxyhydroxides. The
only forms leached in the partition analysis are the poorly crystallized alu-
minosilicate minerals that occur in metalliferous sediments (Lisitzin et al.
1980b). According to Varnavas (1988), some leaching of Al from metal-
liferous sediments during the sequential partition analysis results from the
partial dissolution of newly formed low temperature authigenic smectite
minerals (Hein et al. 1979; Cole 1985).

Dymond and Heath (1977) attempted to estimate the ratio of hydrother-
mal Al and Fe in metalliferous sediments by using the minimum Al/Fe ra-
tio. At that time the minimum Al/Fe ratio measured was 0.00625. Later
Shimmield and Price (1988) measured a ratio of 0.0022. In buoyant and
nonbuoyant hydrothermal plumes the minimum Al/Fe ratios are about
0.001-0.002 and 0.0014-0.0027 respectively. If 0.002 is accepted as a
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minimum ratio, the average content of hydrothermal Al in metalliferous
sediments is 0.027%, which is only about 0.6% of its average bulk content
(Table 1.1). This permits consideration of Al as a proxy for lithogenic ma-
terial in metalliferous sediments, and in the calculations of other elements
by assuming an absence of excessive accumulation of Al.

1.1.6. Accumulation rates of chemical elements

Sedimentation of hydrothermal matter on the ocean floor results not on-
ly in an increase in the contents of Fe and Mn in sediments but also in an
increase in their accumulation rates (Fig. 1.24 and 1.25).

Accumulation rates of Fe and Mn in background pelagic sediments from
the southern arid zone are respectively 1 to 5 mg cm™ ka™* and less than 0.5
mg cm ka™ (in some places 0.5 to 1 mg cm™ ka™). And in metalliferous
sediments from the EPR axial zone the accumulation rates of Fe and Mn
exceeding 25 mg cm™ ka™ and 10 mg cm™ ka ™ are reported (Bostrém 1973;
Bostrém et al. 1973; Froelich et al. 1977; Lisitzin 1978; Bogdanov et al.
1979c; Heinze 1985; Lisitzin et al. 1990; Dekov 1994, et al.). The highest
accumulation rates of Fe and Mn in the EPR axial zone occur between 10°S
and 25°S in the part of the EPR that has the greatest spreading rate and
where the highest rates of abiogenic sedimentation for the EPR axial zone
are reported (Bogdanov and Chekhovskikh 1979). Fe and Mn accumulation
rates decrease at a distance from the axis and gradually attain values that are
characteristic for background pelagic sediments. The greatest decrease in the
accumulation rates occurs in the axial zone and becomes lower at a distance
from the axis. Annually 680-10° tons of Fe, 200-10° tons of Mn, and 175-10°
tons of Al accumulate within the area of metalliferous sediments in the
Southeast Pacific where the average accumulation rates are respectively
6.8, 2.0 and 1.75 mg cm™ ka™*. The accumulation of Fe in excess of that
in the background pelagic sediments is 550-10° t a*, and the excess of
Mn accumulation over the background is 180-10° t a™ (Table 1.2).

Patterns of the distribution of accumulation rates of trace elements in
recent bottom sediments from the Southeast Pacific are dependant in many
respects on the mode of distribution of their contents.

The areal distribution of accumulation rates of Zn, V, Pb, As, Cd, P and
B, elements with Type 1 distribution of their contents (Sect. 1.1.4), can be
described only in general terms as maps of their distribution have not yet
been drawn. Comparing the distribution of contents of these elements with
those of Fe and Mn it is apparent that the distribution of accumulation rates
of these elements and of Fe and Mn are similar.
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Table 1.2. Comparison of the annual accumulation of chemical elements in metal-
liferous sediments and the estimated annual hydrothermal contribution in the
Southeast Pacific based on the assumption that hydrothermal contribution and ex-
cessive accumulation of Fe are related.

Average Total Background
Element accumulation rate accumulation accumulation (B)
Hg cm ka™ ta’ ta’
Fe 6800 680000 130000
Al 1750 175000 175000
Ga 0.4 40 40
Cr 1.2 120 110
Th 0.2 20 18
Ti 150 15000 13000
Si 6500 650000 520000
Li 1.3 130 100
Rb 1.3 130 100
B 8.5 850 560
Ba 435 43500 24000
Sc 1.05 105 47
Ce 4.6 460 190
Hf 0.25 25 9
Y 12 1200 430
Sm 1.18 118 42
Yb 0.44 44 15
Eu 0.31 31 10
Zn 16 1600 360
La 6.3 630 140
Zr 18 1800 400
u 0.15 15 3
Sh 0.48 48 9
Pb 6.2 620 90
Cd 0.069 6.9 0.9
\% 17 1700 200
Mn 2000 200000 20000
Ni 33 3300 300
Co 8.8 880 70
Cu 42 4200 300

Distribution of accumulation rates of elements with Type 2 distribution
of their contents may have three somewhat different patterns.

Accumulation rates of Hf, Sc, Ba, REE, and Zr have minimum values in
the axial zone. And accumulation rates of Ba and Zr usually have maximum
values on the flanks of the EPR, which gradually decrease to background
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Table 1.2. (continued):

Excessive Hydrothermal
Element accumulation (E) input (H) E/B H/E
tat tat

Fe 550000 550000 4.2 1.0
Al 860
Ga 0 ? 0
Cr 10 ? 0.09
Th 2 ? 0.11
Ti 2000 ? 0.15
Si 130000 1300000 0.25 10
Li 30 9000 0.30 300
Rb 30 1900 0.30 63
B 290 16000 0.52 55
Ba 19500 5600 0.81 0.29
Sc 58 ? 1.2
Ce 270 3.1 1.4 0.011
Hf 16 ? 1.8
Y 770 ? 1.8
Sm 76 0.37 1.8 0.0049
Yb 29 0.056 1.9 0.0019
Eu 21 15 2.1 0.071
Zn 1240 20000 3.4 16
La 490 1.8 3.5 0.0037
Zr 1400 ? 35
U 12 0 4.0 0
Sh 39 ~4 4.3 ~0.1
Pb 530 190 5.9 0.36
Cd 6.0 24 6.7 4.0
\% 1500 22 7.5 0.015
Mn 180000 180000 9.0 1.0
Ni 3000 220 10.0 0.073
Co 810 24 11.6 0.030
Cu 3900 4500 13.0 1.15

values away from it (Gurvich et al. 1979; Lukashin et al. 1980), but accu-
mulation rates of Hf, Sc, and REE have maximum values on the flanks at
some sites only and the values for them gradually increase from those in
the axial zone to those in background pelagic sediments (Gurvich 1977;
Gurvich and Lisitzin 1980c,d).
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Fig. 1.24. Accumulation rates of Fe [mg cm™ ka™] in recent bottom sediments
from the Southeast Pacific. After Bogdanov et al. (1979c).

Accumulation rates of Ni, Co, and Sb have no minimum values in the
axial zone of the part of the EPR that has the highest spreading rate but
instead they may have maximum values in this area. Some examples of
this kind of distribution are: the axial maximum for the accumulation rate
of Ni at 17°S (Dymond and Veeh 1975), both high and low accumulation
rates of Ni in the EPR axial zone were measured by Bostrém (1973) and
Bostrom et al. (1973) as well as the distribution of accumulation rates of
Sb (Fig. 1.26). The distribution of the accumulation rate of Cu probably
has a similar pattern. According to Bostrom (1973) and Bostrom et al.
(1973), metalliferous sediments of the EPR axial zone have both high and
low accumulation rates of Cu. The distribution of accumulation rate of Th
is characterized by gradual increase from the EPR axial zone to backgro-
und sediments (Gurvich et al. 1980b).

The mentioned minima of accumulation rates of many chemical ele-
ments result from partial redeposition of sedimentary material by bottom
currents from the EPR axial zone to the flanks where its accumulation rates
increase. This phenomenon is characteristic to all underwater rises (Lisi-
tzin 1978). On the example of Ba it has been shown that in the areas of
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bottom currents crossing the EPR axis on the average 50-70% of Ba (of
the amount, which would accumulate without the currents) have been rede-
posited from the axial zone to the flanks. In the flank metalliferous sedi-
ments, on the contrary, the amount of accumulated Ba on the average is
50% more than it would be without this redeposition (Gurvich et al. 1979).
Similar results have been obtained during CaCO; studies with the only dif-
ference: CaCO; redeposited from the EPR axial zone has been accumula-
ted on the flanks not completely due to its partial dissolution below the ly-
socline (Bogdanov and Gurvich, unpublished data).

20°

40°

60°

60°

Fig. 1.25. Accumulation rates of Mn [mg cm™ ka™] in recent bottom sediments
from the Southeast Pacific. After Bogdanov et al. (1979c).

It is necessary to note that such "not catastrophic" (occurring mainly in
particulate matter) redeposition of sedimentary material almost does not
result to differentiation of its abiogenic part (as in turbidites), but changes
accumulation rate.

If to assume, that Al is a proxy of background abiogenic sedimentary
material, at no redeposition of this material by bottom currents within the
Southeast Pacific field of metalliferous sediments located in the southern
arid climatic zone accumulation rate of Al within the field should not vary
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Fig. 1.26. Accumulation rate of Sb [ug cm™ ka™] in recent bottom sediments from
the Southeast Pacific.

a lot. And the ratio (FeetMng)/Al (Where Fee, and Mn,, are excessive co-
ntents of Fe and Mn, and Al is Al content) should be directly proportional
to the sum of Fe and Mn excessive accumulation rates (Fee*+Mne,*). It is
proved by the materials from the areas of metalliferous sediments where
bottom currents across the EPR axis are absent or very weak (Fig. 1.27).
Linear correlation of these parameters is rather strong (R=0.94). The reg-
ression equation is:

Feex™ + Mng* = 1.78(FeextMngy)/Al, (1.2)

where element contents are in %, and element accumulation rates are in
mg cm ™ ka™.
The equation:
(FeextMng)/Al = (Feg*+Mng, *)/Al*
is also true (Al* is accumulation rate of Al in mg cm™ ka™). Hence

Feex* + Mnex* = 1.78(Feex*+M nex*)/AI*.
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Fig. 1.27. Connection of (Feg+Mng,)/Al and Feg,*+Mng,* in metalliferous sedi-

ments from the areas where bottom currents across the EPR axis are absent or very

weak. Based on the data of Bostrém (1973) and Migdisov et al. (1979).

It follows from this equation that Al* = 1.78 mg cm™ ka ™. This average Al
accumulation rate in the sediments from the sampling used for the calcula-
tion of the regression equation is very close to the average Al accumulati-
on rate (1.75 mg cm™ ka*, Table 1.2) in metalliferous sediments from the
Southeast Pacific.

If these calculations are correct, the ratio (Fe+Mng)/Al is a rather
exact reflection of the "undistorted” sum (Fee*+Mne*) in concrete metal-
liferous sediments, which would be without the redeposition of sedimenta-
ry material from the EPR axial zone to the flanks by bottom currents. As
the background ratio (Fe,+Mnyp)/Al, = 0.84 (where Fey=5.8%, Mn,=0.75%,
Alp=7.8%; Table 1.1),

(FeextMng,)/Al = (Fe-AlFey/Al,+Mn-AlMny/AlL)/Al =
= (Fe+Mn)/Al - (Fey+Mnp)/Aly, = (Fe+Mn)/Al - 0.84,

where Fe, Mn, and Al are contents of Fe, Mn, and Al in these concrete
sediments.

Thus the "undistorted" accumulation rate of the excessive Fe+Mn in me-
talliferous sediments can be calculated from the equation:

Feer™ + Mng* = 1.78((Fe+Mn)/Al-0.84) = 1.78(Fe+Mn)/Al - 15  (1.2)

Estimations of total and excessive accumulation of chemical elements in
metalliferous sediments from the Southeast Pacific are shown in Table 1.2.
They have been made at the assumption that there is no excessive Al accu-
mulation in metalliferous sediments (see above). For most elements — hea-
vy metals excessive accumulation exceeds background accumulation. Re-
lative roles of excessive accumulation of the elements increase in the same
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row as ratios of element contents in metalliferous sediments to ones in
background sediments.

1.1.7. Sources of excessive accumulation of chemical elements

The excessive accumulation of Fe in metalliferous sediments is derived
entirely from hydrothermal sources. As for other chemical elements, it is
interesting to compare their excessive accumulation with the maximum
amounts that could possibly be contributed to metalliferous sediments from
hydrothermal sources, based on the assumption that the other elements as-
sociated with Fe enter metalliferous sediments in the same proportions as
they occur in primary hydrothermal fluids. The average concentrations of
the elements in hydrothermal fluids from the EPR* have been used for cal-
culating the input of elements from hydrothermal sources. The results of
these calculations are shown in Table 1.2. It is seen from this table that
hydrothermal input could provide excessive accumulation not only of Fe
but also of Si, Li, Rb, B, Zn, Cd, Mn, and Cu. It is interesting to note that
the estimated amount of Al (860 t a™) is 0.66% of its bulk accumulation in
metalliferous sediments from the Southeast Pacific and is close to the esti-
mated content of hydrothermal Al in metalliferous sediments of its average
bulk content (~0.6%, Sect. 1.1.5). For most trace elements given in Table
1.2 even the maximum possible hydrothermal input does not account for
their excessive accumulation in metalliferous sediments (H/E < 1).

Ocean water as a source of chemical elements also contributes to their
excessive accumulation in metalliferous sediments. Elements from ocean
water may be contributed to the metalliferous sediments due to scavenging
(co-precipitation and/or sorption) by Fe- and Mn-oxyhydroxides, and Fe-
smectites.

If hydrothermal solutions are the main sources of trace elements that
leads to their excessive accumulation in metalliferous sediments, any in-
crease in the content of hydrothermal metal-bearing matter (including the
content of its proxy Fee+Mngy ) in abiogenic matter of metalliferous sedi-
ments may cause an increase in the excessive contents of trace elements
(Ele). This being the case one should expect a direct covariance relation-
ship of Ele and the sum Feg+Mne,.

If ocean water is the main source of trace elements and their excessive
accumulation, two extreme variants can be considered depending on the
concentration of the trace elements in ocean water:

a) Concentrations of trace elements or of those forms of trace elements
that are accessible for scavenging are high enough in ocean water and con-

4 Element concentrations in hydrothermal fluids are shown in Sect. 4.2.
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ditions for their scavenging are favorable; and ocean water could be an in-
exhaustible source of the trace elements, and their scavenging from ocean
water and transfer by hydrothermal metal-bearing matter to metalliferous
sediments would be defined only by properties of this hydrothermal metal-
bearing matter and by the concentration of trace elements in ocean water.
In this case an increase in the contents of the metal-bearing matter in me-
talliferous sediments would result in the increase in contents of the trace
elements bound with them, and one would expect a direct covariance rela-
tionship of Ele and the sum of Feg,+Mney.

b) Concentrations of trace elements or of those forms of trace elements
that are accessible for scavenging are low in ocean water, and ocean water
is a limited source of these trace elements. In this case scavenging of the
trace elements from ocean water does not depend on the amount of the sca-
venger — particulate metal-bearing hydrothermal matter migrating through
ocean water from hydrothermal vents to the ocean bottom or on the amo-
unt of ocean water migrating through the sediments, and all of the amount
of trace elements that are accessible for scavenging entry into the metal-
liferous sediments. Theoretically under these conditions it is assumed that
there is a constant rate of input of the trace elements to the metal-bearing
matter of the metalliferous sediments regardless of their accumulation rate.
In this situation an increase in the accumulation rate of metal-bearing mat-
ter, where it is undistorted by the redeposition, results in a decrease in the
content of the trace elements in it. It is concluded that the content of trace
elements in the metal-bearing matter varies inversely to the accumulation
rate of this metal-bearing matter. One can expect a direct covariance rela-
tionship of the ratio of El.,/(Fe+Mne) and the inverse accumulation rate
of the metal-bearing matter. As shown above, the ratio (Fee,+Mng)/Al is a
direct indication of the actual accumulation rate of Feg,*+Mn,,* in specific
metalliferous sediments in which the redeposition of sedimentary material
by bottom currents is absent. Therefore one can expect a direct proportio-
nal relationship to be shown by Ele/(FeextMngy) to Al/(Fee+Mngy).

The ideal conditions in the examples considered above do not exist be-
cause they assume a constant contact time for hydrothermal metal-bearing
matter with ocean water. Actually this does not happen because the time
required for sedimentation of this matter on the ocean floor and hence the
length of time for its contact with ocean water increases with the distance
from its source. By increasing this distance the sum Feg*+Mng* decrea-
ses, and the ratio Al/(Fee+Mngy) increases.

If scavenging of a trace element by the metal-bearing matter from ocean
water comes to an end quickly, considered as Variant 1, at longer contact
of the metal-bearing matter with ocean water or at longer distance from the
hydrothermal source, the contents of Feg,+Mne, and Ele decrease, the
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Al/(Fee+Mng,) increases, and the Ele/(Feex+Mney) ratio becomes constant.
A direct proportional relationship of Ele/(FeextMney) t0 Al/(FeextMney)
does not exist in this case because it is inconsistent with the constant
Elex/(FeextMngy) ratio.

If scavenging of trace elements by the metal-bearing matter from ocean
water is a lengthy process because of their low concentration in ocean wa-
ter and/or because of their properties, considered as Variant 2, a longer dis-
tance from the hydrothermal source provides a longer contact of the metal-
bearing matter with ocean water resulting in a decrease in the contents of
Feex+Mngy, an increase in the Al/(Fee+Mngy, ) ratio, and an increase in the
Ele/(FeextMngy) ratio. The content of Ele can increase, remain constant or
decrease depending on the gradients of Feg+Mngy, and of Ele/(FeetMngy).
Where there is an equal time of contact the sum Feg+Mn,, is lower, the
Al/(Fee+Mngy) ratio is higher, and the El.,/(Feex+Mney) ratio is higher.

Also a mixed situation can occur in which the Ele,/(Fee+Mngy) ratio in-
creases initially and then as the scavenging ceases conditions gradually be-
come stabile. This situation is universal for trace elements scavenged from
ocean water. With very fast or fast stabilization of the El.,/(Fee+Mng) ra-
tio the maximum contents of El., are in the vicinity of and within a first
few kilometers of the hydrothermal source; and at longer distances from
the source the distribution patterns correspond to those in Variant 1. With
slow stabilization of the El./(Fee+Mng) ratio, within a few hundreds of
kilometers from hydrothermal sources, the maximum contents of Ele oc-
cur in the vicinity of the areas of stabilization. In this case the pattern of
the Ele/(FeextMngy) ratio before stabilization corresponds to that develo-
ped in the conditions of Variant 2, and after stabilization to that of Variant
1. In the absence of the stabilization of the Ele/(Feex+Mngy,) ratio within
areas of metalliferous sediments the patterns correspond to those under the
conditions of Variant 2. In this case Ele contents reach maxima, but they
are not as evident as in the previous cases.

As the bulk element content in metalliferous sediments (El) is the sum
of the background content (Ely) and the excessive content (Ele), and where
the Ele content is prevalent the pattern of an El distribution is similar to
the patterns of Elg distribution, and where the El, content is prevalent the
pattern of distribution is similar to the pattern of El, distribution. Interme-
diate patterns in the distribution of the EI contents are also possible.

Resulting patterns in the variation of El distribution with increasing dis-
tances from the EPR axis with different values and characters of variation
of the Ele/(FeextMngy) ratio are shown in Fig. 1.28, where data derived
from the mathematical modeling of the described hypothetical situations
have been plotted.
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Fig. 1.28. Hypothetical variations of chemical element contents (El) in abiogenic
matter of metalliferous sediments at increasing distances from the EPR axis and
with different types of Ele/(Fee+Mne,) variation. @ Elg,/(Fee+Mng,) = const (hy-
drothermal elements); @—® elements scavenged from ocean water: @ from the
axis to 1 km distance Ele/(Fee,+Mng,) = 2 arbitrary units km™ and then decreases
to nil; ® El/(FeextMne,) = 0.002 arbitrary units km™; @ Elo/(Fe,+Mng) =
0.025 arbitrary units km™; ® from the axis to 200 km distance Ele/(Fee+Mng,) =
0.05 arbitrary units km™ and then decreases to nil; ® El./(Fe,+Mng,) = 0 (ele-
ments without excessive accumulation). ® and ® are also Fe/5 and Al/5 contents
in %.

Curve 1 shows the situation when hydrothermal solutions are the main
source of excessive accumulation of a trace element.

Curve 2 illustrates the situation for Variant 1 in which case scavenging
of a trace element by the metal-bearing matter from ocean water comes to
an end quickly.

Curves 3 and 4 show the situations for Variant 2 in which the scaven-
ging of a trace element by the metal-bearing matter from ocean water is
over a lengthy time, but the gradient of the El./(Fee+Mnegy) ratio for Curve
3 is lower than for Curve 4.

Curve 5 shows the mixed situation with slow stabilization of the
Eley/(FeextMngy) ratio.
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Curve 6 shows the situation when element scavenging from solution is
absent.

Curves 1 and 2 in Fig. 1.28 also show Type 1 element distribution with
maximum values in the axial zone (see Sect. 1.1.4), Curves 3 and 6 show
Type 4 element distribution with minimum values in the axial zone and no
maximum values on the flanks of ridges, Curves 4 and 5 show Type 2 ele-
ment distribution with minimum values in the axial zone and maximum
values on the flanks, and mixtures of Curves 1 and 5 or Curves 1 and 4
show Type 3 element distribution with maximum values in the axial zone
and maximum values on the flanks. Type 3 element distribution can be the
result of well defined dualism in which an element enters the metal-bea-
ring matter of metalliferous sediments from both hydrothermal solutions
and ocean water.

The congruence of a real pattern with one in the proposed situations can
be estimated by considering correlation coefficients of data pairs of the
two kinds. In the first kind of the pairs data for Ele, and (Fee+Mngy), and
in the second kind of the pairs data for the Ele/(FeetMney) ratio and for
the Al/(Fee+Mney) ratio are considered.

It is important to note that Fe- or Mn-minerals or both of them are carri-
ers of trace elements and the correlation coefficient of the pair Fe, and
Mney in metalliferous sediments from the Southeast Pacific is 0.95.

Correlation coefficients for data pairs of elements of the two kinds have
been calculated for 15 trace elements. They are shown in Fig. 1.29.

V, Zn, P, Ph, As, and Cd have high positive correlation coefficients (R>
+0.80) for the first kind of pairs and low positive or negative correlation
coefficients for the second kind of pairs. Sc, Th, Ni, Zr, Hf, La, and Co
have high positive correlation coefficients (R>+0.85) for the second kind
of pairs and low positive or negative correlation coefficients for the first
kind of pairs. Sb and Cu have correlation coefficients about +0.7 for the
pairs of both the first, and the second kinds®.

High correlation coefficients for the second kind pairs for Sc, Th, Ni, Zr,
Hf, La, and Co can be unequivocally interpreted as a result of their scaven-
ging by the metal-bearing matter from ocean water. Concentrations of
these trace elements, or their forms accessible for sorption, are low in oce-
an water, and ocean water is a limited source of these elements.

High correlation coefficients also indicate the variations in contents of
SCex, Thex, Niex, Zrey, Hfey, Laex, and Coey With distance from the EPR axis
and are close to those in Variant 2. This kind of variations coincides with
measured (real) variations in the contents of Sc, Th, Ni, Zr, Hf, La and Co

5 Fe and Mn have correlation coefficients for the first kind of pairs +0.996 and
+0.97, and for the second kind of pairs -0.21 and +0.21.
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in metalliferous sediments at a distance from the EPR axis. Sc, Ni, Zr, Hf,
La and Co contents increase with distance from the EPR axis, reach maxi-
ma, and then decrease. Variations in the contents of Th are similar or they
may gradually increase with distance from the EPR axis (see Sect. 1.4).
The prevalent role of ocean water as a source Of SCey, They, Niex, Zrex, Hfex,
Laex and Cog is also confirmed by the data in Table 1.2. Even with hydro-
thermal sources for the elements having the greatest possible role, they
could supply only an insignificant part in the excessive accumulation of
these elements in metalliferous sediments.

+1.0

'O +0.4

Correlation coefficie

Sc Th Ni Zr Hf La Co Sb Cu Cd As Pb P Zn V Mn Fe
l pairs of the first type - Elgy and (Feg,+Mngy) D pairs of the second type - Elgy/(Feax+Mngy) and Alf(Fegy+Mngy)

Fig. 1.29. Correlation coefficients for the data pairs of the two kinds calculated for
abiogenic contents of chemical elements bound with the metal-bearing matter of
metalliferous sediments from the Southeast Pacific.

The REE patterns also indicate that ocean water is the main source con-
tributing to the excessive accumulation of these elements in metalliferous
sediments from the Southeast Pacific. Since the publication of the paper of
Bender et al. (1971) all studies of distribution of the REE in metalliferous
sediments from the Southeast Pacific (Dymond et al. 1973, 1976; Piper
1974; Piper and Graef 1974; Balashov et al. 1974; Balashov 1976; Gurvich
et al. 1980c; Dubinin and Volkov 1986, 1988; Ruhlin and Owen 1986;
Barrett and Jarvis 1988; Kunzendorf et al. 1988; Owen and Olivarez 1988;
Olivarez and Owen 1989; Lisitzin et al. 1990; Halliday et al. 1992; Dekov
and Gurvich 1993; Strekopytov 1997; Dubinin 2004, et al.) show similari-
ties of their patterns to the REE pattern of ocean water.

High correlation coefficients for the first kind of pairs for V, Zn, P, Pb,
As and Cd indicate either that hydrothermal solutions are the main source
for their excessive accumulation in metalliferous sediments, or that the ex-
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cessive accumulation of these elements could be derived from ocean water
where element concentrations are high enough, and conditions are favorab-
le for their rapid scavenging by the metal-bearing matter. It is necessary to
note that, unlike many other elements, V, P and As enter metal-bearing
matter mainly by their co-precipitation from ocean water during the forma-
tion of hydrothermal Fe-oxyhydroxides (Trefry and Metz 1989; Feely et al.
1991a,b, 1994, 1998; Rudnicki and Elderfield, 1993; Ludford et al. 1996;
Savenko 2000; Edmonds and German 2004, et al.). A solution for this di-
lemma is impossible in the framework of the approach discussed here. The
data for the greatest possible role of hydrothermal solutions contributing to
the excessive accumulation of elements in metalliferous sediments (Table
1.2) show that hydrothermal solutions cannot provide the observed exces-
sive amounts of V and Pb accumulated in these metalliferous sediments
and that ocean water is their source. The behavior of these elements, and
also of P, As, Zn, and Cd in hydrothermal plumes (Sect. 4.3) indicates that
ocean water is the main source that leads to their excessive accumulation
in metalliferous sediments. The excessive accumulation of Mo, Pd and Os
presumably can be attributed to the same source. All these elements have
geochemistry in the ocean similar to one of V and similar distribution in
metalliferous sediments (Turekian and Bertine 1971; Crocket et al. 1973;
Marchig and Gundlach 1982; Marchig et al. 1986; Ravizza and McMurtry
1993). This is also evident for Os as indicated by its isotope composition
(Ravizza and McMurtry 1993).

Similar correlation coefficient data, about +0,7, for the element pairs of
the first and second kinds for Cu and Sb indicate a dual nature for their ex-
cessive accumulation in metalliferous sediments in the Southeast Pacific.
The question of the source of the excessive accumulation of Sb is unequi-
vocally decided in favor of ocean water, because the greatest possible role
that hydrothermal solutions could make in its accumulation is only 11%
(Table 1.2). The dual nature of Sb accumulation probably is caused by its
presence in ocean water in two oxidation states: Sb(lll) and Sb(V) (Vino-
gradov 1967; Onishi 1969). In the oxidizing conditions of ocean water
Sb(V) dominates whereas Sh(111) makes up only 1-5% of the total concen-
tration of dissolved Sb (Bertine and Lee 1983). Therefore it can be assu-
med that during the scavenging Sh(l11) behaves similar to Ni, Co and other
elements that have high correlation coefficients of pairs of the second kind,
as indicated by low Sb contents in metalliferous sediments from the EPR
axial zone (Gurvich 1977), and Sb(V) behaves similar to V, P, and As that
have high correlation coefficients of the first kind of pairs. The double na-
ture of the excessive accumulation of Cu may be caused by the prevalence
of hydrothermal Cu in metalliferous sediments from the EPR axial zone as
shown by the maximum of contents in axial areas, and by Cu derived from
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ocean water in flank metalliferous sediments as shown by the maximum
contents of Cu in these areas.

Bostrom (1973) showed a strong correlation coefficient between the
ratio (Fe+Mn)/Al in metalliferous sediments and the spreading rate of the
segments of the EPR where these sediments accumulated. The predomi-
nant parts of the Fe and Mn contents in metalliferous sediments are com-
posed of Fe, and Mng, (Sect. 1.1.4) and there is a strong correlation be-
tween the ratio (Feex+Mng,)/Al in metalliferous sediments and the sprea-
ding rate. It appears that metalliferous sediments accumulated at equal
distances from the EPR segments with faster spreading rates have lower
ratios of Al/(Fex+Mng,) and concentrations of trace elements scavenged
over a long period of time than in sediments accumulated near the seg-
ments that have slower spreading rates.

1.2. Metalliferous sediments from the northern part of the
East Pacific Rise

In the mid nineteen eighties a field of metalliferous sediments in an area
of ~200-10% km?in the northern part of the EPR between 9°N and 14°N was
discovered and studied during expeditions of the Sevmorgeologiya Associ-
ation (Sankt-Petersburg). The field occurs on both sides of the EPR axis ne-
ar areas where high-temperature hydrothermal activity and massive sulfide
deposits are present (Fig. 1.1; Cherkashev 1990; Krasnov et al. 1992a; Da-
vydov et al. 2002). The field is asymmetric, its east boundary is 300 km,
and west boundary is 200 km from the EPR axis. About two thirds of the
field is located to the east and one third to the west of the EPR axis. It is de-
veloped by predominant easterly flowing bottom currents (Lonsdale 1976).

The full spreading rate of this EPR segment is 11 cm a™ (Herron 1972;
Hekinian et al. 1985). Between 9°N and 14°N the axial part of the EPR re-
presents an echelon chain of shield volcanoes with non-transform displace-
ment at intervals of 30 to 120 km. The axial uplift area located at a depth
of about 2600 m is 2 to 10 km wide and is raised 200 to 400 m above the
base of the axial graben. Cross-sections with various forms, triangular, do-
me-shaped or trapezoidal, are found in different parts of the uplift area
(Hekinian et al. 1983; Francheteau and Ballard 1983; Choukroune et al.
1984; Gente et al. 1986; Staritsyna et al. 1989; Cherkashev 1990). Hydro-
thermal zones that occur within structural segments that have the greatest
uplift along longitudinal sections have trapezoidal or dome-shaped cross-
sections and are complicated in the uppermost parts by grabens 200 to
>600 m wide and 20 to 50 m deep (Staritsyna et al. 1989).
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Most of the information on the lithology and geochemistry of recent me-
talliferous sediments from the northern part of the EPR has been obtained
by Cherkashev (1990, 1992) and further description of these sediments
will be based mainly on his data.

Background non-hydrothermal sedimentation in the northern part of the
EPR is related to the boundary zone between the northern arid and equato-
rial zones and vicinity to the North American continent. Sedimentation ra-
tes in this area are 3 to 10 mm ka™* (Lisitzin 1974). In the axial part of the
EPR the sedimentation rates are higher because of the additional input of
edaphogenic and hydrothermal material. Low carbonaceous and noncalca-
reuos silty-clay and clay sediments occur within the field. Clay minerals,
ferruginous clay aggregates, coccolith-foraminiferal material, ferruginous
silica gel, Fe-smectite minerals and quartz are the main components of
these sediments. The sediments in the axial part of the ridge are enriched
in basalt detrital material, the content of biogenic silica is negligible to ab-
sent and the sediments are oxidized at the surface. The subsurface sedi-
ments east of the EPR axis are reduced and are oxidized to the west of it.
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Fig. 1.30. Proportions of the main components in surface metalliferous sediments
at the section across the EPR at 12°50'N. After Cherkashev (1992) with modifica-
tion.

Variations in the proportions of the main components of the surface me-
talliferous sediments at the section across the EPR at 12°50'N are shown in
Fig. 1.30. The contents of biogenic components in the sediments that con-
sist mainly of CaCOs; are higher west of the EPR axis and at uplifted sites
on the sea bottom than to the east of it, except in the axial zone. Because of
the significant contribution of edaphogenic material in sediments in the
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axial zone the lithogenic components are predominant. Some edaphogenic
material is also present in sediments in the west part of the section because
of the exposure of bedrock. In flank areas near the axis where edaphogenic
material is not apparent the amount of lithogenic components is minimal
and the amount of hydrothermal material is maximal.

Table. 1.3. Average contents of chemical elements in abiogenic matter of metallifero-
us sediments from the northern part of the East Pacific Rise. Based on data from Tu-
rekian and Wedepohl (1961), Skornyakova (1970), Crocket et al. (1973), Piper and
Graef (1974), Gurvich et al. (1976, 1977, 1979, 1980a,b,c), Gurvich (1977), Oresh-
kin (1977), Lisitzin et al. (1980b,c), Lukashin and Lisitzin (1980), Lukashin et al.
(1980), Cox and McMurtry (1981), Cherkashev (1990, 1992), Davydov et al. (2002).

Metalliferous Background Metalliferous Background

Element sediments  sediments Element sediments sediments

Fe % 12.79 5.06 Rb  ppm 34 45

Mn 2.65 0.41 Mo 146 27

Si 16.80 27.8 La 21.7 24.5

Al 4,77 8.4 Ce 49.9 45.6

Ti 0.29 0.37 Sm 6.0 5.1

Ba 0.40 0.51 Eu 2.0 1.2
Tb 1.58

Cu ppm 335 136 Yb 2.66 3.6

Zn 371 159 Lu 141

Pb 52 34 Y 98.1 38.6

Cd 1.73 0.7 Sc 24.7 18.9

Sn 3.0 15 Zr 306 112

Ni 245 136 Th 5.68 7.4

Co 110 32 Ga 20.3 18

Cr 89 50 Ag 0.41 0.11

\V 288 91 Hg 2.12

As 49 13

Sh 5.9 1.7 Au ppb 20.3 35

U 1.8 1.3 Pd 8.9 4

The content of hydrothermal material is higher in sediments on the east-
ern flank at a distance from the axis. The predominance of hydrothermal
material in sediments to the east of the EPR axis is attributed to bottom
currents flowing in an easterly direction (Lonsdale, 1976) and also to the
enrichment of surface sediments in manganese that has been redistributed
from the reduced subsurface strata. In the opinion of Davydov et al. (2002)
the enrichment of metalliferous sediments in hydrothermal matter on the
eastern flank of the ridge is the result of off-axial pneumatolytic-hydro-
thermal activity.
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Average contents of chemical elements in abiogenic matter of metallife-
rous sediments from the northern part of the EPR and background sedi-
ments are shown in Table 1.3. One can see from these data that the con-
tents of Fe, Mn, and most trace elements bound in the metal-bearing matter
in metalliferous sediments from the northern part of the EPR are conside-
rably lower and the contents of Al, Ti, and Si are higher than in metallife-
rous sediments from the Southeast Pacific (Table 1.1). This is because of
the greater amount of background sedimentary material and its high accu-
mulation rate (200-500 mg cm™ ka™) (Lisitzin 1978) that is greater than
that in the Southeast Pacific (av. 20 mg cm™ ka™).

The average contents of the majority of trace elements in abiogenic mat-
ter of metalliferous sediments from the northern part of the EPR are higher
than in background sediments. This is shown in Table 1.3 and in ratios of
the average contents of elements in metalliferous sediments to those in
background sediments:

Al > Si s Rb > Th >Ba—-> Ti > La—>Cée >Sm—-> Sc - U -

057 066 0.76 0.77 0.78 0.78 0.89 1.09 118 131 150

Pb s5EBu—->Cr > Ni>Shn >Pd>2Zn >Cu—->Cd > Fe - Y -

153 167 178 180 200 223 233 246 247 253 254

Zr -V -Co—-> Sh > Ag > As - Mo - Au - Mn

273 316 344 347 373 377 541 580 6.46

Based on the assumption that the accumulation of Al in metalliferous
sediments results only from background process the average relative roles
of the excessive accumulation of the elements in % are as follows:

Al > Si > Rb>Th->Ba—->Ti > La->Cée >Sm—->Sc-> U >
0 14 25 26 28 28 36 48 52 56 61
Pb - Eu—>Cr > Ni»>Sn > Pd > 7Zn - Cu—->Cd - Fe > Y -
63 66 68 68 72 74 76 77 77 78 78
Zr -V -Co—-Sh > Ag > As > Mo - Au - Mn

79 82 84 84 85 85 89 90 91

In general this sequence is similar to one for metalliferous sediments
from the Southeast Pacific. However the excessive accumulation of chemi-
cal elements in metalliferous sediments from the northern part of the EPR
is lower, than in metalliferous sediments from the Southeast Pacific.

A large part of the excessive accumulation reported for Ti is caused by
the significant number of samples collected within the axial part of the
EPR where because of the admixture of basic edaphogenic material the
contents of Ti in metalliferous sediments are much higher than in sedi-
ments outside the axial part of the EPR (Fig. 1.31).

At times the contents of this admixture are significant and can show am-
biguities in the interpretation of the contents of elements. In order to avoid
this ambiguity, calculation of the contents of elements not only in abioge-
nic but also in non-edaphogenic matter has been suggested (Cherkashev
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1990). The advantages of such calculation can be seen in Fig. 1.32, where
the "corrected” contents of Fe distributed in metalliferous sediments at the
section across the axial zone of the EPR are shown. However, some part of
the excessive accumulation of Ti may be derived from hydrogenic sources
and related to metal-bearing material that is similar to that in metalliferous
sediments from the Southeast Pacific (Sect. 1.5, Fig. 1.20).
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Fig. 1.31. Titanium contents in carbonate-free matter of metalliferous sediments at
various distances from the EPR axis in the area of 11°N-13.5°N. After Cherka-
shev (1992).
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Fig. 1.32. A — Iron contents in carbonate-free matter are depicted by the full line
and in carbonate-edaphogenic-free matter by the dashed line for metalliferous
sediments at the section across the EPR at 12°50'N. B — Bottom relief and station
numbers. After Cherkashev (1992).

As to the excessive accumulation of Cr, this can no longer be explained
by the presence of edaphogenic material or on the assumption that all ex-
cessive Ti is bound with this material. The excess of Cr is likely attribu-
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table to the oxidation-reduction state of this element. In the reduced condi-
tions of subsurface strata of metalliferous sediments to the east of the EPR
axis reduction of Cr(VI) to Cr(l11) can occur (Krauskopf 1963; Lukashin
1981). Cr(l11) unlike to Cr(VI1) behaves similar to Co and is easily sorbed
by metal-bearing matter from the ocean and pore water.
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Fig. 1.33. Iron contents [%] in carbonate-edaphogenic-free matter of surface sedi-
ments from the northern part of the EPR. Compiled from Cherkashev (1990) and
Sudarikov at al. (1992) with simplification. Triangles show sites of accumulation
of massive sulfides on the bottom.
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The distribution of Fe in surface metalliferous sediments from the north-
ern part of the EPR (Fig. 1.32, 1.33) shows maximum content values in the
axial zone of the EPR and a gradual decrease at distances away from the
axis and from sources of hydrothermal material. There is small asymmetry
in the distribution of Fe because of the predominance of bottom currents
flowing in an easterly direction.
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Fig. 1.34. Manganese contents [%] in carbonate-edaphogenic-free matter of
surface sediments from the northern part of the EPR. After Cherkashev (1990).
Stars — hydrothermal fields (active and inactive).

The distribution of Mn in surface metalliferous sediments from the nor-
thern part of the EPR (Fig. 1.34) is more complicated. As a rule the maxi-
mum contents of Mn occur in off-axial sediments and are displaced to the
west of the EPR axis in the vicinity of hydrothermal fields. In the southern
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half of the area the maximum contents of Mn gradually decrease at distan-
ces east and west from the axis. In the northern half of the area gradual de-
creases in the content of Mn occur only to the west of the sites with maxi-
mum contents. In the vicinity of hydrothermal fields the Mn contents de-
crease at distances east of the sites of maximum content and then increase
within the large fields where they remain high. This enrichment of surface
sediments to the east of the EPR axis is likely caused by the redistribution
of Mn from the underlying reduced sedimentary strata.
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Fig. 1.35. Distribution of the SiO,/Al,O; ratio in surface sediments from the

northern part of the EPR. After Cherkashev (1992). Stars — hydrothermal fields
(active and inactive).

Excessive Si accumulation occurs in metalliferous sediments in the nor-
thern part of the EPR where the Si appears to be from hydrothermal sour-
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ces. The pattern of its distribution is similar to the distribution of the
SiO,/Al,O3 ratio (Fig. 1.35). The higher ratios, >4.0, occur in sediments
from the near-axial and axial areas and maximum ratios, >4.5, occur in the
vicinity of the hydrothermal fields. Where the ratios of SiO,/Al,Oz are 4.0,
about 20% of the total Si content is derived from hydrothermal sources and

where SiO,/Al,O; ratios are 4.5, about 30 to 35% appears to be from hyd-
rothermal sources.
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Fig. 1.36. Copper contents [ppm] in carbonate-edaphogenic-free matter of surface
sediments from the northern part of the EPR. Compiled from Cherkashev (1990)

and Sudarikov at al. (1992) with simplification. Triangles show sites of accumu-
lation of massive sulfides on the bottom.
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The higher contents of Cu in sediments from the EPR axial zone in the
vicinity of hydrothermal sources are characteristic (fig. 1.36). At distances
east of the axis the contents of Cu first decrease and then increase further
to the east. Moving west from the axis the contents of Cu gradually decrea-
se and an increase, like that on the eastern flank, has not been observed in
the area studied.

In general the distribution of Zn contents in sediments (Fig. 1.37) has a
similar pattern. Similar distribution patterns with maximum content values
at the EPR axis and at some distance away from it also occur in the South-
east Pacific. The increased contents in sediments in the vicinity of hydro-
thermal vents in the axial zone are caused by the settling of Cu and Zn to
the sea bottom in sulfide particles formed in buoyant hydrothermal plumes
(see Sect. 4.3.1) and the off-axial maximum contents are developed by the
sorption of Cu and Zn from ocean water on to metal-bearing suspended
particles.
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Fig. 1.37. Zinc contents [ppm] in carbonate-edaphogenic-free matter of surface se-
diments from the northern part of the EPR. After Cherkashev (1990). Stars — hyd-
rothermal fields (active and inactive).

Ni, unlike Cu and Zn, is not concentrated in sulfide particles, and its ex-
cessive accumulation in metalliferous sediments results from the sorption
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Fig. 1.38. A — Ni/Fe ratio in metalliferous sediments at the section across the EPR
at 12°50'N. B — Bottom relief and station numbers. After Cherkashev (1992).

onto metal-bearing particles from ocean water. Therefore Ni contents in
sediments from the axial zone and especially in the vicinity of hydrother-
mal fields are low and they increase at distances from the EPR axis to have
maximum contents on the flanks and then decrease further away on the
flanks of the ridge (Davydov et al. 2002). With increasing distance from the
axis the Ni/Fe ratio increases (Fig. 1.38) which indicates the increase in the
amount of sorbed Ni in metal-bearing matter of metalliferous sediments.

1.3. Metalliferous sediments from the Juan de Fuca Ridge

Juan de Fuca Ridge is the northern prolongation of the EPR. On this rid-
ge metalliferous sediments occur only in the vicinity of the sites of recent
high-temperature hydrothermal activity. There is hydrothermal activity in
the northern, southern and central parts of the Juan de Fuca Ridge (Fig.
1.39), however it occurs much less frequently here than in the fast-sprea-
ding segments of the EPR (Baker and Hammond 1992).

Metalliferous sediments from the Axial Seamount and at least up to 50—
60 km to the west of the Juan de Fuca Ridge have been investigated (Mala-
hoff et al. 1984; McMurtry et al. 1984; Gross and McLeod 1987; Bogda-
nov et al. 1989, 1990). There is information on metalliferous sediments
from the southern part of the Juan de Fuca Ridge, 16 km from its axis
(Massoth et al. 1984; Olivarez and Owen 1989). Within the Juan de Fuca
Ridge, and also in the Explorer Ridge, its northern prolongation, as well,
metalliferous sediments in sporadic samples and some non-metalliferous
sediments contain higher than normal amounts of trace elements (Bornhold
et al. 1981; Grill et al. 1981; Gross 1987; Gross and McLeod 1987; Blaise
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and Bornhold 1987; German et al. 1997). Information on sediments from
the intersection area of the Blanco Fracture Zone and the Juan de Fuca
Ridge indicates that sediments in this area are enriched in Mn and some
trace elements that are derived from hydrothermal activity (Selk 1982;
Embley et al. 1982).
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Fig. 1.39. Areas of submarine hydrothermal activity (filled circles) in the North-
east Pacific.

Juan de Fuca Ridge is the spreading zone between the Pacific and Juan
de Fuca plates. The recent full spreading rate on the ridge is about 6 cm a™
with movement in the directions 294° and 114° (Wilson et al. 1984) and
the ridge is oriented perpendicular to the spreading directions (Fig. 1.39).
The ocean depth at the axial part of the ridge is 2000 to 2500 m, which is
almost 1000 m shallower than the average depth of the World Ocean rift

system.
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The full spreading rate of the Explorer Ridge is about 4 cm a™* (Riddi-
hough 1977). The depth in its axial part is less than 1900 m. Throughout the
whole area of the Juan de Fuca Ridge the morphology of its axial zone is ty-
pical for intermediate- and fast-spreading ridges and is characterized by the
absence of deep rift valleys. Only in some places there are axial troughs
(~100 m deep and 1 km wide) in the axial zone. The Juan de Fuca Ridge
spreading center has existed for about 18 Ma and was derived from the for-
mer boundary between the Pacific and Farallon plates. During this time
spreading direction has varied from latitudinal in the period from 17 to 8.5
Ma BP to WNW-ESE in later time. The spreading rate has also varied from
6.5 to 7.5 cm a* in the period from 17 to 3.5 Ma BP and then decreased to
59cma.

The Axial Seamount (or Axial Volcano) is located in the central part of
the Juan de Fuca Ridge at the point of its intersection with the chain of vol-
canic mounts of the Cobb system (Desonie and Duncan 1990). This chain
of volcanic mounts has been developed by the movement of the lithosphe-
re plate over the Cobb hot spot. The Axial Seamount is the most easterly
and the youngest mountain of this chain. It has been uplifted above the ad-
jacent part of the ridge by about 1000 m to depths of 1400 to 1600 m. The
mount has the form of a regular truncated cone with the apex cut off. Its
dimensions viewed from the top are 10 by 15 km. The summit is opened to
the south to form a horseshoe-shaped caldera 7 km long and 2.5 km wide.

The recent sedimentation rate in the Axial Seamount area varies from 10
to 30 mm ka ™ (Lisitzin 1974), and the accumulation rate of abiogenic mat-
ter is 500 to 2000 mg cm™ ka™ (Lisitzin 1978). Less intensive hydrother-
mal activity and higher accumulation rates of abiogenic matter in compari-
son with those at the East Pacific Rise result in the less frequent occurren-
ce of metalliferous sediments on the Juan de Fuca Ridge.

Most information on regularities of distribution and composition of the
most studied metalliferous sediments from the area of the Axial Seamount
has been obtained during manned submersible dives and coring (Bogdanov
at al. 1989, 1990). The sediments have been sampled along a sublatitudinal
section crossing the caldera, summit, and slopes of the Axial Seamount as
well as the adjacent basins (Fig. 1.40). The northern part of the caldera floor
has almost no sedimentary cover. Sediments have been found only in the
southern part and also on the small hill in the northwestern part.

There is a thin layer of Holocene sediment, tens of cm thick, on the sum-
mit and on the upper part of the slopes. The section sampled consists of two
strata in which hydrothermal and volcanogenic material are prevalent. The
upper one is enriched in hydrothermal material accumulated during the last
7.5 ka that consists of brown ferruginous mud with an admixture of bioge-
nic tests. Its contents vary and include fresh hyaloclasts and a mixture of
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grains of basic plagioclase, olivine, pyroxene and basalt fragments in some
places. The lower stratum is enriched in volcanogenic material that accu-
mulated 10 to 7.5 ka BP. It consists of gray mud containing up to 40% in
some parts of an admixture of volcanic mictic silt and fine sand and mine-
rals from greenstone altered volcanic rocks as well as edaphogenic hydro-
thermal material consisting of fragments of Fe-Mn crusts, barite and other
minerals. Insignificant amounts of biogenic components are present in sedi-
ments from the summit. X-ray amorphous phases are prevalent in some of
the dispersed minerals. They consist mainly of Fe-oxyhydroxide minerals
and opal. Some of the oxyhydroxide material is partially crystallized and
forms goethite (Gorbunova 1990).
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Fig. 1.40. Distribution of bottom sediments along the sublatitudinal cross-section
through the Axial Seamount. After Bogdanov et al. (1990). Fecseg — iron contents
in abiogenic (carbonate- and silica free) matter.

Sediments on the lower parts of the slopes are somewhat different. The
sediments from the upper stratum are brown and from the lower one are
greenish-gray and some parts are in a reduced state. Fe-oxyhydroxide mi-
nerals are prevalent in fine-grained dispersed material. The silica content
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decreases downcore from 30-34% to 13% and is lower than in the sedi-
ments at the summit where it is 30-40%. The content of CaCQg is signifi-
cant and increases downcore up to 72%. The content of admixture of vol-
canogenic and edaphogenic material is insignificant.

The composition of sediments is different in the adjacent Juan de Fuca
basin to the west and the Cascadia basin to the east of the Axial Seamount.
Sediments in the Juan de Fuca Basin 40 to 50 km west of the Axial Seamo-
unt are composed of brown clayey mud with an admixture of carbonaceous
and siliceous material in the thin upper part. There are three sediment lay-
ers in the section sampled, a carbonaceous clay ooze, mud with a low con-
tent of carbonaceous material and carbonaceous ooze (Fig. 1.40). Two
strata of metalliferous sediments are present. The upper stratum accumula-
ted during the last 7.5 ka at the same time that the upper sediment layer on
the summit formed. No strata analogues to the lower stratum that has been
dated 25 to 35 ka have been found on the summit and slopes of the Axial
Seamount. The sediments in the upper stratum are enriched in Fe and also
in Mn. Sediments in the lower stratum are depleted in Mn because of its
diagenetic migration upward. Both sedimentary strata are enriched in X-
ray amorphous material. The clay consists of hydromica (40-50%), mont-
morillonite (25-30%), and illite (25-30%) minerals and Fe-montmorilloni-
te is abundant. In general, features in the section of sediments studied from
the Cascadia Basin, 30 km east of the Axial Seamount, are similar to those
described at the seamount. The difference is that isochronal sediments
from east of the seamount are depleted in biogenic components because of
the dilution by terrigenous material, they have less hydrothermal material
and metalliferous sediments are absent. However, the sedimentary strata to
the east contain 7.5 to 10% Fe in the abiogenic matter (Fig. 1.40) and are
synchronous to the metalliferous sedimentary strata accumulated to the
west of the Axial Seamount.

When analyzing metalliferous sediments in the study of the hydrothermal
activity at the Axial Seamount in the past, special attention was given to the
identification and distribution of components derived from volcanism and
hydrothermal activity (Bogdanov et al. 1990; Lisitzin et al. 1990).

Biogenic CaCOj3 and SiO, as well as terrigenous detrital and clay mine-
rals are the main components in the sediments of the area.

A large part of the local sedimentary material consists of volcanogenic
and edaphogenic clastic material that includes altered greenstone fragments
that were produced in the decomposition of the hydrothermal and eda-
phogenic material and fine grained particles that precipitated during the mi-
xing of hydrothermal fluids and ocean water. The fine-grained hydrother-
mal particles that accumulated in sediments in the vicinity of hydrothermal
fields are composed mainly of Fe- and Mn-oxyhydroxide minerals.
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Volcanogenic material produced by the decomposition of the friable
glassy crusts on the basalt rocks is widely distributed in the sediments in
the Axial Seamount area. Decomposition of volcanic glass is taking place
at the present time and the presence of glass dispersed in the sediments is
an indication that volcanic rocks are exposed on the seafloor in the area.
Layers composed almost completely of volcanic glass are an indication of
intensive decomposition of the glassy crusts either by tectonic movements
or volcanic activitys.

Two groups of detrital minerals that are absent in the background sedi-
ments are present in sediments from the Axial Seamount area. Epidote and
chlorite minerals belong to the first group. In the Axial Seamount area
these minerals are associated only with greenstone alteration of volcanic
rocks. They may have been formed by the alteration of basalt by high-tem-
perature hydrothermal jets. The second mineral group includes fragments
of Mn-crusts, barite, opal, and Fe-oxyhydroxide minerals. The fragments
of Mn-crusts, barite, and opal may have been deposited in the sediments
during destruction of hydrothermal material. Coarse-grained Fe-oxyhydro-
xide minerals have formed during the oxidation of Fe-bearing sulfide mi-
nerals of the hydrothermal bodies and fine-grained Fe-oxyhydroxide mi-
nerals have precipitated during the mixing of hydrothermal fluids and oce-
an water.

Table 1.4. Average contents of chemical elements in abiogenic matter of metallife-
rous sediments from the area of the Axial Seamount. After Lukashin et al. (1990).

Metalliferous Background Metalliferous Background

Element . ) Element . )

sediments sediments sediments sediments
Fe % 11.09 5.8 Zn ppm 364 159
Mn 3.13 0.75 Ag 3.4 0.11
Si 19.8 27.8 Ni 272 136
Al 5.25 8.4 Co 63 32
Ti 0.56 0.57 Cr 104 50
Corg 0.96 Vv 208 91
Ba ppm 8450 5109 Yb 4.4 3.6
P 1250 850 Y 55 39
Cu 204 136 Zr 165 112

The average contents of chemical elements in abiogenic matter of the
metalliferous and background sediments from the area of the Axial Seamo-

6 In January 1998 a dike injection and an eruption in the volcano's caldera were
observed; the dike injection produced more than 8000 earthquakes over several
days (Embley et al. 1999; Dziak and Fox 1999; Baker et al. 2004a).
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unt are shown in Table 1.4. The contents of Fe, Mn, and of the trace ele-
ments, except for Cr, bound within metal-bearing matter in metalliferous
sediments from the area of the Axial Seamount, are much lower than those
in sediments from the Southeast Pacific. They have higher contents of Al,
Ti and Si that are derived from the greater amount of lithogenic material in
metalliferous sediments in the area of the Axial Seamount where its accu-
mulation rate (average Al*=20+180 mg cm™ ka™) (Bogdanov 1990a) is
much higher in comparison with that in metalliferous sediments from the
Southeast Pacific (average Al*=1.75 mg cm™ ka™).

The contents of most trace elements as found in the study of metallife-
rous sediments from the area of the Axial Seamount area are higher than in
background sediments (Table 1.4). The ratios are as follows:

Al - Si>Ti->Yb>Y ->2Zr- P -Cu- Ba- Fe - Co -

062 071 098 122 141 147 147 150 165 191 197

Ni > Cr > V - Zn - Mn

200 2.08 228 229 417

Based on the assumption that the accumulation of Al in metalliferous
sediments is caused only by background process, it is possible to calculate
the role of excessive accumulation of the elements in %:

Al-Si->Ti-Yb->Y -Zr- P -Cu-»Ba—-Fe-Co-Ni—»Cr—>V ->Zn—>Mn
0 12 36 49 56 58 58 58 62 67 68 69 70 73 73 85

In general these data are similar to the data for metalliferous sediments
from the Southeast Pacific but there are essential differences. The role of
excessive accumulation of all the elements, except for Ti and Cr, in metal-
liferous sediments from the area of the Axial Seamount is lower due to the
higher content of background abiogenic material. The excessive accumula-
tion of Ti and part of the Cr is related to the significant amount of basic
volcanogenic material that is present on the summit and the slopes and es-
pecially in the caldera of the seamount. Enrichment of metalliferous sedi-
ments in the Axial Seamount area and particularly of the subsurface sedi-
ments on its slopes and in the adjoining Juan de Fuca Basin’ in chromium
is caused by its sorption in the form of Cr(lll) by metal-bearing matter
from ocean water and pore water in reducing conditions (see Sect. 1.2).

Another feature of metalliferous sediments from the Axial Seamount
area is the content of Zn that is greater than that of Cu (Table 1.4), which
probably is because of the relatively low concentration of Cu in hydrother-
mal fluids in the whole Axial Seamount and Juan de Fuca Ridge area (Von
Damm 1995).

7 These sediments are low in Mn.
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The distribution of the content of some elements in abiogenic matter of
surface metalliferous sediments along the generalized section from the sum-
mit of the Axial Seamount to the Juan de Fuca Basin is shown in Fig. 1.41.
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Fig. 1.41. Chemical element contents in abiogenic matter of surface metalliferous
sediments along the generalized section from the summit of the Axial Seamount to
the Juan de Fuca Basin. Based on data of Lukashin et al. (1990).

The content of Fe is higher in sediments from the base of the seamount
than in sediments in the vicinity of hydrothermal vents. This is attributed
to the presence of significant amounts of basic volcanogenic material that
is enriched in Al, Ti, and Cr in sediments of the summit area. The content
of Mn increases gradually with the distance from the summit®. Three types
of distribution of the trace elements in the sediments are recognized. The
first type is characterized by a gradual increase in the contents of elements
from the summit to the basin and is shown in the distribution of the con-

8 Transfer of Mn to metalliferous sediments depends highly on the activity of mic-
robiological processes. This question will be discussed in Sect. 4.3.
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tents of Mn, Ba and Co. The second type is characterized by increased or
maximum contents in summit sediments and minimum contents in sedi-
ments on the slope, and increased contents in sediments in the Juan de Fu-
ca Basin; the contents of Cu, Cr, Ni, Zr, Yb, and Y exhibit such distributi-
on. The maximum content of Zn also occurs in sediments in the summit
area but its contents in sediments at the base and in the basin are equal.
The third type of element distribution is characterized by the maximum
contents in sediments on the slope or at the base of the Axial Seamount; V
and P contents have this kind of distribution.

There is probably a common reason for an increase in the contents of
elements from that in the slope sediments to that in the basin sediments,
which is observed for the elements having the first and the second types of
distribution (except for Ba). It can result from an increase in the role of
scavenging of the elements from ocean water by hydrothermal metal-bea-
ring matter with the distance from its source. Similar results have been ob-
tained in the study of the contents of REE in sediments from the flanks of
Juan de Fuca Ridge that contain hydrothermal components. Continuous
scavenging from ocean water indicates that REE.,/Fe.y ratios increase with
increasing distances from the ridge axis (German et al. 1997). The scaven-
ging of Zn, probably, ceases closer to its source than the scavenging of
other elements that have the first and second types of distribution.

As for the increased or maximum contents in the summit sediments of
the elements of the second type of distribution, the high contents of Cu and
Zn most likely result from their deposition in the vicinity of hydrothermal
sources, and of Cr, Ni, Zr, Yb, and Y from the high content of volcanoge-
nic material. Barium content has the first type of distribution and Ba is one
of the main elements in the low-temperature hydrothermal deposits at the
Axial Seamount and is present mainly in barite (Lebedev and Tsepin 1990;
Bogdanov and Lisitzin 1990). Barite is the main carrier of Ba in metallife-
rous sediments, and it may be assumed that in this area barite was formed
in the zone of discharge of hydrothermal fluids and was transported in par-
ticulate matter to places of deposition. However, barite particles formed at
the discharge sites of hydrothermal fluids on the Juan de Fuca Ridge are
very unstable in ocean water at depth and are dissolved rapidly, and appa-
rently do not participate in forming the sediments in the vicinity of the
hydrothermal fields (Feely et al. 1987; Lukashin et al. 1990). Therefore it
is reasonable to suggest that barite accumulation is due mainly to biologi-
cal processes in the area of the Axial Seamount as it is in metalliferous se-
diments from the Southeast Pacific (Gurvich et al. 1979).

The third type of distribution may indicate rapid co-precipitation and
sorption of elements from ocean water by hydrothermal metal-bearing
matter. Maximum contents of P occur closer to the hydrothermal sources
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than the maximum contents of V, which indicates that the scavenging of P
is completed before that of V.

These assumptions have been confirmed by the correlation analysis of data
pairs of two kinds in metalliferous and transitional sediments from the area of
the Axial Seamount® (Fig. 1.42). The first kind of data pairs are for El,, and
(FeextMng) and the second kind of data pairs are for Ele/(FeextMne) and
Al/(Feg+Mngy) (see Sect. 1.1.7).
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Fig. 1.42. Correlation coefficient data for the pairs of two kinds calculated for abi-
ogenic contents of chemical elements bound with the metal-bearing matter in me-
talliferous and transitional sediments from the Axial Seamount area. Calculations
based on the data of Lukashin et al. (1990).

High positive correlation coefficients (R>+0.70) for the second kind of
pairs for Ni, Yb, Zr, Y, Cu, Ag, Cr, and Co can be unequivocally interpre-
ted as the result of their scavenging by the metal-bearing matter from oce-
an water. Concentrations of these trace elements, or their forms accessible
for sorption, are low in ocean water, and ocean water is a limited source
for these elements. These results as well as the data for the distribution of
the element contents indicate that hydrothermal fluids play an insignificant
role as a source of these trace elements in metalliferous sediments from the
area of the Axial Seamount and that they are the only main source for Cu
in metalliferous sediments in the summit area.

High positive correlation coefficients (R>+0.8) for the first kind of pairs
for Zn, V, and P together with the data for the distribution of their contents
indicate that the excessive contents of these elements in metalliferous sedi-

9 The data from the summit sediments have not been used in these calculations.
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ments from the area of the Axial Seamount, at least outside of the summit
area, are derived from ocean water. Concentrations of these elements in
ocean water are high enough, and conditions are favorable for rapid sca-
venging of them from ocean water and their transfer to metalliferous sedi-
ments in hydrothermal metal-bearing matter. The low concentrations of V
and P in the hydrothermal fluids® do not indicate that they are significant
sources of V and P in metalliferous sediments from the Axial Seamount
area or from the summit. The distribution of Zn (Fig. 1.41) does not indi-
cate that hydrothermal fluids are an essential source of this element in me-
talliferous sediments outside of the summit area, but indicates that Zn is
mainly of hydrothermal origin in the sediments in the summit area.
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Fig. 1.43 Temporal variations in the accumulation rates of aluminum and hydro-

thermal iron in metalliferous sediments from Core AMK-1503. Based on data of
Bogdanov (1990a).

Information on accumulation rates of chemical elements in sediments
from the Axial Seamount area is given by Bogdanov (1990a). During the last
35 ka accumulation rates of background and hydrothermal matter in the se-

10 Concentration of V in hydrothermal fluids is only ~5 times higher than in ocean
water, and concentration of P is ~3 times lower than in ocean water.
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diments from Core AMK-1503 varied considerably (Fig. 1.43). In the up-
per stratum of metalliferous sediments accumulated from 7.5 ka BP to the
present the accumulation rate of hydrothermal Fe was variable: from 3.5 to
1.7 ka BP it was about 30 mg cm™ ka™ and 10 to 3.5 ka BP it was 45-68
mg cm ka™*. These accumulation rates are comparable to the rates obser-
ved in recent metalliferous sediments in the axial zone of the EPR (Sect.
1.1.6). In subsurface metalliferous sediments with ages from 35 to 25 ka
the accumulation rate of hydrothermal Fe was higher, 50-220 mg cm™ ka ™,
which indicates that there was considerably more hydrothermal activity in
the Axial Seamount area at that time.

1.4. Metalliferous sediments from the Indian ocean

Recent metalliferous sediments occur in the Indian Ocean in the area of
the Rodriguez Triple Junction (Fig. 1.1). Metalliferous sediments also oc-
cur along the axes of the Central Indian Ridge, Southeast Indian Ridge,
and Southwest Indian Ridge (Bostrom 1973; Metalliferous sediments ...
1987; Herzig and Pliger 1988; Kuhn et al. 2000; German 2003) and in so-
me sites in the Maria Celesta and Argo fault zones (Gordeev 1986a,b).

Typical mid-ocean spreading centers marked by well developed axial
valleys are developed in the Rodriguez Triple Junction area at the intersec-
tion of the Central Indian Ridge, Southeast Indian Ridge, and Southwest
Indian Ridge (Price et al. 1986; Zhivago 1987). During the last 4 Ma the
average spreading rate of the Central Indian Ridge in this area was 5.4 cm
a* (Tapscott et al. 1980, Schlich et al. 1986). Its axial valley is from 5 to 8
km wide and on approaching the triple junction from 15°Sto 22°S the oce-
an depth in its central part decreases from 3500-4000 m to less than 3000
m (Price et al. 1986). The spreading rate of the Central Indian Ridge near
the triple junction is 5-6 cm a* and the width of the rift valley in this area
is about 14 km (Schlich et al. 1986; Kuhn et al. 2000). The spreading rate
the Southeast Indian Ridge near the triple junction is 7.0 cm a™ (Kuhn et
al. 2000). The Southwest Indian Ridge has a triangular form with a sharp
top and has a slow spreading rate of 1.6 cm a™* (Tapscott et al. 1980). The
Rodriguez Triple Junction area has played an important role in the structu-
ral evolution of the Indian ocean since Cretaceous time (Schlich 1982;
Krishna et al. 1995). From Eocene time to the present the Southwest Indi-
an Ridge has been developed by the rapid eastward movement of the triple
junction area (Sclater et al. 1981; Krishna et al. 1995). Detached magmatic
chambers are believed to exist in the area of the triple junction under each
of the three converging ridges (Schlich et al. 1986).
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Before the high-temperature hydrothermal vents were discovered in the
Indian Ocean (Hashimoto et al. 2001; Gamo et al. 2001) increased concen-
trations of Mn, Fe, CH,, and He as well as increased values of 3°He in bot-
tom water were measured and hydrothermal plumes were mapped in the
areas of the Rodriguez Triple Junction, Central Indian Ridge, and South-
west Indian Ridge (Tikhomirov 1987; Herzig and Pluger 1988; Pllger et
al. 1990; Jean-Baptiste et al. 1992; Gamo et al. 1996; Scheirer et al. 1998;
German et al. 1998, 2001; Sohrin et al. 1999; Rudnicki and German 2002).

Enrichment in Fe and Mn and depletion in Al and Ti of the sediments in
the area of the Rodriguez Triple Junction and along the axis of the Central
Indian Ridge and the Southeast Indian Ridge were first mentioned by Bost-
rom (1973). The distribution of the ratios of Al/(Al+Fe+Mn) (Fig. 1.44) in
the sediments of the area and ratios lower than 0.30 are evident and signi-
ficant on his chart.
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Fig. 1.44. Distribution of the Al/(Al+Fe+Mn) ratio in bottom sediments from the
northwest Indian Ocean. After Bostrom (1973) with changes.
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The first large-scale multidisciplinary studies of the ~2-:10° km? metalli-
ferous sediment field in the area of the Rodriguez Triple Junction were car-
ried out in 1980 during Cruise 25 of R/V Dmitry Mendeleev (Metalliferous
sediments ... 1987; Fig. 1.1, 1.45). In 1983 and 1986 multidisciplinary
studies, including sediment studies, within two polygons in the axial and
near-axial parts of the Central Indian Ridge close to 23°S and 21.5°S were
carried out during expeditions of R/V Sonne on GEMINO Project (Walter
et al. 1986; Herzig and Pluger 1988). In 1993 and 1995 sediment cores
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near the Rodriguez Triple Junction were collected during Cruise 92 of R/V
Sonne and Cruise 33/2 of R/V Meteor (Kuhn et al. 2000).
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Fig. 1.45. Iron contents [%] in carbonate-free matter of surface sediments from the
area of the Rodriguez Triple Junction. After Bogdanov et al. (1987) with changes.

The following types of metalliferous sediment have been found within
the field studied: carbonaceous, clayey-carbonaceous, carbonaceous-clay-
ey, and clayey (Bogdanov et al. 1987). Carbonaceous metalliferous sedi-
ments occur at depths from 3050 to 3770 m. The contents of CaCO; are
usually greater than 90% and up to 96%. Carbonaceous-clayey and clayey-
carbonaceous metalliferous sediments occur at depths of 3660 to 4210 m.
CaCO; contents in them range from 13 to 20% and from 81 to 87% respec-
tively. Clayey metalliferous sediments occur at depths greater than 4320
m. The content of CaCO; in them is usually insignificant, <1%, but may be
as high as 8-10% in some places. The carbonaceous part of the sediments
is composed of coccoliths with an admixture of foraminiferal material and
the content of biogenic silica is low (Bogdanov et al. 1987).

In the non-carbonate part of the metalliferous sediments the Fe-hydroxi-
des occur in very small grains and aggregates, ferruginous globules, and
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clots of silt size ferruginous clay and Fe-Mn micronodules are present in
places. Fragments of edaphogenic material composed of basalt up to 1 cm
in size commonly occur, fragments of Fe-Mn crusts and fragments of ba-
salt glass are less common and the amounts of pyroxene, basic plagioclase,
biotite, quartz, and zeolite minerals are insignificant (Bogdanov et al.
1987; Herzig and Pliiger 1988). There are clay and feldspar minerals,
quartz and an abundance of X-ray amorphous matter in the <1 um size
fraction. Goethite and Fe-montmorillonite minerals, which are typically
present in metalliferous sediments in the Southeast Pacific, are rare (Gor-
bunova 1987).

Average contents of chemical elements in abiogenic matter of metallife-
rous and background sediments from the area of the Rodriguez Triple Jun-
ction are shown in Table 1.5. The contents of Fe, Mn and most of the trace
elements in metalliferous sediments from the Indian Ocean are considerab-
ly lower than their contents in metalliferous sediments from the Southeast
Pacific, and the contents of Al, Ga, Ti, and Cr are higher. The lower avera-
ge rate of excessive accumulation of Fe, 1.2 mg cm? ka?, in metalliferous
sediments from the Indian Ocean than in metalliferous sediments from the
Southeast Pacific, 5.5 mg cm™ ka™, indicates considerably less intensive
accumulation of hydrothermal matter in metalliferous sediments from the
Indian Ocean.

Table 1.5. Average contents of chemical elements in abiogenic matter of metallife-
rous sediments from the Indian Ocean. Compiled from data of Gurvich et al.
(1980c), Lukashin and Lisitzin (1980), Lukashin (1981), Lisitzin et al. (1987), Her-
zig and Pluger (1988), Kuhn et al. (2000), Sirocko et al (2000).

Metalliferous Background Metalliferous Background

Element sediments sediments Element sediments sediments
Fe % 12.7 5.0 Pb ppm 167 56
Al 5.27 7.3 As 88 6.2
Mg 4.34 Mo 105 115
Mn 2.01 0.70 Ni 307 106
K 0.60 Co 155 37
Ti 0.31 0.42 \V 307 119
P 0.27 0.19 Cr 104 128
Ba 0.22 0.47 Yb 22.3 10.3
Y 353 131
Cu ppm 564 260 Zr 291 160
Zn 257 110 Ga 12.9 17.0

The ratios of average element contents in metalliferous and background
sediments from the Indian Ocean are as follows:
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Al - Ti-Ga->Cr-> P - Zr>-Yb>Cu—->2n > Fe - V >

072 074 076 081 142 182 217 217 234 254 258

Y > Mn—- Ni - Pb - Co—> Mo— As

269 287 290 298 419 9.13 142

Based on the assumption that the accumulation of Al in metalliferous
sediments is related only to background process, it is possible to calculate
the roles of excessive accumulation of the elements in %:

Al-Ti-Ga-»Cr->P ->Zr-Yb-Cu-»Zn->Fe-V->Y ->Mn—>Ni—>
0 2 5 11 49 60 67 67 69 72 72 73 75 75
Pb— Co—->Mo—As
76 83 92 95

For elements listed from Zr to As the role of excessive accumulation is
more than 50%. Nevertheless, this role in metalliferous sediments from the
Indian Ocean is less than that in metalliferous sediments from the South-
east Pacific.
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Fig. 1.46. Fe, Mn, and Al contents in abiogenic matter of surface sediments from
the section across the Central Indian Ridge near the Rodriguez Triple Junction.
Based on the data of Lisitzin et al. (1987).

Variations in the contents of elements in surface sediments from the sec-
tion across the Central Indian Ridge near the Rodriguez Triple Junction are
shown in Fig. 1.46 and 1.47. The maximum contents of Fe, Zn, and V occur
in the axial zone of the ridge. As distances increase from the ridge axis
toward the abyssal basins the contents of elements gradually decrease to
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those characteristic for background eupelagic sediments of the Indian
Ocean (Sval'’nov 1991). But the content of Al increases with distances
from the ridge axis. The maximum contents of Mn and Cu occur in the
axial zone, and are shifted somewhat to the east. The distribution of the
contents of Ni and Co have a bimodal character, and their maximal con-
tents occur in sediments on the eastern flank of the ridge. The shift to the
east obviously is caused mainly by bottom currents flowing in an easterly
direction (Lisitzin 1984; Lukashin 1987).
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Fig. 1.47. Cu, Zn, Ni, Co, and V contents in abiogenic matter of surface sediments
from the section across the Central Indian Ridge near the Rodriguez Triple Junc-
tion. Based on the data of Lisitzin et al. (1987).

The study of sediment cores has shown that in the area of the Rodriguez
Triple Junction the Quaternary metalliferous sediments are less distributed
than the Late Pliocene metalliferous sediments in which the excessive ac-
cumulation of elements is greater (Bogdanov et al. 1987; Lisitzin et al.
1987). Accumulation rates of lithogenic material in the sediments of both
ages are similar and it is evident that accumulation rate of hydrothermal
metal-bearing matter in the studied Late Pliocene metalliferous sediments
is higher.

The relative roles of hydrothermal carriers of Fe, Mn, Cu, Zn, and V in
the Quaternary metalliferous sediments are considerably lower than in the
Late Pliocene metalliferous sediments (Lukashin 1987). The relative roles
of hydrothermal carriers of Ni, Co, and Zr are similar in the Quaternary
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and Late Pliocene metalliferous sediments (Fig. 1.48). The role of hydro-
thermal carriers of the elements in the Quaternary metalliferous sediments
to the east of the Rodriguez Triple Junction is higher than in the sediments
to the west of it. This obviously results from the easterly flowing bottom
currents (Lukashin 1987).
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1.48. Relative roles of different carriers of chemical elements in Quaternary (Q)
and Late Pliocene (P) metalliferous sediments from the area of the Rodriguez Tri-
ple Junction. Based on data of Lukashin (1987).

According to the results of partition chemical analysis (Lukashin 1983,
1987), Fe- and Mn-oxyhydroxides play a greater role as element carriers in
the Late Pliocene metalliferous sediments than in the Quaternary metalli-
ferous sediments and much less than in metalliferous sediments from the
Southeast Pacific (Fig. 1.49).

Unlike the metalliferous sediments from the Southeast Pacific, crystal-
lized Fe-oxyhydroxide minerals are prevalent minerals of Fe in the metal-
liferous sediments from the Indian Ocean and are more abundant in the La-
te Pliocene than in the Quaternary metalliferous sediments. About a half of
the leachable Cu, Zn, V, and Zr in the Quaternary metalliferous sediments
and most of the contents of these elements and about a half of the leachab-
le Y in the Late Pliocene metalliferous sediments are bound in crystallized
Fe-oxyhydroxide minerals. A predominant part of the leachable Ni, Co,
and Y is bound with amorphous Fe-hydroxides and Mn-oxyhydroxides in
the Quaternary metalliferous sediments and a predominant part of the Ni
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and Co is bound in these carriers in the Late Pliocene metalliferous sedi-
ments.
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Fig. 1.49. Relative roles of different carriers of chemical elements in Quaternary
(Q) (average for 10 samples) and in Late Pliocene (P) (average for 8 samples) me-
talliferous sediments from the area of the Rodriguez Triple Junction and in
metalliferous sediments from the Southeast Pacific (S) (average for 18 samples).
Based on data of Lukashin (1983, 1987).

Because of the lower sedimentation rate the role of the crystallized Fe-
oxyhydroxide minerals as carriers of the trace elements is higher in metal-
liferous sediments from the Indian Ocean than in metalliferous sediments
from the Southeast Pacific (Lukashin 1987). The average sedimentation
rate for metalliferous sediments in the Indian Ocean is about 1 mm ka™
(Lisitzin et al. 1987), and is 3-5 mm ka™* for metalliferous sediments in the
Southeast Pacific (Bogdanov and Chekhovskikh 1979).

The average bulk accumulation rates of Fe and Mn and the accumulati-
on rates of the excessive Fe and Mn in metalliferous sediments from the
Indian ocean (Fe*=1.7 mg cm™ ka ™, Fe,*=1.2 mg cm™ ka™, Mn*=0.27
mg cm™ ka™, Mne,*=0.20 mg cm™ ka™) are much lower in comparison to
the rates for metalliferous sediments from the Southeast Pacific (Fe*=6.8
mg cm™ ka ™, Fee,*=5.5 mg cm™ ka™*, Mn*=2.0 mg cm™ ka™*, Mne,*=1.8
mg cm™ ka™). Metalliferous sediments from the Indian Ocean also have
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much lower total excessive accumulation not only of Fe and Mn and but
trace elements (Table 1.6).

The following can be used for estimating the roles of different sources of
chemical elements in the metalliferous sediments from the Indian Ocean:
the types of spatial distribution of the contents of elements (Fig. 1.46,
1.47), and the correlation coefficients for pairs of data of two kinds, the
first for the data pairs El, and (Fet+Mng,) and the second for the data
pairs Ele/(FeextMney) and Al/(Fee+Mngy) (Fig. 1.50).

Table 1.6. Average accumulation rates and rates of the excessive accumulation of
chemical element in metalliferous sediments from the area of the Rodriguez Triple
Junction (RTJ) and from the Southeast Pacific (SEP).

Area(km®) Fe Mn Cu Zn Co Ni Pb V Zr Mo As

mg cm ka™ pg cm? ka™*
RTJ 1.2 0.20 50 24 17 31 17 30 2413 11
SEP 55 1.8 39 125 80 30 53 15 14 4.4
10°ta? tat

RTJ (>2:10°) >24 >4.0 >100 >48 >34 >62 >34 >60 >48 >26 >22
SEP (10-10%) 550 180 3900 1240 810 3000 530 1500 1400 440

The high positive correlation coefficients (R>+0.6) for the second kind
of data pairs for Y, Co, Zr, Ni, and Yb indicate that these trace elements
have been sorbed from ocean water by metal-bearing matter. Concentra-
tions of these elements or concentrations of their forms available for sorp-
tion in ocean water are low, and ocean water is a limited source of these
elements. For them ocean water is the prevalent source. For Co and Ni it is
also confirmed by the bimodal distribution of their contents in abiogenic
matter of metalliferous sediments of the section across the Central Indian
Ridge near the Rodriguez Triple Junction (Fig. 1.47). Hydrothermal con-
tribution is insignificant in the accumulation of these elements in metal-
liferous sediments.

The first kind of data pairs for the main hydrothermal elements, Fe and
Mn, and for V, Mo, and Zn have high positive correlation coefficients
(R>+0.6) and these elements have maximum contents in metalliferous se-
diments from the axial zone (Fig. 1.46, 1.47). This indicates either that
hydrothermal fluids are the main source for the excessive accumulation of
V, Mo, and Zn in metalliferous sediments, or that they were derived from
ocean water and their concentrations in ocean water are high enough, and
conditions are favorable for rapid scavenging of them by metal-bearing
matter and their transfer to metalliferous sediments. Considering the low
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concentration of V and very low concentration of Mo in hydrothermal flu-
ids and the behavior of Zn in hydrothermal plumes (see Chap. 4), it is con-
cluded that ocean water is the main source for excessive accumulation of
these elements in metalliferous sediments.
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Fig. 1.50. Correlation coefficients for the pairs of two kinds calculated for abioge-
nic contents of chemical elements bound with the metal-bearing matter of metalli-
ferous sediments from the area of the Rodriguez Triple Junction. Calculations
based on the data of Lisitzin et al. (1987).

The correlation coefficient for Cu for the pairs of the second kind is
much higher than that for the pairs of the first kind. Obviously this indica-
tes that ocean water is the main source for the excessive accumulation of
Cu, and hydrothermal fluids are less important, but for Cu they are of grea-
ter importance than for Y, Co, Zr, Ni, and Yb.

1.5. Sediments in the areas of hydrothermal activity in the
Southwest Pacific

Bottom sediments containing hydrothermal matter occur in the South-
west Pacific in the hydrothermally active parts of the back-arc spreading
areas in the Manus Basin of the Bismarck Sea, in the North Fiji Basin and
Lau Basin, and also in the intercontinental rift zone of the Western Wood-
lark Basin (Fig. 1.51) where metalliferous sediments are rare and have
been found mainly within hydrothermal fields and in thin layers of the se-
dimentary cover.
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Fig. 1.51. Areas of high-temperature hydrothermal activity and occurrence of se-
diments containing hydrothermal matter in the Southwest Pacific. Based on mate-
rials from Cronan (1983), Moorby et al. (1986), Bogdanov (1990b), Gurvich
(1990), Walter et al. (1990), McMurtry et al. (1991), Lisitzin et al. (1992), Bogda-
nov et al. (1992, 1997), Rona and Scott (1993), Binns and Scott (1993), Bendel et
al. (1993), Fouquet et al. (1993), Daesslé et al. (2000), Daesslé and Cronan (2002).

The most comprehensive study of bottom sediments in the Southwest
Pacific has been carried out by Cronan (1983). He has analyzed sediment
samples from more than 300 stations. Factor analysis of the chemical con-
tent data for sediment samples from 261 stations shows that the factor of
hydrothermal Fe- and Mn-oxyhydroxides is of secondary importance, and
that the factor for lithogenic and biogenic materials is of first importance.

Both the low-carbonaceous and high-carbonaceous sediments in the
Western Woodlark Basin contain hydrothermal matter. The content of
CaCO; varies from 8 to 79% and the average content is 44% (Gurvich
1990; Bogdanov et al. 1997). The carbonaceous material consists mainly
of calcite skeletons of planktonic (rarely — benthic) foraminifera and coc-
coliths. Aragonitic pteropod shells are abundant at depths shallower than
2000 m. Content of biogenic silica is insignificant. The abiogenic part of
the sediments consists of highly variable mixtures of terrigenous material
from the neighboring islands, volcanogenic material and its alteration pro-
ducts, as well as material of hydrothermal origin (Bogdanov 1990b; Bog-
danov et al. 1997). The average content of hydrothermal matter in the abi-
ogenic part of the sediments studied is about 5%, the maximum content is
12-13% (Fig. 1.52).

Noncalcareuos and low-calcareous sediments containing hydrothermal
matter are prevalent in the Manus Basin and the content of CaCOs in these
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sediments varies from 0 to 40%. Volcanogenic matter, fragments of rhyo-
lite pumice and globules of Fe- and Mn-oxyhydroxides are abundant in the
abiogenic matter associated with the terrigenous clayey material (Bogda-
nov 1990b). The average content of hydrothermal matter in the abiogenic
part of the sediments studied is about 7%, the maximum content is about
17% (Fig. 1.52).

Manus Basin

Fig. 1.52. Ti versus Fe contents and estimation of contents of hydrothermal matter
in the abiogenic part of bottom sediments from the basins of the Southwest Paci-
fic. Based on data from Moorby et al. (1986) — Lau Basin, Gurvich (1990) — West-
ern Woodlark, Manus, and Lau Basins, and McMurtry et al. (1991) — North Fiji
Basin. H — average for hydrothermal matter, from Marchig et al. (1986) and Lisi-
tzin et al. (1990); T — average for oceanic tholeiites, from Taylor (1968); S — ave-
rage for continental sedimentary rocks, from Ronov et al. (1990); G — average for
granites and granodiorites, from Vinogradov (1962).

In the sediments containing hydrothermal matter in the Lau Basin the
content of CaCO; varies from 1 to 80% (Moorby et al. 1986; Gurvich
1990; Riech 1990; Walter et al. 1990; Daesslé et al. 2000; Daesslé and
Cronan 2002). Coccoliths are prevalent in the carbonate matter and the
content of foraminifera skeletons does not exceed 25% (Moorby et al.
1986; Bogdanov 1990b; Riech 1990). The content of biogenic silica is in-
significant and does not exceed 8-10%. Volcanoclastic material consisting
mainly of volcanic glass is prevalent in the coarse grain size fractions of
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the abiogenic matter and terrigenous material and volcanic ash occur in the
fine-grained fractions (Cronan et al. 1984; Moorby et al. 1986; Bogdanov
1990b; Riech 1990; Riech et al. 1990; Walter et al. 1990; Daesslé et al.
2000; Daesslé and Cronan 2002). The content of hydrothermal matter in
the abiogenic part of the sediments studied from the northern Lau Basin
varies from 11 to 26%, the average content is about 13%? (Fig. 1.52). In
the carbonate-free matter of the sediments from the southern Lau Basin,
the Valu Fa Ridge, the highest content of hydrothermal matter calculated is
35% (Walter et al. 1990). The hydrothermal matter consists mainly of
films and thin coverings of Fe- and Mn-oxyhydroxides on particles. The
content of this oxyhydroxide material in dry samples of sediments is usu-
ally 5 to 15% (Moorby et al. 1986; Riech et al. 1990).

In the North Fiji Basin the sediments that contain hydrothermal matter
are mainly carbonaceous and the content of CaCOj; usually varies from 70
to 95%. Volcanic detrital material is prevalent in the >2 um size fraction of
the non-carbonate part of these sediments and in the <2 pum size fraction
clay minerals consisting mainly of smectites, amorphous Fe-oxyhydroxi-
des, and volcanic ash are prevalent (Riech 1990; McMurtry et al. 1991).
The content of hydrothermal matter in the abiogenic part of the sediment
samples studied varies from 5 to 30% and the average content is about
15% (Fig. 1.52).

The content of hydrothermal matter in the abiogenic part of the sedi-
ments from the areas of hydrothermal activity in the Southwest Pacific are
considerably lower than in the abiogenic part of the metalliferous sediments
from the Southeast Pacific and Rodriguez Triple Junction areas (Fig. 1.53).

The low contents of the hydrothermal matter and the rare occurrences of
metalliferous sediments in the areas of hydrothermal activity in the South-
west Pacific result from the high accumulation rate of the diluting abioge-
nic material. Here the accumulation rate of Al, considered to be a proxy of
the lithogenic material, is 20 to 250 mg cm™ ka™ or even higher (Lisitzin
1978; Walter et al. 1990; Daesslé et al. 2000; Daesslé and Cronan 2002).
This accumulation rate of Al is comparable only to that for the metallifero-
us sediments in the area of the Axial Seamount (where it varies from 20 to
180 mg cm™ ka™) and is considerably higher than that for the metallifero-
us sediments from the northern part of the East Pacific Rise (where it is 25
to 50 mg cm™ ka™), and it is especially higher than that for metalliferous
sediments from the Southeast Pacific where the average rate is 1.75 mg
cm ka™, and from the area of the Rodriguez Triple Junction in the Indian
ocean where the average rate is 0.7 mg cm~ ka™.

11 After Walter et al. (1990), the average content of hydrothermal precipitates inclu-
ding hydrogenous precipitates in the non-carbonate fraction of the surface sedi-
ments from the northern and southern Lau Basin are 11.1% and 11.2%.



1.5. Sediments in the areas of hydrothermal activity in the Southwest Pacific 85

1.0

0.8

0.6

Ti [%]

0.2

Fe [%]

Fig. 1.53. Ti versus Fe contents and the estimated average contents of hydrother-
mal matter in the abiogenic part of bottom sediments from the areas of hydrother-
mal activity in the Southwest Pacific and in metalliferous sediments from the Paci-
fic and Indian oceans. H, T, and S abbreviations are the same as for Fig. 1.52.

The average chemical composition of the carbonate-free matter of the
sediments from the areas of hydrothermal activity in the Southwest Pacific
is shown in Table 1.7. The contents of Fe, Mn, and other elements that
usually are combined with the hydrothermal metal-bearing matter in the
abiogenic matter of these sediments are considerably lower than those in
metalliferous sediments from the East Pacific Rise, and from the area of
the Rodriguez Triple Junction (Tables 1.1, 1.3, 1.5).

In the areas of hydrothermal activity in the Southwest Pacific the sedi-
ments from the Western Woodlark Basin have the lowest excessive con-
tents of elements and the lowest content of the hydrothermal metal-bearing
matter. The sediments from the Lau and North Fiji Basins have the highest
excessive contents of the elements and the highest enrichment in the hyd-
rothermal metal-bearing matter (Fig. 1.54; Table 1.8).

The average relative roles in % of excessive accumulation of the ele-
ments in the sediments from the areas of hydrothermal activity in the South-
west Pacific are as follows:
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Only the roles of the excessive accumulation of Mn and As exceed 50%.
Unlike the metalliferous sediments in the mid-ocean ridge areas of the Pa-
cific and Indian Oceans, the excessive accumulation of most of the other
chemical elements is of secondary importance in the sediments from the

areas of hydrothermal activity in the Southwest Pacific.

Table 1.7. Average contents of chemical elements in carbonate-free matter of se-
diments from the areas of hydrothermal activity in the Southwest Pacific. Based

on the data from Cronan (1983), Moorby et al. (1986), Gurvich (1990), Walter et

al. (1990), McMurtry et al. (1991), Daesslé et al. (2000), Daesslé and Cronan

(2002).
Element V\\//\é %Séf;pk Lal_J North Fiji Basin Man_us
. Basin Basin

Basin bulk <2um  >2pum

Si % 22.7 254 24.1 20.5 25.2

Al 7.37 6.5 7.8 7.4 7.9 9.8

Ti 0.55 0.40 0.51 0.61 0.48

Fe 6.00 7.7 8.9 13.6 7.4 75

Mn 0.31 1.4 0.93 1.88 0.61 1.4

P 0.125 0.17

Cu ppm 134 230 300 491 240 153

Zn 183 140 179 356 128 192

Pb 73 51 69 126 51 55

Cd 0.58 1.4 0.32

As 40 19 55 9.3

Sh 1

Ni 112 96 129 192 111 116

Co 25.6 35 75 136 55

Cr 111 42 74 106 65

\ 168 250

La 23

Mo 8.4

Bi 0.43

Be 0.6

Ba 860 580

Li 11 20 24 19

Studies of sediments from the North Fiji Basin carried out by McMurtry
et al. (1991) have shown that the fine-grained material is enriched in hyd-
rothermal metal-bearing matter. The carbonate-free part of the material in
the <2 um grain size fraction, unlike the material of the >2 um fraction and
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that in the bulk sediments, contains more than 10% Fe and is enriched in

Mn and many trace elements (Table 1.7).
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Fig. 1.54. Average contents of hydrothermal matter (HM) and average excessive
contents of chemical elements in the abiogenic matter of bottom sediments from

the areas of hydrothermal activity of the Southwest Pacific.

Factor analysis of data for the chemical composition indicates that for
the carbonate-free matter of the <2 um grain size fraction the hydrothermal
factor is major and accounts for 36% of the variance while for the carbona-
te-free matter of the >2 um grain size fraction the hydrothermal factor ac-

counts for only 8% of the variance (McMurtry et al. 1991).

On the average, about a quarter of the carbonate-free matter of the sedi-
ments from the North Fiji Basin is composed of the <2 um size fraction
which contains from 60 to 85% of the bulk carbonate-free contents of Ni,

Fe, Cu, Co, Pb, Zn, Cd, Mn, and As (McMurtry et al. 1991).
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Results of the factor analysis of bulk chemical composition of sediments
from the Lau Basin (Walter et al. 1990) indicate that the hydrothermal fac-
tor is of secondary importance and accounts for 28.9% of the variance.

The results from the partition chemical analysis carried out by McMurtry
et al. (1991) show that more than a half of the contents of Fe, Co, Cd, Mn,
and As in the carbonate-free matter of the <2 um grain size fraction and a
half of the Ni content are carried in the Fe- and Mn-oxyhydroxide minerals.
About a half of the contents of Cu, Zn, and Pb are carried by Fe-smectite mi-
nerals and 20 to 40% are carried by Fe- and Mn-oxyhydroxide minerals
(Fig. 1.55).

Table 1.8. The average roles [%] of excessive accumulation of chemical elements
in abiogenic matter of bottom sediments from the areas of hydrothermal activity in
the Southwest Pacific.

Western Woodlark Manus Lau North Fiji
Element . . ; .
Basin Basin Basin Basin
Fe 17 31 50 48
Mn 39 23 91 83
Cu 21 31 48 52
Zn 11 24 46 48
Pb 10 33 70 73
As 92 80
Ni 7 21 38 44
Co 17 23 21 55
V 17 31 50
Ba 9 13 59

Partition chemical analysis of 63 sediment samples from the Lau Basin,
carried out by Daesslé et al. (2000), and Daesslé and Cronan (2002), shows
that on the average 95% of the total content of Mn and >30% of the total
content of Fe are bound in Fe- and Mn-oxyhydroxide minerals. These mi-
nerals also carry more than a half of the total contents of Ni, Mo, Pb, Co,
Cu, and REE and about a half of the contents of Zn and V.

30 km west of the axis of the Valu Fa Ridge, 85% of the total Fe and
about 99% of the total Mn are bound with oxyhydroxide minerals. These
minerals carry 73% of the total Zn, 84% of the total Cu, and almost all of
the Ni. The role of crystallized Fe-oxyhydroxides as carriers of all
mentioned elements increases downcore.

The average rates of excessive accumulation of some chemical elements
in the Lau and North Fiji Basin bottom sediments that contain hydrother-
mal matter are shown in Table 1.9. The average rates of excessive accumu-
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lation of the elements in the Lau Basin sediments are considerably higher
than the average rates of the excessive accumulation of these elements in
metalliferous sediments from the Southeast Pacific and from the area of the
Rodriguez Triple Junction (Table 1.6).
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Fig. 1.55. Relative roles of different carriers of chemical elements in carbonate-
free matter of the <2 mm grain size fraction of bottom sediments from the North
Fiji Basin. Based on the data from McMurtry et al. (1991).

0

Table 1.9. Average rates of excessive accumulation of chemical elements in the
Lau and North Fiji Basin bottom sediments that contain hydrothermal matter.
Based on the data from Cronan et al. (1986), Riech (1990), Walter et al. (1990),
McMurtry et al. (1991), Daesslé et al. (2000), Daesslé and Cronan (2002).

Area Fe Mn Cu Zn Co Ni As
mg cm~2 ka™* pg cm?kat
Lau Basin 26 11 115 56 3.1 29 22
North Fiji Basin 115 1.6 49 14 18

The reason for this may be that most of the sediment cores from the Lau
Basin were collected in the vicinity of the spreading axis and in the South-
east Pacific and in the area of the Rodriguez Triple Junction the average
values were calculated using data from all of the fields of metalliferous se-
diments. In the metalliferous sediments from the axial zone of the East Pa-
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cific Rise the rates of the excessive accumulation of the elements are com-
parable and higher than those in the sediments from the Lau Basin. Com-
parisons of this kind should be made for sediments that are equidistant
from hydrothermal sources, and the influence of bottom currents must be
considered.

1.6. Metalliferous sediments in the rift zone of the Mid-
Atlantic Ridge

There are no large fields of recent metalliferous sediments in the Atlan-
tic Ocean and small fields occur mainly within the rift zone of the slow-
spreading Mid-Atlantic Ridge. Metalliferous sediments have been found
within the TAG (26°08'N) and MARK (23°22'N) hydrothermal fields,
within and near the Logachev (14°45'N) and Rainbow (36°14'N) hydro-
thermal fields, in the areas of 45°30'N (Cronan 1972) and FAMOUS
(ARCYANA 1975, Hekinian and Fevrier 1979), in several sites found by
Emel’yanov (1975, 1982), and some others. The metalliferous sediments
from the areas where the modern high-temperature hydrothermal activity is
known, the TAG, MARK, Logachev and Rainbow hydrothermal fields, are
the most interesting. Conditions for the formation of these metalliferous
sediments are different and therefore they are considered separately.

1.6.1. Metalliferous sediments from the TAG hydrothermal field

The Mid-Atlantic Ridge rift zone in the area of the TAG hydrothermal
field is asymmetric. To the west the rift valley has a system of faults where
the depth is about 1000 m shallower than the depth of the valley floor. To
the east the rift valley adjoins a large uplifted structure; here the depth is
about 1000 m shallower than it is along the western boundary of the rift
valley. This structure was developed due to the uplift of a large block of
the ocean crust. Serpentinization of ultrabasic rocks in the lower crust and
upper mantle zone may have caused this uplift (Zonenshain et al. 1989,
1992). The rift valley is 10 to 15 km wide in the TAG hydrothermal field
area and 3650 to 3700 m deep and is 1000 m deeper than in typical ocean
rift zones. Nevertheless there is an elevation of the axial zone here and the
depth is about 400 m shallower than in the areas to the north and to the
south (Lisitzin et al. 1990).

Both modern and relict high-temperature hydrothermal activity and mi-
neral formation within the TAG hydrothermal field are spatially confined to
the eastern part of the rift valley (Fig. 1.56). Formation of the hydrothermal
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mound that is active at the present time began about 50 thousand years ago
and has continued to be active with some interruptions to the present time
(Lalou et al. 1990). The inactive high-temperature hydrothermal Mir mound
that is located to the east-northeast of the Active hydrothermal mound is the
largest within the TAG field and it is almost not covered by sediments (Ro-
na et al. 1993a; Bogdanov et al. 1994). The formation of its high-tempera-
ture parts began about 100 ka BP and continued with interruptions until
~700 years ago (Lalou et al. 1995). The chain of relict inactive high-tempe-
rature hydrothermal mounds in the Alvin Zone is located to the north-north-
west of the Mir mound. (Fig. 1.56; Rona et al. 1993b) and is covered exten-
sively by sediments. The northern edifices were formed at an earlier time
than the southern ones as indicated by the increase in thickness of the sedi-
ment layer to the north (Lisitzin et al. 1989; Bogdanov et al. 1995b).

T A [

- 26°10°

/
24290 01291
24270 ® 1908

- 26°08’

)
W
T
it hicthe low-temperature core stations
|§] Le!;g?;'%mz?ﬁ’e;:;um hydrothermal ®1785 | mentioned
y occurrences in the text

Fig. 1.56. Bathymetric chart of the TAG hydrothermal field, hydrothermal occur-
rences within the field, and core stations mentioned in the text.

Information was published in 1978 by Scott et al. (1978) on sediments
collected 10 to 15 km north of the TAG hydrothermal field, before the
high-temperature hydrothermal occurrences were known, that have exces-
sive contents of Fe, Mn, and some of the trace elements. Metalliferous se-
diments from the TAG hydrothermal field were described for the first time
in 1983 (Shearme et al. 1983) and now there is information on metallifero-
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us sediments in the area from more than 30 cores (Metz et al. 1988; Gur-
vich and Bogdanov 1991; Hydrothermal... 1993; German et al. 1993; Gur-
vich 1994; Bogdanov et al. 1995a,d; Cherkashev 1995). Most of the cores,
including the longest one, were collected during Cruises 15, 23, and 34 of
the R/V Akademik Mstislav Keldysh.

The metalliferous sediments in the TAG hydrothermal field occur be-
tween 26°08'N and 26°11'N within a band 1 to 2 miles wide along the eas-
tern slope of the rift valley. They are distributed in a small area of about
15-20 km?. They have accumulated in the vicinity of the high-temperature
hydrothermal zones mentioned, the Active mound, and the relict Mir and
Alvin Zones. Apparently these sediments were deposited during the hydro-
thermal activity that contributed to the formation of these accumulations,
and also during their disintegration.

The metalliferous sediments from the TAG hydrothermal field have
been subdivided into four main types following the studies of Shearme et
al. (1983), Metz et al. (1988), Lisitzin et al. (1989, 1990), Hannington et al.
(1990), Bogdanov et al. (1993a,b, 1994, 1995a,d), German et al. (1993),
Mills and Elderfield (1995).

a) Sediments of the first type are typical metalliferous sediments that ac-
cumulated "grain-by-grain" and Fe-oxyhydroxide minerals are the main
component of the hydrothermal metal-bearing matter. The background pe-
lagic sedimentary material that is usually present in this type of sediments
consists of foraminiferal and coccolithophorid remains, clay and zeolite
minerals. The hydrothermal metal-bearing matter has been contributed to
these sediments from nonbuoyant hydrothermal plumes (Sect. 4.3.2).

b) Sediments of the second type also accumulated "grain-by-grain™ and are
similar to the sediments of the first type. However, these sediments have an
admixture of fine well faceted sulfide crystals, which in places are the main
components of the sediments and form sulfide interlayers. Occasionally eda-
phogenic material is abundant in some parts of the noncalcareuos sandy-silt
fractions of the sediments of the first and second types. The hydrothermal
metal-bearing matter has been contributed to the sediments of the second type
from both the buoyant and nonbuoyant hydrothermal plumes. The formation
of the sulfide interlayers is attributed to sharp increases in the deposition of
material from the buoyant plumes (Sect. 4.3.1).

c¢) Sediments of the third type are composed mainly of coarse-grained
material derived from the disintegration of the hydrothermal edifices and
often are referred to as debris-flow deposits (Nelsen et al. 1986; Trefry et
al. 1986; Lisitzin et al. 1989, 1990; Bogdanov et al. 1994). Clastic material
in sediments of this type is composed of Fe- and Mn-oxyhydroxides, non-
tronite, and sulfide minerals. Their relative amounts vary throughout a ver-
tical section. The clasts "are cemented" by silty-clay, silty and sandy mate-
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rial composed mainly of Fe-oxyhydroxides, well faceted crystals of sulfide
minerals and in places amorphous silica.

d) Sediments of the fourth type are thin-laminated and composed of a
great variety of sandy material and other components similar to those in
the third type of sediments. However, each lamina is usually enriched in
one of the components mentioned. The sediments of the third and the
fourth types were formed by the horizontal transportation of the products
of disintegration of the hydrothermal edifices and have undergone partial
gravitational sorting during their deposition (the fourth type).

Edaphogenic material, the products of the disintegration of basalt and
dolerite rocks exposed on the seafloor, is the main component of the non-
calcareuos part of the sandy-silt fraction of nonmetalliferous matter in the
bottom sediments. Within zones where volcanic rocks have been extruded
the edaphogenic material is composed almost completely of volcanic glass
of basaltic composition with only minor amounts of terrigenous material.
Hydrothermal activity in the sediments in the vicinity of the hydrothermal
mounds is indicated by the Mn-crusts on the basalt and glass fragments
and the occurrence of Fe-hydroxides, hematite, talc, zoned quartz and sul-
fide minerals. The bulk of the highly dispersed fractions of the sediments
is composed of hydrothermal material consisting of an abundance of X-ray
amorphous components along with goethite, hematite, and nontronite mi-
neral particles and the minor part of the sediments consists of illite, kaoli-
nite, and palygorskite clay minerals (Bogdanov et al. 1993a).

Panning analyses show that the abiogenic part of the metalliferous sedi-
ments from the TAG hydrothermal field has a high content of Fe-hydroxi-
de material, and considerable amounts of Fe-, Cu-, and Zn-sulfide minerals
and particles of native metals and alloys. The sediments in the vicinity of
the extinct hydrothermal mounds, unlike the sediments near the Active
mound, have a higher ratio of oxidized to non-oxidized sulfide minerals, as
well as considerably higher contents of atacamite, Fe-Mn micronodules
and incrustations of manganite and Fe-oxide material. At a distance of 2 to
2.5 km from the hydrothermal mounds the products of their disintegration
are almost not found in the sediments (Andreeva and Stepanova 1992). Ty-
pically the prevalence of sulfide minerals and products of their oxidation
are found in the metal-bearing part of the sediments that accumulated in
the close proximity, within one kilometer, of the hydrothermal mounds du-
ring intensive hydrothermal activity and the partial disintegration of the
mounds. At greater distances from the mounds there is a transition from
metalliferous sediments bearing primary sulfide minerals to typical metal-
liferous sediments containing metal-bearing matter that settled from the
hydrothermal plume (Bogdanov et al. 1993b).

The sediments accumulated near hydrothermal mounds reflect different
stages in their formation within one or several hydrothermal cycles, which
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lasted for about 10 thousand years (Bogdanov et al. 1992b, 1994). During
the first initial stage of formation of a mound hydrothermal metal-bearing
fluids were discharged through the broken basement of the ocean floor. At
this time non-metalliferous sediments or low-metalliferous sediments ac-
cumulated in the vicinity of the hydrothermal orifices. After cementation
of the fractures and the circulation canals by the precipitated metal-bearing
matter the fluids were discharged only in the central parts of the mound.
When temperature and flow rates of the hydrothermal fluids increased a
considerable amount of sulfide matter, rounded grains of minerals from
greenstone rocks as well as 2-3 mm or larger size fragments of altered vol-
canic rocks were removed. All of this is an indication of the high flow ra-
tes of the hydrothermal fluids, which reached several meters per second.
During this second stage of hydrothermal activity the output of material of
hydrothermal origin was more intensive and resulted in more extensive ac-
cumulation of it in the sediments, in the enrichment of Fe and Cu in the se-
diments in the adjacent areas. During the second stage the partial disinte-
gration of the hydrothermal mound took place. As the fragmental material
moved down the slopes it formed turbidite sediments composed of hydro-
thermal material and debris-flow deposits under the mounds that are com-
posed of Fe- and Mn-oxyhydroxide, nontronite and sulfide minerals. There
is a marked increase in the contents of secondary metamorphic minerals in
the sediments surrounding the orifices. During the third stage of mound
development the rate of discharge and temperature of the fluids decreased
gradually. Crusts of Fe- and Mn-oxyhydroxide material could form on the
surface of the hydrothermal mounds. It protected the sulfide minerals from
oxidation. Globules and crust fragments accumulated in the surrounding
sediments. During the third stage metalliferous sediments with low con-
tents of Fe and Cu and non-metalliferous sediments accumulated before
new stages of increases and decreases in the amount of hydrothermal acti-
vity took place.

The sedimentation rates of the metalliferous sediments vary within the
TAG hydrothermal field. In the first type of sediments they depend mainly
on variations in the rate of accumulation of hydrothermal matter that is rela-
ted to the intensity of hydrothermal activity and their distance from the hyd-
rothermal mounds. The sedimentation rates for the third and fourth types of
sediments depend on the deposition and horizontal transport of the products
of disintegration of the hydrothermal mounds. According to the data from
biostratigraphic and radiocarbon dating, the sedimentation rates of the undis-
turbed metalliferous sediments of the first and second types vary from <1 to
6 cmka (Metz et al. 1988; Kuptsov 1993; Lukashina 1993; Bogdanov et al.
1994). Minimum values were found in sediments of the first type and maxi-
mum values in sediments of the second type. The average sedimentation rate
of the undisturbed metalliferous sediments is about 2 cm ka™. From a geolo-
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gical point of view, layers of sediments of the third and fourth types were
formed almost instantaneously and accumulated material deposited in their
vicinity during a much longer period, probably in several thousand years
(Lisitzin et al. 1990). The measured thicknesses of layers of these sediments
range up to several tens of centimeters (Metz et al. 1988; Lisitzin et al. 1990;
Bogdanov et al. 1994, 1995a,b).

Table 1.10. Average chemical composition of carbonate-free matter of the sedi-
ments from the TAG hydrothermal field in comparison with the average composi-
tions of carbonate-free matter of the metalliferous sediments from the Southeast
Pacific and sediments from the other areas of the Atlantic. Based on data from
Scott et al. (1978), Shearme et al. (1983), Gordeev (1988), Metz et al. (1988), Gu-
rvich and Bogdanov (1991), Mills (1992), German et al. (1993), Dekov and Gur-
vich (1993), Mills et al. (1993, 1994), Godfrey et al. (1994), Gurvich (1994), Kra-
snov et al. (1995), and Table 1.1.

Si Al Ti Fe Siexc, Mn Cu Zn P
%
metalliferous
TAG (Fe 10+50%) 12.00 2.90 0.34 2384 42 033 1106 0.488 0.32
SE Pacific 16.19 435 0.27 16.86 3.1 5.07 0.104 0.041
non-metalliferous
TAG (Fe 8+10%) 1854 6.87 0.51 886 0 047 0.162 0.057 0.28
TAG (Fe6+8%) 19.83 7.34 052 697 0 0.36 0.072 0.037 0.18
TAG (Fe <6%) 20.71 7.67 048 563 0 0.32 0.052 0.037 0.13

Sediments

10-15 km to the
north of TAG 6.2 50 03 0.021
North Atlantic,
pelagic clays 9.0 50 04 0012
Sediments Pbo Ni Co Cr V Ba La U Th

ppm
metalliferous

TAG (Fe 10+50%) 117 63 120 82 270 630 105 10 4.3
SE Pacific 155 826 218 29 428 10800 157 38 50

non-metalliferous
TAG (Fe 8+10%) 27 140 72 150 230 790 476 16 7.3

TAG (Fe 6-8%) 130 62 155 190 640 37.9
TAG (Fe <6%) 110 60 120 120 510

10-15 km to

the north of TAG 240 120 200

North Atlantic, 79 39 80

pelagic clays
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The average chemical composition of metalliferous and transitional se-
diments from the TAG hydrothermal field based on the calculation of data
obtained from the study of more than 1000 samples is shown in Table 1.10.
For comparison the average compositions of the metalliferous sediments
from the Southeast Pacific and of sediments from other regions of the At-
lantic Ocean are shown in this table.

In comparison with non-metalliferous sediments, the metalliferous sedi-
ments from the TAG hydrothermal field are enriched in Fe, Cu, Zn, Pb,
Co, P, V, U and depleted in Al, Si, Ti, Th, Cr, Ni, REE. The average con-
tents of Mn and Ba in the metalliferous and non-metalliferous sediments
are similar. The Si/Al ratio in the metalliferous sediments (4.1) is higher
than in the non-metalliferous sediments (2.7) which indicates that about
one third of the Si is of hydrothermal origin.

Comparison with the metalliferous sediments from the Southeast Pacific
shows that the metalliferous sediments from the TAG hydrothermal field
have higher average contents of Fe, U, and especially of Cu and Zn, but lo-
wer contents of Si and Al, and metalliferous sediments from the TAG field
are enriched in Ti and Cr. The average contents of Mn, Co, V, Pb, Ni, Ba,
and REE in the TAG metalliferous sediments are lower than in metallifero-
us sediments from the Southeast Pacific (Table 1.10). On the average abo-
ut 3/4 of the metal-bearing matter in the metalliferous sediments from So-
utheast Pacific is composed of iron minerals and in the TAG metalliferous
sediments more than 9/10 of the metal-bearing matter is composed of iron
minerals. The average content of Fe in the metalliferous sediments studied
from the TAG hydrothermal field is higher than the sum of the average
contents of Fe and Mn in metalliferous sediments from the Southeast Pa-
cific. The reason for this is that the most part the metalliferous sediment
samples studied from the TAG field were proximal to hydrothermal sour-
ces and metalliferous sediment samples studied from the Southeast Pacific
were distal from them. On the other hand, the area of the TAG hydrother-
mal field where the hydrothermal matter accumulates on the seafloor is
within a narrow and deep rift valley and the hydrothermal matter is not
dispersed outside of it. In the Southeast Pacific the hydrothermal matter is
dispersed and accumulates on the ocean floor many hundreds and even
thousand of kilometers away from the East Pacific Rise rift zone.

The ratios of the average element contents in the carbonate-free matter
of metalliferous sediments to those in non-metalliferous sediments contai-
ning <6% Fe (Table 1.10) are as follows:

Al > Ni > Cr > Mn—->Ba—~V »-Co—~> P - Fe >2Zn—Cu

0.37 0.57 0.68 1.0 1.2 1.8 20 25 42 13 21

Based on the assumption that the accumulation of Al in metalliferous
sediments is caused only by background process the average relative roles
of the excessive accumulation of the elements in % are as follows:
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Al > Ni > Cr> Mn—~>Ba—~>V »>Co—~> P - Fe > 2Zn — Cu

0 34 45 63 69 79 81 85 91 97 98

It must be noted that these results are underestimated slightly because in
the sediments containing <6% Fe, that were considered as background se-
diments, there is a small amount of hydrothermal metal-bearing matter that
contains significant quantities of Cu, Zn and some other elements.

It is interesting to consider changes in the contents of the elements with
increases in the contents of the metal-bearing matter in the abiogenic part
of the sediments from the TAG hydrothermal field. Other factors being
equal the content of the metal-bearing matter in the sediments is a reflec-
tion of the distance from a hydrothermal source and of the intensity of hyd-
rothermal activity. As Fe minerals constitute more than 9/10 of the hydro-
thermal metal-bearing matter in the sediments from the TAG hydrothermal
field it is convenient to use Fe content as a proxy of hydrothermal matter
content and the average contents of chemical elements have been calcula-
ted for sediments with different contents of Fe (Fig. 1.57-1.60).
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Fig. 1.57. Changes in the contents of Al, Ti, Ni, and Cr with increase in Fe content
in the carbonate-free part of the sediments from the TAG hydrothermal field.
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The contents of lithogenic Al and Ti in metalliferous and transitional se-
diments increase as the contents of Fe decrease. Where transition to non-
metalliferous sediments takes place the content of Ti decreases slightly
with increase in the Al content (Fig. 1.57) and this indicates a decrease in
the amount of basic material in the lithogenic matter.

Siex [%]

Cu [%]
o

<6 6-8 8-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 45-50
Fe [%]

Fig. 1.58. Changes in the contents of Sie,, Cu, Zn, and Co with increase in Fe con-
tent in the carbonate-free part of the sediments from the TAG hydrothermal field.

The patterns for the contents of Cu, Zn, and Co are similar (fig. 1.58).
All of them have maximum contents at the content of Fe 30 to 45% and
gradual decrease at lower Fe contents. The excessive Si content (calculated
by the formula Sie = Si — 2.7Al, where 2.7 is the Si/Al ratio in the non-me-
talliferous sediments) has a similar pattern, but it is at a maximum when
the content of Fe is from 20 to 35%. Patterns for the changes in contents of
Pb and U (Fig. 1.59) are similar to the patterns for the contents of Cu, Zn,
and Co, but there are no data for the Pb and U contents in the metalliferous
sediments containing >41.3% Fe.

The gradual increase to maximum contents when the content of Fe is 8
to 20%, and decrease in content when the Fe content is higher, are com-
mon features in the patterns for the contents of Mn, Ba, La, and Th.
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The highest contents of P and V occur in sediments with the maximum
contents of Fe and they decrease to the point where the Fe content is 30 to
35%, increase slightly and show minor changes when the contents of Fe
are 15-25%, and then decrease gradually in content at lower contents of Fe
(Fig. 1.60).
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Fig. 1.59. Changes of the contents of Pb, U, La, and Th with increase in Fe con-
tent in the carbonate-free part of the sediments from the TAG hydrothermal field.

The patterns for changes in the contents of Ni and Cr are similar to those
for the contents of Al and Ti (fig. 1.57). But there are distinctions. The Cr
contents increase at the maximum Fe contents, like the P and V contents,
but less pronounced. And the contents of Ni increase as the contents of Fe
decrease from 25 to 8% and are more pronounced than the changes for Ti
and Cr contents.

The reasons for variations in the chemical composition of the carbonate-
free part of the sediments from the TAG hydrothermal field are shown cle-
arly by factor analysis. The results from the study of 1058 samples of both
metalliferous and non-metalliferous sediments have been used in the factor
analysis that revealed four reasonable factors, which account for 95.1% of
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the variance (Fig. 1.61). The data for Pb, La, U, and Th were not used be-
cause of the considerably smaller number of data points available.

The first factor accounts for 79.0% of the variance in chemical composi-
tion. The most abundant element of the hydrothermal metal-bearing mat-
ter, Fe, and the excessive silicon (Sie) have the highest positive loadings.
The positive loadings of two other main hydrothermal elements, Cu and
Zn, are also significant. The main lithogenic elements, Al and Ti, and the
metals Ni and Cr have the greatest negative loadings. This distribution of
the loadings indicates that the variation in chemical composition of the car-
bonate-free matter of the TAG sediments depends mainly on the mutual di-
lution of the hydrothermal and lithogenic matter and that basic material en-
riched in Ti, Ni, and Cr is a predominant component in the lithogenic ma-
terial. These results are in good agreement with the results from lithologic
studies (see above). The prevalence of basic material also accounts for the
higher average contents of Ti and Cr in the metalliferous sediments from
the TAG hydrothermal field in comparison with metalliferous sediments
from the Southeast Pacific despite the higher content of the metal-bearing
matter in the TAG sediments.
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Fig. 1.60. Changes in the contents of P, VV, Mn, and Ba with increase of Fe content
in the carbonate-free part of the sediments from the TAG hydrothermal field.
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The second factor accounts for 8.6% of the variance. V and P have high
positive loadings. The positive loadings of Fe and Cr are also evident.
Such association of the elements is typical for the matter formed in buo-
yant hydrothermal plumes where there is co-precipitation of V, P, and Cr
with Fe-hydroxides (Rudnicki and Elderfield 1993; Feely et al. 1994; Sect.
4.3). The rather low positive loading of Cr apparently is because it is main-
ly present in the lithogenic material (see the first factor).

The third factor accounts for 4.5% of the variance. Cu, Zn, and Co have
the highest positive loadings and the positive loading of Fe is also evident.
The lithogenic elements Al and Ti have negative loadings. This association
of the elements indicates the presence of hydrothermal sulfide material
and/or products of its alteration in the sediments.
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Fig. 1.61. Factor loadings of four varimax rotated factors for the carbonate-free
element contents in sediments from the TAG hydrothermal field.

The fourth factor accounts for 3.0% of the variance. Mn and Ba have
high positive loadings; and Mn and Ba have positive loadings and that of
Ni is evident. This association of the elements indicates the presence of
material that settled from nonbuoyant hydrothermal plumes (see Sect.



102 CHAPTER1 RECENT METALLIFEROUS SEDIMENTS

4.3.2). Ba has geochemical affinity with Mn especially in hydrothermal se-
dimentary formations but not with Fe (Fisher and Puchelt 1972; Gurvich et
al. 1979). The rather low positive loading of Ni apparently is because of its
presence in the lithogenic material (see the first factor).

The changes in the patterns of the element contents related to increases
in the contents of Fe in the carbonate-free part of the metalliferous sedi-
ments from the TAG hydrothermal field (Fig. 1.57-1.60) and the results of
the factor analysis indicate that the matter formed in the buoyant hydro-
thermal plume has the greatest influence on the composition of the metalli-
ferous sediments that contain 40 to 50% Fe. The hydrothermal sulfide ma-
terial and/or the products of its alteration have significant influence on the
composition of the sediments that contain 30-45% Fe. The content of ura-
nium in the hydrothermal sulfide material is insignificant but it enriches
the products of oxidation of the sulfide material in the sediments after their
deposition entering from ocean water due to bacterial activity (German et
al. 1993; Mills et al. 1993, 1994). The matter formed in the nonbuoyant
plume has the greatest influence on the composition of the sediments con-
taining 8 to 25% of Fe.

In the metalliferous sediments that have different contents of Fe the con-
tents of REE differ and there are also different patterns of REE (Fig. 1.62).
In the non-metalliferous sediments and in the metalliferous sediments con-
taining 10-20% of Fe, which are most enriched in REE, there is a small
negative Ce anomaly that is a typical feature of the REE patterns in the
ocean water and in particulate matter of the buoyant and nonbuoyant hyd-
rothermal plumes, and a small enrichment of the middle REE is characte-
ristic. With an increase in the content of Fe the contents of REE decrease,
the negative cerium anomaly persists and a positive Eu anomaly appears.
With a further increase in the content of Fe, at least up to 41.3%, the posi-
tive Eu anomaly also increases. This is a typical feature in the REE pat-
terns of high-temperature hydrothermal fluids, sulfide and Fe oxide mate-
rials from the active hydrothermal mound, and also of particulate matter
from the buoyant hydrothermal plume (Fig. 1.62).

It is important to note, that even the lowest contents of REE in the most
metalliferous (containing >40% of Fe) sediments are much higher than in
the massive sulfides and products of their oxidation from the active hydro-
thermal mound. These data and ratios of the REE contents to the contents
of Fe (Fig. 1.63) show that the hydrothermal sulfides and products of their
oxidation are only of minor importance as a source of the REE not only in
the low metalliferous sediments, the most enriched in REE, but also in the
most metalliferous sediments. For the most metalliferous sediments the pa-
rticulate matter from the buoyant hydrothermal plume apparently plays an
important role in REE supply. In this matter the ratios of the REE contents



1.6. Metalliferous sediments in the rift zone of the Mid-Atlantic Ridge 103

to the Fe content as well as the positive Eu anomaly are comparable with
ones in the most metalliferous sediments (Fig. 1.63). The role of the parti-
culate matter from the buoyant plume is also significant in the REE supply
to the metalliferous sediments containing 30-40% of Fe. As to less metal-
liferous sediments and non-metalliferous sediments having 7-10% of Fe,
the REE/Fe ratios as well as the Eu anomaly observed in these sediments
(Fig. 1.63) indicate that the particulate matter from the nonbuoyant plume
plays the main role in the REE supply to these sediments.
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Fig. 1.62 Shale-normalized REE patterns of the metalliferous sediments (carbona-
te-free matter), massive sulfides and products of their oxidation (from the Active
hydrothermal mound), primary hydrothermal fluids, and particulate matter of the
hydrothermal plumes from the TAG hydrothermal field, as well as in the backgro-
und ocean water. Based on data from German et al. (1990, 1993), Mills (1992),
Dekov and Gurvich (1993), and Mitra et al. (1994).
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Study of cores of the metalliferous sediment from the TAG hydrother-
mal field has shown considerable downcore variations, which mainly ref-
lect variations in accumulation rate of the hydrothermal metal-bearing mat-
ter, and also a history of evolution of hydrothermal mounds if the cores ha-
ve been collected nearby (Shearme et al. 1983; Metz et al. 1988; Lisitzin et
al. 1990; Bogdanov et al. 1994, 1995a,d). As to variations in the accumula-
tion rate of the background sedimentary material in the absence of redepo-
sition during the time period recorded in the cores (up to 30 ka BP) it chan-
ged twice (Lukashina 1993).

(TR/TRnasc)/ (Fe/Fenasc) (TR/TRnasc) / (Fe/Feyasc)

ot £ 10°

10°

510'1

P oa
10 V’“‘*‘*‘H
Eﬁ%ﬁf

10723 E107
10'3'5 ::10-3
1073 / 10

10-5' _10—5

La Ce Nd Sm Eu Gd Dy Er Yb Lu La Ce Nd Sm Eu Gd Dy Er Yb Lu
A sediments, 7-10% Feceg ¢ particulate matter from the nonbuoyant
. ' plume, maximum measured values

O sediments, 10-20% Fecrs n particulate matter from the nonbuoyant

® sediments, 20-30% Fecgg plume, minimum measured values

O sediments, 30-40% Fecg O particulate matter from the buoyant

- ) o plume, maximum measured values
sediments, 40-41.3% Fecrg @ Particulate matter from the buoyant

O Fe oxides from the Active mound plume, mini ed vall

& massive sulfides from the Active mound Q hydrothermal fluids

Fig. 1.63. Ratios of the shale-normalized REE to Fe concentrations in the metalli-
ferous sediments, massive sulfides and products of their oxidation, primary hydro-
thermal fluids, and particulate matter of the hydrothermal plumes from the TAG
hydrothermal field.

As an example the downcore variations in compositions of sediments
from Core 3366 collected near the southern part of the chain of relict hyd-
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rothermal mounds of the Alvin Zone, and from Core 3360 collected in the
vicinity of the southern part of the Alvin Zone (Fig. 1.56) can be shown
(Fig. 1.64). The downcore variations in the chemical composition of the
sediments distinctly reflect ones in their lithologic composition.

The lithologic composition of sediments from Core 3366 correlates with
one from Core M3 (Fig. 1.65) studied by Metz et al. (1988). The core M3
has been collected at a greater distance from the southern part of the Alvin
Zone (Fig. 1.56), which has been a source of the metal-bearing matter for
sediments from the both cores.
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Due to closer position of Core 3366 to the source it has greater thickness
of fine-grained thin-laminated hydrothermal deposits, which have accumula-
ted as a result of horizontal transport of the hydrothermal material. Besides,
in Core 3366 there are coarse-grained hydrothermal deposits accumulated at
"hydrothermal explosion™. Such deposits are absent in Core M3, but it also
has redeposited material (it is indicated by an inversion in sediment ages in
the lower part of the core). And thicknesses of layers composed mainly of
non-hydrothermal material, which accumulation depends in a lesser degree
on distance from the hydrothermal source, in both cores are very similar.
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Fig. 1.65. Correlation of lithologic compositions of bottom sediments from Cores
M3 and 3366 and from Cores 2407A and 3360. Legend is the same as in Fig. 1.64.
Contents of CaCO; and Fe — in dry sediments. After Bogdanov et al. (1995a).

Lithologic composition of Core 3360 correlates with one of Core 2407A
(Fig. 1.65) collected much closer to the source of the hydrothermal materi-
al — the northern part of the Alvin Zone (Fig. 1.56).

Owing to greater distance from the source of the hydrothermal material
there are only carbonaceous metalliferous sediments in Core 3360, where-
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as in Core 2407A there are also low-carbonaceous metalliferous sediments
and thin-laminated hydrothermal deposits. Due to higher content of the
hydrothermal matter, thickness of the metalliferous sediment layer in Core
2407A is rather more than in Core 3360.

Average rates of the excessive accumulation of a number of chemical
elements in the metalliferous sediments from the TAG hydrothermal field
formed "grain-by-grain" are shown in Table 1.11. For comparison in this
table also the data on the metalliferous sediments from the Southeast Paci-
fic and from the ERP axial zone at 20°30'S-22°S are given.

Table 1.11. Average rates of the excessive accumulation of chemical elements in
metalliferous sediments from the TAG hydrothermal field, Southeast Pacific, and
10-20 km to the east of the East Pacific Rise axis at 20°30'S—-22°S. Calculated
from the data of Bogdanov et al. (1979c), Dekov (1994), and Gurvich (1998).

Fe Mn Cu Zn Co Ni V Ba

Area
mg cm™ ka™ Hg cm= ka™
TAG 50 15 2400 370 39 18 90 240
Southeast Pacific 55 1.8 39 125 8 30 15 200
EPR 20°30'S-22°S 50 15 130 50 13 100 130 220

The average rate of the excessive accumulation of Fe in the metallifero-
us sediments from the TAG hydrothermal field is an order higher than one
in the metalliferous sediments from the Southeast Pacific; however it is si-
milar to the average value for the metalliferous sediments from the EPR
axial zone at 20°30'S-22°S. The rates of excessive accumulation of Cu,
Zn, and Co entering the TAG metalliferous sediments mainly with the hy-
drothermal sulfides and products of their oxidation are considerably higher
than in the metalliferous sediments from two other areas. The rates of ex-
cessive accumulation of Ba in all three areas are almost equal. This, proba-
bly, indicates the constant rate of removal of this element from the ocean
water by means of scavenging by Mn-oxyhydroxides. The rate of excessi-
ve accumulation of Ni (entering metalliferous sediments mainly due to
scavenging from the ocean water by particles of Fe-oxyhydroxides) in the
TAG metalliferous sediments is similar to one in the metalliferous sedi-
ments from the Southeast Pacific, but is lower than in the metalliferous
sediments from the EPR axial zone at 20°30'S-22°S. The ratios Nie/Feex
are 0.00036, 0.0055, and 0.002 respectively (Table 1.11). It indicates that
time of contact of the Fe-oxyhydroxide particles with ocean water within
the TAG hydrothermal field is the shortest among three areas in question.

The rate of the excessive accumulation of V (entering metalliferous se-
diments mainly due to co-precipitation with Fe-hydroxides) in the TAG
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metalliferous sediments is higher, than in the metalliferous sediments from
the Southeast Pacific, but a bit lower than in the metalliferous sediments
from the EPR axial zone at 20°30'S—22°S. The V., /Fee ratios in the metal-
liferous sediments from the Southeast Pacific and from the EPR axial zone
at 20°30'S-22°S are practically identical 0.0027 and 0.0026, and in the
TAG metalliferous sediments the ratio is 0.0018. If it is assumed that with-
in the TAG hydrothermal field in the hydrothermal sulfides and Fe-hydro-
xides (formed at mixing of the hydrothermal fluids with the ocean water)
the average Ve, /Fee ratios are 0.0001 (Mottl and McConachy 1990; Feely
et al. 1994) and 0.0026 respectively, and also if one neglects the sorption
of V from the ocean water by the Fe-hydroxides and by the products of the
sulfide oxidation then in the metalliferous sediments formed "grain-by-
grain™ about two thirds of the excessive Fe is bound with particles of "pri-
mary" Fe-hydroxides, and about one third with the sulfide particles and
products of their oxidation. At distances from hydrothermal orifices the
role of the heavy sulfide minerals decreases, due to their sinking, and that
of Fe-oxyhydroxides increases. The prevalence of the Fe-oxyhydroxides is
typical for the sediments.

1.6.2. Metalliferous sediments from the MARK hydrothermal field

The MARK hydrothermal field2 is located 30 km south of the Kein trans-
form fault within a large dome in a neovolcanic zone in the axial part of the
Mid-Atlantic Ridge rift valley. In the field area the valley, 10 to 17 km wide,
extends close to the meridian direction (~10°NE) (Detrick et al. 1988). The
neovolcanic zone represents a ridge structure that rises approximately 500 m
on the east side and 900 m on the west side above the valley floor. The
youngest volcanic rocks at the top of the ridge are almost free of sedimen-
tary material and the pillow-lavas of the lower part of the slope have a thin
cover of pelagic sediments. It appears that in the area of the MARK field the
volcanic dome is in an active phase of growth over a magmatic cell located
under the ridge (Karson et al. 1987; Zonenshain et al. 1992). There is a gra-
ben in the axial part of the ridge that extends parallel to the meridian (Mevel
et al. 1989; Gente et al. 1991). Manifestations of metallic mineral deposition
have been found in the MARK hydrothermal field within this graben or in
the vicinity of it in the zone of tectonic dislocation. The field is 400 m long
and 125 to 250 m wide and it is elongated east-northeasterly.

The information on metalliferous sediments from the MARK hydrother-
mal field is inadequate. Because the field is very young, about 4-5 ka, ma-
ny attempts to obtain samples have been unsatisfactory or sediment cores

12 The field is called Snake Pit in some reports.
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have been very short and only centimeters in length (Lalou et al. 1990,
1993). The most successful sampling of the field was carried out in Cruise
3 of R/V Professor Logachev that provided data for outlining the distribu-
tion of the metalliferous sediment in the central part of the field as shown
in Fig. 1.66.

The areal distribution of the metalliferous sediments and massive sulfi-
des within the MARK field is only about 0.06 km?, and approximately 300
times less than that of the TAG hydrothermal field.

23°22.2"

23°22.1°

44°57.2' 44°57.1"
I:l metalliferous sediments - massive sulfide deposits

core positions and thickness of the sediment layer [cm]

Fig. 1.66. The location of the metalliferous sediments in the central part of the
MARK hydrothermal field. After Cherkashev (1995).

The thickness of the metalliferous sediment layer in the MARK field is
relatively small and 19 of 24 core samples are less than 15 cm long; and
among them cores less than 10 cm in length are prevalent. Of the 5 cores
that are more than 15 cm long, four of them including the longest one, 83
cm in length, were collected at the base of the hydrothermal edifices. The
cores collected from the edifices have not exceeded 10 cm in length (Fig.



110 CHAPTER1 RECENT METALLIFEROUS SEDIMENTS

1.66). This indicates redeposition of the metalliferous sediments from the
slopes of the edifices at their base.

The metalliferous sediments in the MARK hydrothermal field are mainly
proximal and composed of a significant amount of sulfide material. Upper
parts of some cores are composed of oxidized sulfide material. The sedi-
ments are rich in Fe, 22-47%. The average contents of chemical elements
are as follows: Fe 38.3%, Cu 6.6%, Zn 1.3%, Au 0.6 ppm, Ag 4.3 ppm
(Cherkashev 1995). The metalliferous sediments from the TAG hydro-
thermal field that have a similar content of Fe also have a similar content
of Zn, but three times less Cu (Fig. 1.58). Because of the oxidation of the
sulfide materials in the upper parts of some of the cores the contents of Fe
and S decrease; and in some places this is accompanied by enrichment in
the content of Au and a decrease in the Eu/Sm ratio (Cherkashev 1995).

There are no distinct peaks in vertical distribution of the elements in
metalliferous sediments from the MARK field that would indicate events
of hydrothermal activity, and these sediments probably formed in the cour-
se of a single hydrothermal episode that began about 4-5 ka ago (Cherka-
shev 1995, 2004).

1.6.3. Metalliferous sediments from the Logachev hydrothermal
field

The Logachev hydrothermal field located at 14°45'N on the Mid-Atlantic
Ridge was discovered in 1993-1994 (Batuyev et al. 1994; Krasnov et al.
1995a,b). The field is located 35 miles south of the transform fault at
15°20'N on the east side of the marginal scarp of the Mid-Atlantic Ridge rift
valley (Fig. 1.67). At 14°45'N the rift zone structure is asymmetric and simi-
lar to one in the TAG area (Zonenshain et al. 1989). The "normal” western
slope of the rift valley is formed by a system of fault scarps composed of
basalts. The eastern slope is considerably steeper. It represents a marginal
scarp of the rift valley where there is an outcrop of serpentinite rocks, ser-
pentinized ultramafic rocks, and gabbroic rock (Geologic research ... 1991,
Krasnov et al. 1995a). The eastern marginal scarp was formed by the vertical
uplift of a large block of the ocean crust developed by the serpentinization of
ultramafic rocks of the lower crust and upper mantle zone and the intrusion
of serpentinite rocks. Gentle slopes are covered by a layer of carbonaceous
sediments that is up to 2.5 m thick.

The Logachev hydrothermal field is located within a zone of serpentini-
zed ultramafic and gabbroic rocks (Bogdanov et al. 1995c; Krasnov et al.
1995). This essentially distinguishes the field from the majority of known
hydrothermal fields connected with axial basalt hosted circulation systems,
in which hydrothermal mineral-forming solutions are formed by the inter-
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action of ocean water with basalt and dolerite rocks in the roof zones of
magma chambers at depths of 1.5 to 3 km below the ocean floor.
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Fig. 1.67. Axial part of the Mid-Atlantic Ridge in the area of the Logachev hydro-
thermal field. After Bogdanov et al. (1995c).

The Logachev hydrothermal field is connected with a deeply circulation
system (Bogdanov et al. 1995c¢, 1997a; Bogdanov and Sagalevich 2002).
The existence of such hydrothermal circulation systems in rift zones of
slow-spreading ridges was considered in theory previously (Rona et al.
1987; Lisitzin et al. 1990). In such circulation systems the ocean water pe-
netrates much deeper than in the axial basalt hosted systems, probably to
the lower part of the ocean crust und to the upper mantle zone, and is in-
volved in the serpentinization of the ultramafic rocks. The hydrothermal
solutions that deposit metals are developed in the deeply circulation hydro-
thermal system that differs from those in the axial basalt hosted systems
(Charlou et al. 2002; Douville et al. 2002). Significant changes in hydro-
static pressure during the migration of the solutions through the earth’s
crust to the surface of the ocean floor result in the repeated phase separa-
tion of the solutions and in the boiling of the solutions at various levels
near the surface of the crust (Bogdanov et al. 1995c, 1997a).
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According to Lalou et al. (1996), hydrothermal activity within the Loga-
chev field has existed at least during 60 ka, according to later information
of Cherkashev (2004), during 66.5 ka. At the present time the major part of
the field is inactive. Twelve mounds of sulfide minerals and two zones of
sulfide mineral talus have been found within the Logachev hydrothermal
field at depths from 2900 m to 3060 m (Fig. 1.68). The mounds are up to
20 m high. The largest mound is 200 m long and 125 m wide and extends
down-slope in a northwest direction. There are three active hydrothermal
zones up to 10 m in diameter with high-temperature hydrothermal springs
(black smokers) in the axial part of the largest mound at depths of 3005,
2960 and 2940 m, and there are low-temperature hydrothermal springs in
some of the small mounds (Bogdanov et al. 1995c,e; Krasnov et al. 1995a).

The black smokers in the Logachev field can be divided into two kinds
(Bogdanov and Sagalevich 2002):

a) At depths of 3005 and 2960 m, high-temperature solutions enter the
ocean from chimneys in small craters that are up to 20 to 50 cm high and
composed of sulfide material. Hydrothermal plumes with black suspended
matter are not buoyant and they move horizontally in the bottom currents
at the depth of the hydrothermal orifices or even downhill.

b) Black smokers of the second kind occur in the upper part of the lar-
gest mound at a depth of 2940 m that are typical of those in ocean rifts.
Buoyant hydrothermal solutions of these smokers enter the ocean from the
upper part of a vertical column of sulfide material that is about 3 m high
and 0.5 to 0.8 m in diameter. Hydrothermal plume with black suspended
matter is buoyant.

The existence of two kinds of black smokers is an indication that the last
boiling of the hydrothermal solutions during their migration through the
ocean crust takes place in a subsurface zone near the ocean floor (Bogda-
nov et al. 1995c).

The accumulations of massive sulfide material in the Logachev field are
enriched mainly in copper. They are enriched also in Co and As in compa-
rison with those from other hydrothermal fields in the Mid-Atlantic Ridge
rift zone (Bogdanov et al. 1997; Cherkashev 2004).

There are few published data on metalliferous sediments from the area
of the Logachev hydrothermal field3. There is a small field, about 0.5 km?,

13 In 1995 Alexander Ashadze showed me numerous data and charts of element
distributions in sediments within and around the Logachev field. Unfortunately
these data were never published and no one has worked with them since his
death. Some unpublished data on the Logachev field sediments were kindly ma-
de available to me during preparation of this book by G.A. Cherkashev and V.V.
Shilov from the All-Russia Institute for Geology and Mineral Resources of the
World Ocean (VNIIOkeangeologiya), Sankt-Petersburg.
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of metalliferous sediments around the hydrothermal mounds (Fig. 1.68). In
the proximity, within tens of meters of the mounds, sediments composed
of sulfide material have accumulated (Krasnov et al. 1995a; Sudarikov and
Roumiantsev 2000). Metalliferous sediments with a predominance of Fe
oxyhydroxide material in their metal-bearing part occur at distances up to
200 to 300 m from the mounds and at greater distances from them the sedi-
ments are non-metalliferous. But at a distance of about 5 km to the north of
the Logachev field sediments have been sampled that contain from 9.0 to
9.6% Fecrg (Cherkashev 1995).

§ Fecrs
5
& 14°45.4'
14°45.2'
= _—\ 14°45.0°
44°58.8' 44°58.6"
- sulfide mounds ™
field of metalliferous sediments 44°58.8' 44°58.6"
: sediments containing >0.3% Cuceg | | | | I _
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Fig. 1.68. Mounds of sulfide minerals and metalliferous sediments in the Loga-
chev hydrothermal field. Compiled from data of Krasnov et al. (1995), Sudarikov
and Roumiantsev (2000), and recent data of VNIIOkeangeologiya. St. 3452 -
position of Station 3452 of R/V Akademik Mstislav Keldysh.

According to results obtained during studies of VNIIOkeangeologiya,
the main factors controlling sedimentation process within the Logachev
hydrothermal field are: hydrothermal activity, accumulation of biogenic
carbonate material, bottom currents, and slumps.

The content of biogenic carbonate material in sediments of the field va-
ries from 0 to 78.7%, the average is 33.1%. The average carbonate-free
contents of the main elements of the metal-bearing matter in sediments
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from the Logachev field vary with the different content of Fe (Table 1.12).
The metalliferous sediments are enriched in Cu and its contents are higher
compared to those in sediments from the TAG hydrothermal field with
similar contents of Fe (Fig. 1.58). The contents of Zn are much lower than
the contents of Cu. Apparently this is because of the predominance of Cu
over Zn in the massive sulfide material in the Logachev field (Cherkashev
2004). The contents of both elements in metalliferous and transitional
sediments increase with increase in the content of Fe. The content of Mn in
metalliferous sediments decreases as the content of Fe increases.

Table 1.12. Average carbonate-free contents of chemical elements in the Loga-
chev hydrothermal field sediments with different contents of Fe and in backgro-
und sediments. Based on data from Gurvich et al. (1995a), Cave et al. (2002), and
on the unpublished data of VNIIOkeangeologiya.

Sediments / Fe content Fe Cu Mn Zn
%

metalliferous 19.4 1.6 0.40 0.051

Fe 30+34.2% 32.2 5.2 0.22 0.078

Fe 20+-30% 25.5 3.3 0.35 0.061

Fe 10+20% 15.1 0.72 0.47 0.040

Fe 6+-10% 7.3 0.20 0.31 0.038
background 4.9 0.022 0.28 0.0116

A sediment core, 241 cm long, was collected close to the base of the lar-
ge hydrothermal mound of sulfide material, about 80 m to the south of it,
at Station 3452 of R/V Akademik Mstislav Keldysh, located at 14°45.02'N,
44°58.70'W, at a depth of 2980 m (Fig. 1.68). Apparently the hole penetra-
ted, and the core is a sample of, the whole sedimentary cover and where it
stopped in the hard substratum. The following description of this core is
based on the reports of Bogdanov et al. (1998) and Bogdanov and Sagale-
vich (2002).

There are two distinct layers in the core (fig. 1.69). The upper layer is
46 cm thick and is composed of high-carbonaceous (69.7 to 78.7% CaCQO3)
sandy metalliferous sediments that contain 10.1 to 10.2% Feceg. Shells of
planktonic foraminifera are predominant in the carbonaceous material. The
metal-bearing matter is composed mainly of Fe-oxyhydroxide and Fe-
montmorillonite minerals and there are lower contents of nontronite. Ag-
gregates and individual crystals of sulfide minerals have also been found.
Sediments in the lower layer, 46-241 cm, are much finer grained than the
sandy sediments in the upper layer (Fig. 1.69). They are non-metalliferous
and carbonaceous with 53.2 to 61.2% CaCOs. The carbonaceous part is
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composed of coccoliths mixed with a significant amount of foraminifera
shells. The non-metalliferous sediments of the lower layer also contain
hydrothermal metal-bearing material but the contents of it are lower than
in the metalliferous sediments in the upper layer.
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Fig. 1.69. Composition and age of sediments from Core 3452. After Bogdanov et
al. (1998). Position of the core station is shown in Fig. 1.68.

Numerous angular and subrounded fragments of crystalline rocks up to
3 cm in size are distributed throughout the whole core. They are most abu-
ndant, up to 25.8%, within the 15 to 20 cm part of the core. Serpentine is
the main lithogenic mineral in the coarse-grained fraction of the sediments
because of proximity to outcroppings of serpentinite rock or the presence
of serpentinized deep-seated rocks. The content of serpentine material in
the core increases with depth, apparently because of the gradual burial of
the basement rocks by the sediments. Products of the destruction of gab-
broic rocks occur throughout the whole core as well. Products of the dest-
ruction of basalt rocks are rare.

The lithologic boundary between the upper and lower layers corres-
ponds to the age boundary between Wirmian and Holocene time (Fig.
1.69). There is an unconformity between Wirmian and Holocene sedi-
ments caused either by washout, or a hiatus in sedimentation that lasted for
about 10 ka. The age of the sediments at depth 70 cm is about 20 ka. The
average sedimentation rate for the Wiirmian sediments is about 7 cm ka™*,
and for the Holocene sediments, about 9 cm ka™.
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Fig. 1.70. Chemical composition of carbonate-free matter in sediments from Core
3452.

Distribution of carbonate-free chemical element contents in the sedi-
ments along Core 3452 is shown in Fig. 1.70. The metalliferous sediments
in the upper layer of the core compared with those in the lower layer are
enriched not only in Fe but also in Mn, S, P, C,4, Ba, Cu, Zn, Pb, Co, V,
and Sigy and depleted in Al, Ti, Cr, and Ni. The contents of Co, Ni, and Cr,
the elements enriched in ultramafic rocks (Turekian and Wedepohl 1961;
Vinogradov 1962), in the metalliferous sediments of the upper layer, are
higher than in Atlantic pelagic clays and metalliferous sediments from the
TAG hydrothermal field (Table 1.10). The high contents of Cr and Ni in
non-metalliferous sediments in the lower layer are the result of significant
intermixing of edaphogenic material from depth.
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There is also a small amount of hydrothermal metal-bearing matter in-
termixed in the non-metalliferous sediments. Relative to the Atlantic pela-
gic clays they are enriched in S, Cu, and Fe, elements that are typically fo-
und in the massive hydrothermal deposits of the Logachev field.

The data for the chemical composition of the carbonate-free matter of
the sediments from Core 3452 have been used for factor analysis with the
varimax rotation of the factor matrix. Four reasonable factors account for
91.9% of the variance (Fig. 1.71).
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Fig. 1.71. Factor loadings of four varimax rotated factors for the carbonate-free
element contents in the sediments from Core 3452.

The first factor accounts for 62.9% of the variance. Fe, S, P, Coyq, Cu,
Zn, Co, V, Ba, and Mn have significant positive loadings, Ni has a signifi-
cant negative loading and Ti and Cr have marked negative loadings. The
loadings of Al and Sie are close to zero. This factor shows that mutual di-
lution of lithogenic ultramafic matter and of components accumulated un-
der the influence of hydrothermal process is the main reason for variations
in the chemical composition. The influence of the hydrothermal process is
reflected in: accumulation of hydrothermal components, components sca-
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venged by the hydrothermal components from ocean water, and compo-
nents combined with organic matter (sediments accumulated near hydro-
thermal vents and fields are enriched in organic matter).

The second factor accounts for 16.2% of the variance. Siey has a signifi-
cant positive loading and Fe, Cu, Zn, Pb, Co, Ni, and Ba have marked po-
sitive loadings. Al and Ti have significant negative loadings. This factor,
probably, reflects some influence of the mutual dilution of hydrothermal
matter and lithogenic matter (background pelagic material and edaphoge-
nic basic material).

The third factor accounts for 7.8% of the variance. The positive loadings
of Mn, Pb, Sie, Fe, S, P, Cqq, Cu, Zn, Co, V, and Ba, probably, indicate
some role of low-temperature hydrothermal minerals as carriers of these
elements. Low-temperature hydrothermal deposits from the Logachev field
have notable contents of these elements (Bogdanov et al. 1997b, 2004).

The fourth factor accounts for 5.0% of the variance. A high positive loa-
ding of Cr and a notable loading of Ni apparently reflect the presence of
ultramafic material.

The analysis of mineral and chemical compositions shows that hydrother-
mal components occur in the sediments throughout the whole core 3452. It
indicates that hydrothermal activity at the Logachev field has existed much
longer than 20 ka. According to data of Lalou et al. (1996), the oldest dated
hydrothermal deposits from the field formed at least 60 ka BP. According to
results obtained during studies of VNIIOkeangeologiya Institute, hydrother-
mal material has been diagnosed in sediments that are 128 ka to 170 ka of
age.

It is important to note that no cyclicity in temporal evolution of the che-
mical composition of the core sediments and in the accumulation of the
sulfide deposits at the Logachev field have been documented. This is not a
typical feature in the development of hydrothermal process in the axial
parts of slow-spreading ridges where cyclicity often exists with a period of
5 to 10 ka. During these cycles phases of hydrothermal activity alternate
with phases when hydrothermal activity completely ceases (Bogdanov
1992; Bogdanov and Sagalevich 2002).

According to the results of the studies of Core 3452 (Fig. 1.69 and
1.70), a strong increase in hydrothermal activity took place about 10 ka
ago. This increase was accompanied by or was simultaneous with conside-
rable intensification of the water dynamics near the seafloor. A strong in-
fluence by the bottom currents on the Logachev field sediments, aged 0-11
ka, has been shown also during the studies of VNIIOkeangeologiya Insti-
tute. Most of the fine-grained sedimentary material including dispersed
hydrothermal metal-bearing matter was removed by bottom currents and
sandy material that was depleted in fine hydrothermal components accu-
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mulated on the floor. If it is assumed that, without the removal of the fine-
grained sedimentary material by the bottom currents, the grain size compo-
sition of the uppermost sediments of the core would be similar to that in
sediments from the lower layer of the core and that the existing difference
is caused only by the partial removal of the <0.1 mm fraction, one can
estimate the amount that has been removed. The calculation for the data
for the uppermost sediments of the core (60% of the fraction >0.1 mm,
40% of the fraction <0.1 mm) and the data for the lower layer of the core
(25% of the >0.1 mm fraction and 75% of the <0.1 mm fraction) shows
that the amount of material removed is 3.5 times greater than the part re-
maining and about 78% of the fine grained material (<0.1 mm) has been
removed and about 22% of it has accumulated in the sediment on the sea-
floor. Apparently this accounts for the low contents of elements combined
with the hydrothermal matter in the metalliferous sediments from Core
3452 that accumulated in the vicinity of the large mound composed of
hydrothermal sulfide material (Fig. 1.68).

1.6.3. Metalliferous sediments near the Rainbow hydrothermal
field

The Rainbow hydrothermal field (Fig. 1.72) was discovered in the axial
part of the Mid-Atlantic Ridge on the western slope of the axial nonvolca-
nic Rainbow ridge (German et al. 1996a,b; Fouquet et al. 1997, 1998). The
center of the field is located at 36°13.8'N, and 33°54.12'W, at depths be-
tween 2270 m and 2320 m. In the area of the field the internal rift of the
Mid-Atlantic Ridge has structural elements that are typical of slow-sprea-
ding ridges.

The Rainbow ridge is not in a constructive volcanic edifice and it is
composed mainly of serpentinite rocks. Fragments of rocks from all of the
main layers of the ocean crust including gabbro, diabase, and basalt have
been found on the surface of the ridge. These rock fragments are highly al-
tered and deformed. The ridge has been formed by the protrusion and up-
lift of serpentinite and associated rocks to the bottom of the ocean (Barriga
et al. 1997; Bogdanov et al. 1999, 2000, 2002). Modern volcanic activity
and a subsurface magmatic chamber are absent (German et al. 1996b; Par-
son et al. 2000). This part of the rift appears to have been in a tectonic pha-
se of evolution during the last 200 ka or longer (Bogdanov et al. 2002).
The axial rift fracture formed by the spreading of the lithosphere plates has
been filled by serpentinite rock and materials squeezed out from the lower
part of the crust and upper part of the mantle and not by new volcanic ma-
terial (Bogdanov et al. 2005).
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Fig. 1.72. Location of the Rainbow hydrothermal field and core stations. Compi-
led from Bogdanov et al. (2002) and Cave et al. (2002). Filled circles — stations of
R/V Akademik Mstislav Keldysh, filled squares — stations of FS Poseidon. Arrows
show the path of the hydrothermal plume (Thurnherr and Richards 2001).

Part of the ocean water that penetrates the crust through open fractures is
taken up by the process of serpentinization of the ultramafic rocks at tempe-
rature from 350° to 500°C and part of the ocean water is transformed to
high-temperature hydrothermal fluid (Barriga et al. 1997; Bogdanov 1997).

The Rainbow hydrothermal field is 250 m long and up to 100 m wide. It
is the most intensive hydrothermal field known within the Mid-Atlantic
Ridge (Parson et al. 1997; Fouquet et al. 1998). At least 10 groups of high-
temperature black smokers occur within the field. At the Rainbow field,
unlike the other known hydrothermal fields in the Mid-Atlantic Ridge ex-
cept for the Logachev field, hydrothermal activity exists continually for
more than 100 ka and did not cease at intervals of 5 to 10 ka (Bogdanov et
al. 2002).

The Rainbow hydrothermal field like the Logachev field is connected to
a deeply circulation system (Bogdanov et al. 1995c, 1997a, 2002, 2005;
Barriga et al. 1997). Hydrothermal fluids and hydrothermal accumulations
in the Rainbow field characteristically have high contents of Ni and Co
that apparently were leached from ultramafic rocks. Hydrothermal fluids
have very high concentrations of Fe (Charlou et al. 2002; Douville et al.
2002), H,, CO, CH,4 and other hydrocarbons (Lein et al. 2000; Bortnikov et
al. 2001; Holm and Charlou 2001; Bogdanov et al. 2002, 2005; Charlou et
al. 2002; Douville et al. 2002).

In the area near the Rainbow hydrothermal field seven sediment cores
up to 345 cm long have been collected (Fig. 1.72). Five cores have been
collected directly below and along the path of the hydrothermal plume at
distances of 1.2 to 25 km from the hydrothermal field. Sedimentation rates
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varied from 2.65 to 6.2 cm ka™* throughout the Holocene period of time
and between 1.7 and 10.1 cm ka™ during the pre-Holocene period (Bogda-
nov et al. 2002; Cave et al. 2002). The sediments in the cores are oxidized
and highly carbonaceous. The content of C, varies from 0.08 to 0.46%
and the content of CaCO; varies from 75.8 to 92.8% and averages 85.0%
(Gurvich et al. 1998; Bogdanov et al. 2002; Cave et al. 2002). Lithogenic
components consist mainly of eolian continental material and serpentinite
fragments. Hydrothermal matter was found in all the cores, but it is not
abundant. Holocene sediments from the upper parts of all the cores are me-
talliferous (Gurvich et al. 1998; Bogdanov et al. 2002; Cave et al. 2002).
Also sediments from Core 3851 in the part from 195 to 250 cm and from
Core 3852 in the part from 185 to 235 cm are metalliferous. According to
data from Bogdanov et al. (2002), the age of the part from 185 to 235 cm
from Core 3852 is estimated to be from 85 to 110 ka.

The average chemical compositions of carbonate-free matter of metalli-
ferous sediments containing >10% Fe, and non-metalliferous sediments
that have different contents of Fe, and that of background sediments and
serpentinite fragments from Core 343 are shown in Table 1.13. Hydrother-
mal matter is present not only in the metalliferous but also in the non-me-
talliferous sediments.

Table 1.13. Average chemical composition of carbonate-free matter of sediments
with different Fe contents from the area near the Rainbow hydrothermal field as
well as those for background sediments and serpentinite in the sediments. Based
on data from Bogdanov et al. (2002) and Cave et al. (2002, 2003).

Sediments / Fe Al Ti Mn Cu Zn P \Y
Fe contents % ppm

Fe >10% 115 39 037 0.54 1560 194 5460 671
Fe 8+10% 91 43 035 0.43 1820 239 4170 498
Fe 6+8% 73 50 037 0.41 940 221 3100 261
background 49 7.2 068 0.28 220 116 1790 171
serpentinite 88 0.33 0.016 0.137 116 45 77 54
Sediments / Ni Co As Cr Pd Ir Pt Os
Fe contents ppm ppb

Fe >10% 133 75 213 116 124 027 69 0.97
Fe 8+10% 217 85 140 199 11.0 078 65 1.40
Fe 6+8% 274 83 69 239 87 064 6.7 0.72
background 72 39 6.2 127 ~48 ~0.13 ~39 ~0.23

serpentinite 1370 13 977 745 175 269 1.27
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If it is assumed that carbonate-free matter of the metalliferous sediments
is composed of background material, serpentinite fragments, and hydro-
thermal matter and that the EI/Al ratios in the background material and the
EI/Ni ratios in the serpentinite fragments are equal to those calculated from
Table 1.13, one can estimate the average roles of hydrothermal matter as a
carrier of the elements in %:

Al=Ni=Cr=Ti— Ir » Co »Zn— Pt >Mn—>Fe—>Pd—>0s—> P - V - Cu—As
0O 0 0 7 29 ~60 66 67 70 72 75 78 82 86 92 98

For most of the elements studied the roles are significant in spite of un-
derestimations related to the assumption that all excessive Ni is bound only
with the serpentinite material. Of course, some of the excessive Ni is also
bound in the hydrothermal matter as it is in metalliferous sediments from
other areas of the World Ocean.
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Fig. 1.73. Factor loadings of four varimax rotated factors for the chemical compo-
sition of the carbonate-free matter of the sediments from the area near the Rain-
bow hydrothermal field. Calculated on the data of Bogdanov et al. (2002) and Ca-
ve et al. (2002).
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Factor analysis of the carbonate-free contents of the elements with vari-
max rotation of the factor matrix has been done for the sediments from the
area of the Rainbow hydrothermal field. Four reasonable factors account
for 93.5% of the variance (Fig. 1.73).

The first factor accounts for 50.6% of the variance. Fe, P, V, and As ha-
ve high positive loadings and Mn has a significant positive loading. Al and
Cr have marked negative loadings and Ni has a significant negative loa-
ding. The factor apparently shows mutual dilution of hydrothermal Fe-
oxyhydroxide and ultramafic serpentinite material. The association of P,
V, and As with the Fe-oxyhydroxide material indicates that the material
has formed in a buoyant hydrothermal plume (Rudnicki and Elderfield
1993; Feely et al. 1994; Sect. 4.3).

The background and mafic materials contribute less to the variation in
chemical composition of the sediments. This is evident from the second
factor that accounts for 20.5% of the variance. Al and Ti have high positi-
ve loadings and Mn has a significant positive loading.

The third factor accounts for 15.0% of the variance. The high positive
loadings of Cu and Zn are evidence of the presence of hydrothermal sulfi-
de material or products of its alteration. This material is a dilutant for Mn
that has a notable negative loading.

The fourth factor that accounts for 7.4% of the variance has a high posi-
tive loading of Cr and a notable positive loading of Ni. This apparently is
further evidence of the presence of ultramafic material.

Variations in the average contents of the elements in carbonate-free mat-
ter of the Holocene sediments in the 25 km long section along the path of
the hydrothermal plume (Fig. 1.72) are shown in Fig. 1.74. Sediments that
accumulated 1.2 km to the north of the field show the highest contents of
Fe and Zn and apparently of Cu and the lowest content of Mn. Further dis-
tances away from the field the contents of Cu and Zn decrease and the con-
tent of Mn increases. The content of Fe gradually increases away from the
minimum found at 2 km north of the field and the contents of P, VV and As
have a similar distribution. The maximum contents of Al are found 1.2 km
and 25 km from of the field. The content of Ti increases gradually from 2
km to 25 km from the field and the content of Ni decreases gradually from
1.2 km to 10 km from the field and then remain constant. The gradual de-
crease in the content of Ni apparently is evidence of the decrease in con-
tent of the serpentinite material.

The highest contents of Fe, Cu and Zn in the sediments accumulated in
the vicinity of the Rainbow field coincide with the highest content of hyd-
rothermal matter. The contents of Cu and Zn reflect the presence of sulfide
material or products of its alteration and they decrease with distance from
the field. Apparently the decrease in content of Fe in the area 1.2 to 2 km
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away from the field is attributable to the same reason. There is not enough
data to account for the minimum contents of Fe and associated elements,
P, V, and As, in the sediments accumulated from 2 to 5 km from the field
and their increase in content beyond this distance. The presence of hydro-
thermal silica (see Sect. 1.1.4) and serpentinite material accumulated in the
proximity of the hydrothermal field could account for this.

= 100V

Element contents [%)]

I I I
0 5 10 15 20 25
Distance from the Rainbow field along
the path of the hydrothermal plume [km]

Fig. 1.74. Average content of elements in carbonate-free matter of Holocene me-
talliferous sediments in the cores from the section along the path of the Rainbow

hydrothermal plume. The core stations are shown in Fig. 1.72. Calculations are
based on the data from Bogdanov et al. (2002) and Cave et al. (2002).

The gradual increase in the content of Mn may be related to the proper-
ties of hydrothermal Mn in nonbuoyant plumes. This question will be
considered in Sect. 4.3.2.

Accumulation rates of some chemical elements bound with the hydro-
thermal matter in bottom sediments of the cores collected in the area of the
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Rainbow hydrothermal field are shown in Table 1.14. Accumulation rates
of all the elements in Holocene sediments are much higher than in pre-Ho-
locene sediments. This is evidence for the intensification of hydrothermal
activity at the Rainbow field in Holocene time.

Table 1.14. Accumulation rates of chemical elements bound with hydrothermal
matter in bottom sediments from the area of the Rainbow hydrothermal field. The
core stations are shown in Fig. 1.72.

Distance from thgfield Fe Mn P Cu V As
Core along the section Age
km mgcm?kat  pgemZka®
343 2 Holocene 19 081 1.4 660 130 45
pre-Holocene 3.4 034 024 74 16 7
316 5 Holocene 19 11 10 550 130 41
325 10 Holocene 24 14 14 240 180 64
329 25 Holocene 41 26 21 230 280 100
Holocene 42 2.0
3852 pre-Holocene 6.1 0.15
Holocene 47 53
3839

pre-Holocene 7.6 1.6

The accumulation rates of hydrothermal Fe and combined elements P,
V, and As in the Holocene sediments do not show gradual decrease with
distance from the Rainbow field as could be expected. This may be related
to the accumulation of sedimentary material on slopes of 10-15°. The sedi-
mentation rate patterns on such slopes in rift zones are usually irregular
(Kuptsov and Barteneva 1989; Lisitzin et al. 1989). As for the accumula-
tion rates of Cu and Mn that are bound with the hydrothermal matter, that
for Cu decreases gradually and that for Mn increases gradually with distan-
ce from the Rainbow field.

The values for Fe in the Holocene sediments are comparable with those
in metalliferous sediments from the TAG hydrothermal field and from the
East Pacific Rise at 20°30'-22°S, 10 to 20 km to the west of the axis.
These data confirm the very high intensity of the hydrothermal activity at
the Rainbow field.

The accumulation rates of Mn in the Holocene sediments are higher or
comparable to those for the TAG metalliferous sediments and lower than
those for the metalliferous sediments from the East Pacific Rise at 20°30'-
22°'S, 10 to 20 km to the west of the axis. In contrast, the accumulation
rates of Cu in the Holocene sediments are lower than in the TAG metalli-



126 CHAPTER1 RECENT METALLIFEROUS SEDIMENTS

ferous sediments and higher than in the metalliferous sediments from the
East Pacific Rise at 20°30'-22°'S, 10 to 20 km to the west of the axis (Tab-
le 1.11). It appears evident that the Holocene sediments from the area of
the Rainbow hydrothermal field that were studied are more distal from a
hydrothermal field than the TAG sediments that were studied and less
distal than the sediments studied from the East Pacific Rise.



CHAPTER 2 METALLIFEROUS SEDIMENTS OF
THE RED SEA

2.1. Conditions of formation

The Red Sea rift zone is a part of the global rift system. Volcanic and
hydrothermal processes within the Red Sea rift are similar to those in other
ocean rifts. The Red Sea rift was formed by the spreading apart of the Ara-
bian and African lithosphere plates (Fig. 2.1). Apparently in the first stage
of spreading the tension and thinning-out of the continental crust was acco-
mpanied by numerous intrusions of volcanic material. The splitting of the
continental lithosphere began only 3 to 5 Ma BP and an active rift and the
typical ocean crust began to form in its axial part. At the present time the
boundary between the thinned continental crust and the ocean crust ex-
tends through the central part of the Red Sea basin. The plains slope gently
from the coastal area and pass step-by-step to the axial rift zone that is so-
me tens of kilometers wide and extends submeridionally along most of the
length of the Red Sea. In the southern part of the sea the maximum depth
of the rift is about 2900 m and in the northern part it is about 1500 m. The
morphology of the rift does not vary much along its strike length and only
a brief description of the rift structure with an example from the part inve-
stigated in detail at 18°N is given here“.

The Red Sea rift zone has a distinct linear orientation in the area at 18°N
and it consists of an internal rift 4 to 5 km wide and a system of fault
scarps. The internal rift consists of a central uplifted extrusive volcanic zo-
ne of highly dissected relief and the uppermost part of the uplifted area is
at a depth of 1300 to 1500 m and the base of the depressions that frame the
uplift are at depths from 1700 to 1900 m. The extrusive zone consists of a
disordered pile of separate volcanic mounds that are up to 300 m high. The
slopes of the volcanic mounds are composed of chaotic piles of broken la-
va pipes (Bogdanov et al. 1983b). The lava rocks are composed of low-po-
tassium primitive tholeiites similar to the basalt rocks of the mid-ocean

14 Detailed description is given in the publications of Monin et al. (1980b, 1985),
Shorshchikov et al. (1981), Bogdanov et al. (1983b, 1986).
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ridges (Almukhamedov et al. 1981, 1983, 1985). Considering the morpho-
logy and volcanic activity in the Red Sea rift zone it can be classified as a
typical slow-spreading rift zone.
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Fig. 2.1. Geodynamic features and situation in the Red Sea region. After Monin et
al. (1985) with changes.

The average spreading rate of the Red Sea rift throughout the last 3 Ma
was 1.6 cm a™*. Present spreading rate at 18°N is 1.04 cm a™* (Zonenshain
et al. 1981). At 17°N spreading rate is 1.49 cm a™* (Girdler 1985), at 23°N
1.06 cm a™, at 25°N 1.0 cm a™* (Cochran and Martinez 1988), at 26-28°N
0.5 cma (Wong and Degens 1984).

The following features in the Red Sea rift zone in the area around 18°N
differ from those in typical slow spreading rift zones: the rift is "entrenched"
in the surrounding area of the seabed and no median ridge is found, and
most of the rift along its total length is shallower than 2500-2700 m.

The thickness of the sedimentary layer covering the basalt basement
rocks and the age of the basal rocks, as in others ocean rift zones, increase
from the axis of the rift toward the border scarps. Very little sediments are
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present in the extrusive zone in the central part of the rift and young volca-
nic rocks are exposed on the surface of the seabed.

In a number of deeps of the axial or internal rift metalliferous sediments
have been found (Fig. 2.2). They are mixture of variable amounts of hyd-
rothermal sedimentary material and background Red Sea sedimentary ma-
terial. Composition of the background sedimentary material reflects the pe-
culiarities of the sedimentation process within this semi-enclosed basin. It
has a high content, 40 to 50%, of terrigenous material whereas biogenic
components prevail, from 80 to 90%, in sediments from the rift zones of
the open ocean areas. The terrigenous material in the sediments of the Red
Sea rift zone is mainly of eolian origin.
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Fig. 2.2. Deeps of the Red Sea rift zone where metalliferous sediments or sedi-
ments influenced by hydrothermal action have been found. Compiled from Pautot
et al. (1984), Bogdanov et al. (1986), Abu-Gharah (1997), Scholten et al. (2000).
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The structures of the Red Sea sedimentary strata have an important dis-
tinctive feature that is essential for understanding the specific manner in
which the mineral deposits in this area were formed. During Late Miocene
time evaporite strata up to 7.5 km thick accumulated before the rifting and
splitting of the lithosphere and the new ocean crust began to form (Hutchi-
nson and Engels 1970). Because of the high plasticity of the evaporite strata
in the early stages of the accretion of the ocean crust the eruption of basalt
rocks took place under the salt strata. Similar conditions have existed in the
northern part of the Red Sea rift zone to the present time (Fig. 2.3).
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Fig. 2.3. Geological sections across the Gypsum and Kebrit Deeps from the north-
ern part of the Red Sea rift zone and across the Atlantis Il and Valdivia Deeps
from the middle part of the Red Sea rift zone, based on data from the seismic pro-
filing. After Bogdanov et al. (1986).

During the early stages of accretion of the ocean crust, and in the north-
ern part of the rift zone at the present time, metal-bearing hydrothermal so-
lutions flow out of the crust below the salt strata and apparently discharge
the bulk of their load of mineral matter. The salt strata are exposed in bor-
der scarps in parts of the rift zone where fault structures were developed by
the spreading action (Fig. 2.3). In both cases the dissolving of the salts re-
sults in the formation of highly mineralized brines on the seafloor. They
act as traps for heat and matter that are carried into the basin deeps along
with the high-temperature hydrothermal solutions.

Characteristics of the bottom brines from the deeps of the Red Sea rift
zone that are associated with metalliferous sediments are shown in Tables
2.1 and 2.2. These tables are based on data from Brewer and Spenser (1969),
Brooks at al. (1969), Craig (1969), Bécker and Schoell (1972), Baumann et al.
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Table 2.1. Locations of the deeps with metalliferous sediments or sediments influ-
enced by hydrothermal action in the Red Sea rift zone, occurrence of the bottom
brines in these deeps and their characteristics.

Coordinates of Maximal Mgi(ilnn;al Brine Maximal
Deep the deep center depth thickness surface temperature
Lat,N Long., E m m km? °C

Suakin SW 19°36.7' 38°43.6' 2850 74 25  23.2+239
Suakin NE  19°38' 38°46.3' 2830 54 10 24.6
Port Sudan 20°03.8' 38°30.8' 2800 286 5 35.9+36.2
Erba 20°43.8'" 38°11.0¢ 2395 19 7 27.9
Shagara 21°07.8" 38°05.3' 2496 8 1
Albatross  21°11.9' 38°07.0' 2133 72 15 24.4
Chain A 21°18' 38°04.9' 2072 83 0.7 52.1:53.2
Chain B 21°17.17" 38°04.95' 2130 140 0.8  45.3:46.7
Discovery  21°17' 38°03.2' 2237
transition zone 63 115 23.6+44.6
brine layer 179 44.7+50.8
WandoW  21°21.45" 38°01.8' 2013 28 0.2 24.1
Wando E 21°21.20' 38°02.4' 2007 22 0.5 29.3
Valdivia 21°20.5" 37°57 1673 123 4 29.5+29.8
Atlantis Il 21°22.5' 38°04.5' 2170
transition zone 27 55
upper brine layer 29+31 41.2+56.3
lower brine layer 122 435  55.9:67.2
Atlantis 21°26' 38°05.5' 1960  no brines
Hatiba 22°30' 37°40'
Hadarba 22°27.5"  37°46' 2200  no brines
ThetisNE ~ 22°47.5' 37°35.5' 1800  no brines 22.6
Nereus E 23°11.5" 37°15' 2458 39 3 29.9+30.2
NereusW  23°11' 37°12 2432 11 1
Vema 23°52' 36°30.5' 1611  no brines
Gypsum 24°42.1' 36°24.8' 1196  no brines
Kebrit 24°43.35' 36°16.6' 1573 84 25 23.34
Shaban 26°21' 35°14' 1590 220 2-12 25.38
Red Sea deep water 21.8+22.0

(1973), Hartmann (1973, 1980, 1985), Bécker (1976, 1982), Cronan
(1980), Danielsson et al. (1980), Puchelt and Laschek (1984), Bogdanov et
al. (1986), Oudin and Cocherie (1988), Anschutz and Blanc (1996), Pu-
chelt and Stoffers (1997), Hartmann et al. (1998), Anschutz et al. (1999),
Scholten et al. (2000), Schmidt et al. (2003).
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Table 2.2. Chemical composition of bottom brines in the deeps of the Red Sea rift
zone, as well as of bottom seawater in the deeps without brines (shown in italics).

Deep cr Na" K" ca™ Mg”™ so,” Si Fe Mn
gkg™ mg kg™
SuakinSW 858  50.6 1.13 2.08 1.44 3.18 0.05 29
SuakinNE 859 506 1.13 2.19 1.42 3.18 0.04 18
Port Sudan 125 1.1 15 40
Erba 86.5 10 15 41
Shagara 113

Albatross 143.3
Chain A 153.8
Chain B 156.0
Chain C 154.6
Discovery 153.8 93.0 2.14 5.12 0.81 0.7 45 027 54.6+64.9
Wando E 73.5

Valdivia 141 82 08 19 6.8

Atlantis 11

upper layer 82 46.9 1.07 247 1.19 226 21 <0.1+8 71.5+101
lower layer 156.5+158.7 92.6 2.4 53 0.78 0.84 75+90  81+117
Thetis 22.9

Nereus E 1295 76 80 15 09 0.77 47
Vema 22.7

Gypsum 23.7

Kebrit 154 90 17 24 22 0.08-<1.3 7.8:95
Red Sea

deep water 21.13 118 042 045 141 296 24 <0.02 0.004

The thickness of the brine layers varies from several meters to many
tens of meters. Their salinity may be up to 7.4 times greater than that of
seawater. Frequently the temperature of the brines is much higher than that
of the bottom seawater. The temperature of the lower brine layer in the At-
lantis 1l Deep in the year 1998 was 67.2°C (Scholten et al. 2000). Brines
are absent in some deeps where there is only a small excess of salinity and
where temperatures of the bottom water are slightly higher than in the deep
water in other parts of the Red Sea.

The brines differ considerably from seawater not only in salinity, but also
in the salt composition (Fig. 2.4). The most typical difference is the high
relative depletion of Mg®* and SO,* ions in the brines. This is most prono-
unced in the brines in the Atlantis Il and Discovery Deeps.

A distinctive feature of the brines, especially of the high-temperature
ones, are the high concentrations of dissolved Fe, Mn, Zn, Cu, Pb, Co, Ba,
Li, Si in comparison to the Red Sea deep water and the low concentration of
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Table 2.2. (continued)

Deep Zn Cu Pb Co Ni Ba Li 0,

ug kg™ mi I

Suakin SW 50 5 20

Suakin NE 40 7 10 0.07

Port Sudan 170

Erba 360

Shagara

Albatross

Chain A

Chain B

Chain C

Discovery 770 75 165 129 3.42 400 0.1

Wando E

Valdivia 400

Atlantis 1l

upper layer 1100+-8000 0.5+100 8.8 08 1.2 1700 0.05

lower layer 2000+7000 0.5+600 100 95 900 4400 O

Thetis

Nereus E 490 20 130

Vema

Gypsum

Kebrit 2500 300 20

Red Sea

deep water 5 55 0.03 0.07 05+2 16.7 207 1.7+2.1

dissolved oxygen. The latter is absent in the lower brine layer of the Atlan-
tis I Deep, which has the highest temperature. The concentrations of Ni in
the brines and in seawater outside of the deeps are similar (Table 2.2).

Studies of the lithology and mineralogy of the bottom sediments from
the deeps of the Red Sea rift zone are reported in many publications (Mil-
ler et al. 1966; Baturin et al. 1969; Bischoff 1969; Baturin 1971; Baumann
et al. 1973; Béacker and Richter 1973; Hackett and Bischoff 1973; Backer
1976, 1982; Bignell and Ali 1976; Bignell et al. 1976a; Brockamp et al.
1978; Mossman and Hefferson 1978; Al-Karghuli 1979; Butuzova et al.
1979, 1980, 1983, 1988a; Shanks and Bischoff 1980; Zierenberg and
Shanks 1983; Puchelt and Laschek 1984; Bogdanov et al. 1986; Missack
1988; Scholten et al. 1991, 2000; Anschutz and Blanc 1995; Butuzova
1998, et al.).

These studies have shown that in some deeps all of the sediments are me-
talliferous and in other deeps metalliferous sediments occur only in single
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Fig. 2.4. Salt composition of the bottom brines from the deeps of the Red Sea rift

zone normalized to CI” and to the salt composition of the Red Sea deep water.

thin layers. The sediments in the Atlantis Il Deep have the highest content of
metals of all of the metalliferous sediments in the deeps that are filled with
brines, and in the metalliferous sediments in the deeps without brines those
from the Northeast Thetis Deep have the highest content of metals. The me-
talliferous sediments from these two deeps will be considered in detail.

2.2. Atlantis Il Deep

The Atlantis Il Deep represents a typical depression of the Red Sea rift
zone that is elongated along the spreading axis. It is 14 km long and 5 km
wide. Its maximum depth is 2170 m. There are three elevated areas in the
central part of the deep that are elongated along the spreading axis and that
could be considered as separate parts of the extrusive zone in the rift
structure. A seismic profile across the Atlantis Il Deep (Fig. 2.3) shows a
reflection horizon C in the upper parts of the slopes. This horizon corres-
ponds to the boundary between Upper Miocene salt strata and overlying
Pliocene-Pleistocene sediments. In the upper tectonic step the top of the
salt stratum is located 200 to 250 m below the seafloor. It appears to be ex-
posed on the slopes of the deep where the cover of sediments is very thin
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or irregular. This reflection boundary observed at the base of the slopes is
considered to be the boundary between the sediment layer and the under-
lying basalt rocks of the basement. The thickness of the sedimentary layer
in the Atlantis Il Deep is 0-20 m or more (Hackett and Bischoff 1973;
Mustafa et al. 1984). The surface of the brines that fill the deep is clearly
shown on the seismic profiles. The level of this surface coincides with the
depth of the surface mark of the reflection horizon C on the slopes (Whit-
marsh et al. 1974).

The brines of the Atlantis Il Deep are clearly stratified. There are two
main layers, a lower and an upper, that differ in temperature and salinity
(Tables 2.1, 2.2). The temperature of the lower layer that has a density of
about 1.18-1.19 g cm™ (Emery et al. 1974; Anschutz et al. 1998) is steadi-
ly rising and from 1965 to 1998 it increased from 55.9° to 67.2°C*s (Schol-
ten et al. 2000). The mean heat flux to the deep in the period from 1965 to
1992 was about 540 megawatts. This heat was held almost completely
within the brines and did not dissipate into the overlying seawater (An-
schutz and Blanc 1996). According to the estimates of Hartmann (1980),
the flux of hydrothermal solutions to the deep exceeds 1000 m® h™. The la-
ter estimates of Anschutz and Blanc (1996) for the period from 1965 to 1992
gave 2000-3000 m*® h™*. The temperature of the hydrothermal solutions that
enter the deep, according to the estimates of Sakai et al. (1970), is 250°C, of
Truesdell (1975) 261°C, of Hartmann (1980) 280°C, of Monin et al. (1980a)
>300°C, of Schoell (1980) >210°C, of Shanks and Bischoff (1980) 200°-
250°C, of Grinenko and Ustinov (1982) ~400°C, of Thisse et al. (1983)
350°-400°C, of Ramboz et al. (1988) 390°-403°C, of Missak et al. (1989)
<450°C, of Ramboz and Danis (1990) 353°-432°C, of Anschutz and Blanc
(1996) 195°-310°C, and according to different estimates of Pottorf and
Barnes (1983), from 210° to >334°C.

It has been mentioned that high concentrations of dissolved Fe, Mn, Zn,
Cu, Pb, Co, Ba, Li, and Si have been observed in the brines of the Atlantis
Il Deep and that the brines of the lower layer are considerably richer in all
of these elements, except for Mn, in comparison to their concentrations in
the brines of the upper layer. The concentrations of Mn in the brines of
both layers are similar. Dissolved oxygen is absent in the brines of the lo-
wer layer, and there is a small amount of oxygen in the brines of the upper
layer where its concentration is about 35-40 times lower than in the Red
Sea deep water (Table 2.2). There is a small amount of hydrogen sulfide in
the brines of the lower layer in the southwest basin (Fig. 2.5) of the deep.

15 According to the information of Hartmann et al. (1998), the estimated tempera-
ture of the lower brine layer was 71.6°-71.7°C in 1995 in the SW part of the At-
lantis Il Deep.



136 CHAPTER 2 METALLIFEROUS SEDIMENTS OF THE RED SEA

It has not been found in other parts of the deep or in the brines of the upper
layer (Miller et al. 1966; Brewer and Spencer 1969; Bécker and Schoell
1972). Concentrations of dissolved elements in the brines are not uniform.
In the brines of the lower layer the highest concentrations of Fe, Mn, and
Zn occur in the central part of the southwest basin and the lowest concen-
trations occur in the north basin (Brewer and Spencer 1969; Backer 1976).

___ ~————

~ < Southeast

\ passage
southwest \Passg
basin

Fig. 2.5. A — parts of the Atlantis 1l Deep. B — distribution of concentrations of
dissolved Fe (numerator) and Mn (denominator) in g m=, and current directions in
the brines of the lower layer. Compiled from Backer (1976) with simplification.

Hartmann (1973, 1985) has studied particulate matter and concentrati-
ons of particulate Fe, Mn, Zn, and Cu in the lower and upper brine layers
and in the transition zone from the upper brine layer to seawater in two
phases of hydrothermal activity in the Atlantis 1l Deep: in 1971/1972 in
the phase of relatively high activity, and in 1977 in the phase of relatively
low activity (Fig. 2.6).

The concentration of the particulate Fe (Fepar) shows maximum values
in the upper brine layer and especially in the boundary zone between the
lower and upper brine layers. The increase in 1977 in the concentration of
the Fegar Near the bottom in the lower brine layer was probably caused by
the resuspension of freshly deposited material (Hartmann 1985). The high-
est concentrations of the Mn, occur in the transition zone.

In 1971/1972 the Zng,: and the Cupsr Showed the highest concentrations
in the lower brine layer and gradual decrease upward. In 1977 the Zny,: and
the Cuga Showed some enrichment in the upper brine layer.
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Fig. 2.6. Geometric mean concentrations of the particulate Fe, Mn, Zn, and Cu in
the brines and in the transition zone of the Atlantis Il Deep in the years 1971/1972
and 1977. Calculated and based on data from Hartmann (1973, 1985).

In 1971/1972 within the lower brine layer the highest concentration of
the Fepar OCcurred in the north basin of the deep, within the upper brine
layer in the southwest basin and in the northern part of the west basin, and
within the transition zone in the southwest basin. The highest concentrati-
on of the Mny,. within the transition zone occurred in the southwest and
north basins. The highest concentrations of the Zny,« and the Cupa Within
the lower brine layer occurred in the southwest basin, within the upper bri-
ne layer in the southwest basin and in the southern part of the east basin,
and within the transition zone in the southwest basin.

Table 2.3. Specific roles (%) of particulate forms of the elements in their total
concentrations (particulate + dissolved) in the brines of the Atlantis Il Deep in the
years 1971/1972 and 1977. Calculated on the data from Hartmann (1973, 1985).

Brinelayer Cu Zn Fe Mn Cu Zn Fe Mn
1971/1972 1977
upper 6.0 042 044 0.00088 79 23 031 0.0020
lower 52 043 0.026 0.00085 78 0.86 0.078 0.0030

In 1971/1972 in the southwest basin in the lower brine layer the particu-
late Fe, Zn, and Cu were present in sulfide particles, and their concentrati-
ons were similar; in other basins the particulate Fe was present in sulfide
and Fe-hydroxide particles, the concentrations of Zn- and Cu-sulfide parti-
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cles were much lower. In the upper brine layer the particulate Fe was pre-
sent in the Fe-hydroxide particles, which contained some Zn and Cu. In the
transition zone the particulate Mn and Fe were present in the Mn- and Fe-
hydroxides, which contained a little Zn and Cu.

In 1977 particulate sulfides containing Fe, Zn, and Cu were not found in
the lower brine layer, even in the southwest basin. In the uppermost part of
the lower brine layer, where the concentration of the Fep, was maximal, it
was presented in the Fe-hydroxides. In the transition zone the particulate
Mn and Fe were presented in the Mn(IV)- and Fe(l11)-hydroxides.

Specific roles of particulate forms of the elements in their total concen-
trations have been estimated for observations of Hartmann (1973, 1985) in
the years 1971/1972 and 1977 (Table 2.3). These estimates show that for the
Zn, Fe and particularly for the Mn they are of minor importance. For the Cu
the role of the particulate form is much higher, and in 1977 it was dominant.

2.2.1. Spatial-temporal evolution of the lithology and mineral
composition and accumulation rates of the bottom sediments

A complex of metalliferous sediments has been deposited in the Atlantis
Il Deep that contains quantities of metals of economic significance and
their formation is continuing at the present time. The sediments from the
deep have been studied intensively because of their economic importance.
During expeditions of Preussag AG from 1969 to 1981 sediments were
studied within an area of about 60 km? and more than 600 sediment cores
were collected (Bécker 1982; Mustafa et al. 1984), which is more than has
been collected in any area of the same size anywhere else in the rift sys-
tems of the World Ocean. Most of the material from these cores has been
used for estimating the mineral resources in the deep and for technological
research but the original and published results of lithological, mineralogi-
cal and geochemical studies of about 100 cores collected during British,
French, German, USA, and USSR expeditions are integrated here.

The first general description of the sediments from the Atlantis Il Deep
was given by Miller et al. (1966). Bischoff (1969) carried out more detai-
led study and described the following facies in these sediments: detrital,
Fe-montmorillonite, goethite and amorphous Fe-hydroxide, sulfide, man-
ganosiderite, anhydrite, and manganite. In his opinion these facies reflect
the temporal sequence of sedimentation and are present within the whole
deep and each facies shows a uniformity of conditions for the formation of
the mineral components. Bécker and Richter (1973) have shown that the
composition of the sediments is more variable; and that as a rule the facies
are interrupted, alternate in a section and are seldom undiluted. Despite the
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extreme variability in the composition of the sedimentary layers within the
Atlantis 1l Deep, Backer and Richter have created a generalized scheme for
their distribution (Fig. 2.7).

According to Backer and Richter (1973), there are five main lithostrati-
graphic units within the vertical section listed from the oldest to the young-
est: Detrital-Oxidic-Pyritic Zone (DOP), Lower Sulfidic Zone (SU;), Cent-
ral Oxidic Zone (CO), Upper Sulfidic Zone (SU,) and Amorphous-Silicatic
Zone (AM). The characteristics of the sedimentary strata in the southwest
basin (Fig. 2.5) as well as their mineral and chemical compositions are es-
sentially different to those in other parts of the deep. Backer and Richter
have also distinguished a Sulfidic-Oxidic-Anhydritic Zone (SOAN) that in
part is overlain by an Oxidic-Anhydritic Zone (OAN), and a Sulfidic-
Amorphous-Silicatic Zone (SAM) in the southwest basin. The SOAN Zo-
ne and the OAN Zone are of the same age as the SU, Zone, and the SAM
Zone is the same age as the AM Zone.

It is noted that X-ray amorphous Fe-hydroxides and silica (Fe-Si gel)
are the main components of the hydrothermal matter in almost all of the
metalliferous sediments and especially those sediments of interest as reso-
urces in the Atlantis Il Deep, as well as in the sediments from most other
deeps of the Red Sea, except for those in the SOAN and OAN Zones (Bu-
tuzova and Lisitzina 1986a, b). As a rule, all variations in the composition
of the sediments that are distinguished as lithofacies zones of the sedimen-
tary strata have a prevalent background content of these components.

The accumulation of sediments of the oldest Detrital-Oxidic-Pyritic
(DOP) Zone began about 25 ka BP. The upper boundary of the DOP Zone
or the lower boundary of the SU; Zone is from 9.5 to 13.5 ka old and the
average age of the boundary is about 11.7 ka (Fig. 2.7). Lithified carbonate
sediments are present in this zone (Fig. 2.7; Backer and Richter 1973).
Their time of formation extended from the end of the Wiirmian to the be-
ginning of the Holocene (Herman 1965; Sval'nov 1986), which proves to
be the correct dating of the boundary. The DOP Zone is composed mainly
of detrital-biogenic material with an admixture of sulfide, anhydrite and
Fe-hydroxide minerals in minor amounts that are not distributed uniformly
and fragments of basalt are rare (Backer and Richter 1973).

The age of the upper boundary of the Lower Sulfidic (SU;) Zone and
the lower boundary of the CO Zone is from 7 to 10 ka and the average is
about 8.6 ka (Fig. 2.7). The zone formed during a period of about 3.1 ka
and the sediments in this zone are enriched by intercalated sulfide minerals
and as a result have higher contents of S, Zn, Pb, and Cu.

Pyrite is the main sulfide mineral in the sediments of the SU; Zone in the
western, eastern, and northern parts of the deep and sphalerite and chalco-
pyrite are less abundant. Sphalerite is the most abundant sulfide mineral in
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Fig. 2.7. Lithostratigraphic units of the sediment sequence in the Atlantis Il Deep
after Backer and Richter (1973) with simplification and additions. Estimations of
the ages of the sediments have been made on materials from Ku (1969), Ku et al.
(1969), Geyh and Hohndorf (1976), Shanks and Bischoff (1980), Kuptsov and
Palkina (1986).
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the sediments in the southern part of the deep and chalcopyrite occurs in
small amounts (Shanks and Bischoff 1980; Butuzova and Lisitzina 1986b).
Analyses of the sulfur isotope composition of the sulfide minerals provide
evidence for their hydrothermal origin (Shanks and Bischoff 1980). Among
other crystal phases present in the Fe-Si gel manganosiderite minerals are
the most abundant in association with hematite, anhydrite, authigenic sili-
cate minerals and barite along with the sporadic distribution of atacamite.

The distribution of some of the minerals other than the Fe-Si gel and su-
Ifide minerals in the SU; Zone sediments and the thickness of the zone are
shown in Fig. 2.8. The thickness of the zone varies from <1 m to >3 m and
the maximum thickness is about 4 m. The sedimentation rates within the
zone have been calculated after accepting that the SU; Zone formed during
a period of about 3.1 ka and usually they range from 32 to 96 cm ka™. The
maximum sedimentation rate was about 130 cm ka™. The minimum thick-
ness of sediments in the zone, less than 1 m, occurs on the periphery of the
deep where the sedimentation rate was <32 cm ka™. Lower thickness of
the zone and sedimentation rates were found also in the northern part of
the deep and on elevated surfaces underwater. In most parts of the deep the
SU; Zone is 1to 2 m thick and the sedimentation rate was 32 to 64 cm ka™.
In the central parts of the east and west basins the thickness of the zone in-
creases to 2 to 3 m and the sedimentation rate was 64 to 96 cm ka™. The
greatest thickness of sediments in the zone, more than 3 m, occurs in the
northern part of the west basin where the sedimentation rate exceeds 96 cm
ka™. The areal patterns showing the distribution of thickness and sedimen-
tation rate of the sediments in the zone also indicate the distribution of ac-
cumulation rates of dry salt-free material in the sediments (Fig. 2.8). The
total amount of this material within the SU; Zone is about 24 million tons
and the average annual accumulation within the Atlantis Il Deep during the
time interval from 11.7 to 8.6 ka BP was about 5800 tons.

Sediments of the Central Oxidic (CO) Zone, overlying the SU; Zone,
accumulated during a period of 2 to 3 ka (on the average 2.7 ka) from 8.6
to 5.9 ka BP (Fig. 2.7). The metal-bearing matter in the CO Zone sedi-
ments, unlike the sediments in the underlying zones, consists mainly of Fe-
oxyhydroxide minerals, and intercalations are preset in these sediments
that are highly enriched in Mn-oxyhydroxide minerals, manganite, todoro-
kite, and X-ray amorphous Mn-hydroxide. Fe-smectite and manganoside-
rite minerals are distributed irregularly. In some parts there is an admixture
of minerals consisting essentially of anhydrite and small amounts of gyp-
sum. The content of detrital-biogenic material is somewhat greater in the
sediments of the CO Zone (Butuzova and Lisitzina 1986D).

The Fe-oxyhydroxide material in most parts of the deep is mainly X-ray
amorphous. The goethite and hematite occur in the central and southern parts
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Fig. 2.8. Thickness of sediments of the SU; Zone shown as nominators [cm], their
accumulation rates shown as denominators [g cm™ ka™], and the occurrence of
some minerals. After Bogdanov and Gurvich (1986b).

of the deep (Fig. 2.9). Usually they are present only in small amounts and
are poorly crystallized. Their contents and degree of crystallinity are high-
er in the southern and southwestern parts of the deep. In cores collected in
the north of the southwest basin of the deep (here probably the hydrother-
mal orifices are located) the hematite is highly crystallized and present in
significant amounts. According to Backer and Richter (1973) and Hackett
and Bischoff (1973), magnetite is also present in this area along with anhy-
drite that is typically present in the sediments in this and the adjacent areas
(Fig. 2.9).

Silicate minerals are prevalent in some parts of the Atlantis Il Deep in se-
diments that correspond in their stratigraphic position to the CO Zone. The
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Fig. 2.9. Thickness of sediments of the CO Zone shown as nominators [cm], their
accumulation rates shown as denominators [g cm™ ka™], and the occurrence of

some minerals. Thickness of sediments of the COS Zone [cm], which is included
in the thickness of the CO Zone. After Bogdanov and Gurvich (1986b).

metal-bearing matter in these sediments is composed mainly of Fe- and
Mn-oxyhydroxide minerals. Bécker and Richter (1973) have distinguished
this layer of sediments as the Central Oxidic-Silicatic Zone (COS). The se-
diments of the COS Zone occur in the eastern part of the deep and to the
north and northwest of the central sill (Fig. 2.9).

The thickness of the sediments in the CO Zone, including the COS Zo-
ne, varies over a wide range from <1 m to >10 m and the maximum thick-
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ness is 12 m (Fig. 2.9). Sediments of minimum thickness in the zone (<1
m) occur on the periphery of the Atlantis Il Deep, and in the higher areas
at the depths near to the brine-seawater boundary or in the shallower parts
of the deep. On the other hand, the transport of sedimentary material from
these elevated parts of the floor of the deep to its deeper parts is possible.
The thickness of the CO Zone within the basins of the deep is much great-
er and, as a rule, it exceeds 2 m. The thickness of the zone exceeds 4 m in
the northern and western parts of the east basin, in most parts of the north
basin, in the western part of the west basin, and in the central part of south-
west basin and the maximum thickness found was in the west basin. The
thickness of the COS Zone usually varies from 0 to 2.5 m or greater.

The plot that shows the distribution of thickness of the sediments (Fig.
2.9) can also provide the sedimentation rates and the accumulation rates of
the dry salt-free sedimentary material of the CO Zone including the COS
Zone after accepting that the CO Zone formed during a period of about 2.7
ka. The average annual accumulation of the dry salt-free sedimentary ma-
terial of the zone on the bottom of the Atlantis Il Deep during the time in-
terval from 8.6 to 5.9 ka BP was about 12 thousand tons and the total amo-
unt of this material within the CO Zone including the COS Zone is about
32 million tons.

The sediments of the CO Zone are overlain by sediments of the Upper
Sulfidic (SU) Zone that accumulated during a 2 to 3 ka interval of time
(on the average 2.3 ka) in the period of time from 5.9 to 3.6 ka BP (Fig.
2.7). The Si-Fe gel and sulfide minerals occur in the sediments of the zone
throughout all of the Atlantis Il Deep. The presence of intercalations enri-
ched in sulfide minerals is a typical feature in the SU, Zone and in the SU;
Zone. Unlike the SU; Zone X-ray amorphous sulfide minerals are widely
distributed throughout the sediments of the SU, Zone in most parts of the
deep. Sphalerite is prevalent almost everywhere in the crystallized sulfide
minerals and pyrite is much less abundant. Ferruginous laminated silicate,
Fe- and Mn-carbonate, Fe-oxyhydroxide minerals, anhydrite, gypsum, and
barite have been found in the sediments of the SU, Zone (Butuzova and
Lisitzina 1986b; Fig. 2.10). Manganite has been found in the sediments on
the elevated areas in the axial part of the deep and in the peripheral areas
within the border steps (Fig. 2.10).

Despite their variety there is a regular lateral variation in the composition
of the sediments within the zone. In the southern part of the deep the sedi-
ments contain a more varied complex of sulfide minerals including X-ray
amorphous sulfides, sphalerite, pyrrhotite, pyrite, chalcopyrite and Cu-sul-
fosalts. Their crystallinity is higher in this part of the deep than in its other
parts. Hematite is present in the sediment of the zone along with amorpho-
us Fe-oxyhydroxides and goethite.
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Fig. 2.10. Thickness of sediments of the SU,, SOAN, and OAN Zones [cm] and
the occurrence of some minerals. The thickness of the SU, Zone, including those
of the SOAN and OAN zones. After Bogdanov and Gurvich (1986b).

In the southern part of the deep the sediments of the SU, Zone have high
contents of anhydrite but gypsum is much less abundant. Anhydrite is a
prevalent mineral in some of the cores that were collected in the southwe-
stern part of the deep in sediments that correspond in their stratigraphic po-
sition to the SU, Zone. Backer and Richter (1973) have distinguished such
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Fig. 2.11. Accumulation rate [g cm™ ka™] of dry salt-free sedimentary material in
bottom sediments of the SU, Zone (including the SOAN and OAN Zones) of the
Atlantis 11 Deep. After Bogdanov and Gurvich (1986b).

sediments as the Sulfidic-Oxidic-Anhydritic Zone (SOAN) (Fig. 2.7). The
thickness of this zone is 0 to 5 m or greater. In some areas within the strati-
graphic position of the SU, Zone the sediments of the SOAN Zone are
overlain by a layer of sediments that are enriched in oxide minerals and an-
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hydrite and they have admixture of brecciated material. Backer and Richter
(1973) have distinguished this layer of sediments as the Oxidic-Anhydritic
Zone (OAN) (Fig. 2.7) which is up to 5 m thick (Fig. 2.10).

The thickness of the sediments in the SU, Zone, including those of the
SOAN and OAN zones, within the Atlantis 1l Deep varies from <1 to >7 m
(Fig. 2.10). Sediments of minimum thickness (<1 m) occur on the uplifted
parts of the floor, on the border steps of the rift and on the elevated parts of
the axial zone. The thickness of the zone increases in the deepest parts of
the deep and reaches its maximum in the southwest basin. The plot show-
ing the distribution of thickness of the sediments in the SU, Zone (Fig.
2.10) can also provide the distribution of sedimentation rate within the At-
lantis 1l Deep during the time interval from 5.9 to 3.6 ka BP if the sedi-
ment thickness is divided by 2.3 ka.

The pattern of the distribution of accumulation rates of dry salt-free se-
dimentary material in the SU, Zone that includes the SOAN and OAN Zo-
nes shown in Fig. 2.11 is in general the same as the other patterns of the
distribution, thickness and sedimentation rates of the sediments. The diffe-
rence is that in the southern part of the deep, because of the greater specific
weight of the material in the SOAN and OAN zones and the presence of
anhydrite and lower water content, the accumulation rates are much higher
than those in other parts of the deep that have similar sedimentation rates.

The average annual accumulation of dry salt-free sedimentary material
in the SU, Zone on the bottom of the Atlantis Il Deep during the time in-
terval from 5.9 to 3.6 ka BP was about 8.8 thousand tons and the total
amount of this material within the SU, Zone (including the SOAN and
OAN zones) is about 20 million tons.

Sediments of the youngest Amorphous-Silicatic (AM) Zone overlying
the sediments of the SU, Zone accumulated during the last 3 to 4 ka period
(on the average 3.6 ka) (Fig. 2.7). They have the most homogeneous com-
position, texture, and coloring of all of the sediments within the Atlantis Il
Deep. They consist mainly of amorphous Fe-hydroxides and silica. Incipi-
ent products of crystallization in the mass of Si-Fe gel begin to occur at
depths of 10 to 30 cm and the amount of crystallized material gradually
increases downward (Butuzova et al. 1979; Butuzova and Lisitzina 1986b).
Goethite, Fe-smectite, manganosiderite, X-ray amorphous sulfides and an-
hydrite are present in small amounts (Fig. 2.12).

In the southern part of the Atlantis 1l Deep the sediments of the AM Zo-
ne differ somewhat from the sediments in other parts of the deep. The con-
tents of anhydrite and sulfide minerals in them increase notably. For this
reason Bécker and Richter (1973) have distinguished these sediments as
the Sulfidic-Amorphous-Silicatic Zone (SAM) (Fig. 2.7). Hematite occurs
in sediments of the SAM Zone in the southern part of the deep (Fig. 2.12).
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Mn-oxyhydroxide minerals occur only in sediments in the AM Zone in the
elevated areas underwater and in the peripheral parts of the deep, mainly
above the brine mirror. The thickness of the sediments in the AM Zone va-
ries from <1 m to >4 m and the maximum value measured is 777 cm. The
maximum thickness of the SAM Zone is 475 cm. The pattern of the distri-
bution of thickness of the sediments (Fig. 2.12) also provides the sedimen-
tation rate and the accumulation rate of the dry salt-free sedimentary mate-
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rial of the AM Zone including the SAM Zone after accepting that the AM
Zone formed during a period of about 3.6 ka. The average annual accumu-
lation of the dry salt-free sedimentary material of the zone on the bottom
of the Atlantis Il Deep during the last 3.6 ka was about 4.7 thousand tons,
and the total amount of this material within the AM Zone including the
SAM Zone is about 17 million tons.

2.2.2. Mineral formation

The most comprehensive studies of the mineral-forming processes in the
Atlantis Il Deep have been carried out by G.Yu. Butuzova (Butuzova 1984,
1998; Butuzova and Lisitzina 1986b; Butuzova et al. 1988) and all of the
available information from other specialists has been considered in her pu-
blications. Only a brief simplified description of the formation of the main
mineral groups is given here. It is based on the data published by G. Yu.
Butuzova with some additions. The general features of the main mineral-
forming processes in the Atlantis Il Deep as outlined by Butuzova (1998)
are shown in Fig. 2.13.

Formation of sulfide minerals. Sulfide minerals are formed by release
of metal ions from chloride complexes and their reaction with sulfide ions
during intermixing of hydrothermal fluids with bottom brines. High con-
centrations of Fe(l1) and sulfide ions as well as elevated temperatures are
needed for the formation of pyrrhotite. Therefore it is prevalent in the sedi-
ments in the vicinity of the hydrothermal orifices. Pyrite is formed by the
reaction of the newly formed Fe(l11)-hydroxide with hydrothermal hydrogen
sulfide. This results in the widespread distribution of the pyrite in the sedi-
ments of the deep. The order of relative stability of the chloride complexes
(Cu**<Zn*<Pb®") is a controlling factor in the development and occurren-
ce of Cu-sulfide minerals and their main distribution in the sediments in
the vicinity of the hydrothermal orifices and the more widespread occur-
rence of Zn-sulfide minerals. Pb-sulfide minerals are not formed because
of the relatively high stability of the chloride complexes of the Pb and the
depletion of hydrogen sulfide during the formation of the Fe-, Cu-, and Zn-
sulfide minerals.

The lack of sulfide ions and the abundance of metals in the hydrother-
mal fluids are distinctive features of the mineral forming process in the
Red Sea. This is indicated by the presence of dissolved hydrogen sulfide in
small concentrations only in the lower brine layer in the southwest basin,
and by the presence of non-sulfide minerals of Fe, Zn, and even Cu such as
ferrofranklinite, atacamite and chrysocolla.
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Formation of Fe- and Mn-oxyhydroxide minerals. Oxidation of the
dissolved hydrothermal Fe(ll) that enters the deep and the formation of
particulate Fe(ll1)-hydroxide minerals takes place in the upper brine layer
where dissolved oxygen is present (Table 2.2). As a result, concentration
of dissolved Fe decreases and concentration of particulate Fe increases
(Table 2.2, Fig. 2.6). Most of Fe-minerals in the metal-bearing matter in
the sediments is derived from amorphous Fe(l11)-hydroxide that is precipi-
tated in the upper brine layer. Goethite is formed by crystallization of the
amorphous Fe(lll)-hydroxide and by transformation of lepidocrocite at
higher temperatures. Hematite also formed by the crystallization of amor-
phous Fe(l11)-hydroxide at higher temperatures and is found in sediments
in the proximity of hydrothermal orifices. It is evident from the bacteria-
like shapes of its particles that ferrihydrite was formed by the action of
microbiological processes. The ferrihydrite formed in the transition zone
from the brines to seawater and bacteria have not been found in the lower
and upper brine layers. Two kinds of lepidocrocite were found. Particles of
the first kind of lepidocrocite resemble bacteria-like forms and are similar
to the ferrihydrite mineral particles. The second kind of lepidocrocite appe-
ars to be similar to goethite and hematite that were derived from amorpho-
us Fe(l11)-hydroxide.

The Atlantis Deep is a very effective trap for hydrothermal Fe. At the
present time almost all of the hydrothermal Fe that enters the deep is bound
in hydrothermal minerals. About 84% of the hydrothermal Fe accumulated
in the sediments within the brine pool, and about 16% outside of it in a band
that is about 1 km wide (Gurvich and Bogdanov 1986d).

Oxidation of dissolved hydrothermal Mn(ll) that enters the deep and its
precipitation as hydrated Mn(1V)-dioxide takes place in the transition zone
that is enriched in dissolved oxygen, and its oxidation does not take place
in the upper brine layer. The redox-potential is higher for the oxidation of
Mn(I1) to Mn(1V) than for the oxidation of Fe(ll) to Fe(lll). This is evident
from lower concentrations of dissolved Mn (Mng;ss) and higher concentrati-
ons of Mnp, in the transition zone in comparison with that in both of the
upper and lower brine layers (Table 2.2, Fig. 2.6). The Mn of the hydrated
Mn(1V)-dioxide is reduced by the dissolved Fe(ll) during sedimentation in
the low-oxygen and oxygen-free brines and the Mn again enters into solu-
tion (Hartmann 1973, 1985). As a result Mn(lV)-oxyhydroxide minerals
do not accumulate in the parts of the deep that are covered with brines at
the present time. They are present only in sediments above the brine pool
on elevated areas underwater and on the periphery of the deep (Fig. 2.12).
Structures of poorly crystallized todorokite form in the transition zone where
relatively high concentrations of dissolved O, and ambient low-alkaline
conditions are developed. These structures are developed by dissociation
of the hydrated Mn(IV)-dioxide and subsequent hydration, sorption and
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polymerization. Structures of manganite that have a high amount of cry-
stallinity form in the upper brine layer where low concentration of dissol-
ved O, and high concentration of dissolved Mn(ll) exist. They are develo-
ped by processes of sorption of Mn?* ions by the hydrated Mn(IV)-dioxide
and subsequent polymerization and dehydration. Joint sedimentation of
gel-like particles of "pre-todorokite™ and "pre-manganite” compositions re-
sults finally in coagulation of particles of mixed composition that develop
during diagenesis in sediment mass.

The formation of the hydrated Mn(IV)-dioxide is conducive to "pump-
ing" of trace elements from seawater to the brines. These elements are co-
precipitated during the formation of the hydrated Mn(1V)-dioxide and sor-
bed by it in the transition zone and then release into the upper brine layer
during dissolution of the hydrated Mn(IV)-dioxide. The further scavenging
and transport of the released trace elements to the sediments is carried out
by the Fe(lll)-hydroxide minerals in the upper brine layer where the trace
elements are co-precipitated and sorbed (Gurvich and Bogdanov 1986a).

In the Atlantis Il Deep the processes that bind Mn in the components of
the hydrothermal minerals are less effective than the processes that bind
Fe. As a result about 98% of the hydrothermal Mn, the average for the last
3.6 ka, is removed from the brine pool (Sect. 2.2.4).

Formation of silicate mineral phases. Particles of the Si-Fe gel are the
most wide-spread and abundant component of the metal-bearing matter,
not only in the metalliferous sediments in the Atlantis Il Deep, but also in
metalliferous sediments in almost all of the deeps of the Red Sea rift zone.
They are formed by the polymerization of dissolved SiO, and its sorption
on the amorphous Fe-hydroxides. The Si-Fe phase not only contains
Fe(lll), but also Fe(ll) which entered this phase both by the process of
sorption scavenging of Fe(ll) by particles of Fe(ll1)-oxyhydroxides and si-
lica, and by the interaction of amorphous Fe(lll)-hydroxide with sulfide
sulfur. Following sedimentation and in the early stages of post-sedimenta-
tion on the seafloor, extremely poorly crystallized phases of structurally
disordered Fe-rich smectite minerals are formed by the alteration of the
amorphous Si-Fe gel. Further crystallization and structural reorganization
took place as the smectite material ages and mixed-layered phases are
formed that contain up to 30% of non-inflating micaceous interlayers of
tetrasilicic nontronite. A celadonite-like mica mineral that is rich in Fe and
that contains 20 to 30% of inflating interlayers is the final member in the
genetic series of mineral transformations from nontronite and mixed-lay-
ered nontronite-celadonite minerals in the sediments of the Atlantis Il
Deep. The origin of a complex of authigenic layered silicate minerals con-
sisting mainly of Mg-bearing saponite, talc, and amphibole minerals in the
sediments of the southwestern part of the deep is still not sufficiently clear.
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Formation of carbonate and sulfate minerals. Manganosiderite mine-
rals are formed by the interaction of Fe?* and Mn?* ions with CO,. The
CO; enters the deep in the hydrothermal fluids and it is also formed by the
dissolution of the biogenic CaCQ; in the brines at low pH. Anhydrite pro-
bably accumulates in the vicinity of the hydrothermal orifices. Obviously it
is precipitated by the mixing of the hot Ca-rich hydrothermal fluids with
the brines or seawater containing exogenic SO, ions. And the precipitati-
on is enabled by the lowering of the solubility of anhydrite by increase in
temperature.

2.2.3. Spatial-temporal evolution of chemical composition of
bottom sediments and location of hydrothermal springs

Classification and significant systematization of the data for the sedi-
ments in the Atlantis 1l Deep are very difficult because their chemical co-
mposition varies greatly. Estimates of the average contents of the chemical
elements in dry salt-free matter of the sediments within the five main stra-
tigraphic units or zones in the vertical section and in the background Red
Sea sediments are shown in Table 2.4. It can be seen from this table that
the sediments from the Atlantis Il Deep are enriched in Fe, S, Zn, Cu, Ba,
Sr, Pb, Sb, and Co and presumably in Cd, As, Mo, V, Ag, Tl, Ge, Hg, and
Au, in comparison with the background sediments, and depleted in Ca,
CO,, Al, Ti, Cr, Sc, and apparently in some other components that are ty-
pically present in the background sedimentary material that has been dilu-
ted by the metal-bearing material.

The low contents of Ca and CO, also result from intensive dissolution of
the biogenic CaCOs in the brines, which is indicated by the considerably
lower Ca/Al and CO,/Al ratios in the metalliferous sediments in compari-
son with those in background sediments.

The contents of the rare earth elements (REE) in the sediments of the
deep are lower than those in the background sediments. However, positive
europium anomaly Eu/Eu* may be as high as 4.7 (Courtois and Treuil
1977; Butuzova and Lyapunov 1995). Evidently some part of the content
of the REE has a hydrothermal origin, recognizing that the ratio of Eu/Eu*
is usually higher than 10 in the high-temperature hydrothermal fluids from
the ocean rift zones.

Variation in the average contents of Fe, Si, C..p, Ba, and Li in the sedi-
ments of the various zones is less than 50% of their average content in the
whole sedimentary layer in the Atlantis Il Deep. Variations in the average
contents of other elements are considerably higher. The maximum average
contents of Zn, Ba, Cr, Pb, As, Mo, V, Cd, TI, Hg, and Au occur in the se-
diments of the SU, Zone. The maximum average contents of Co, Sh, and P
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Table 2.4. Average total (Tot) and excessive (Ex) contents of chemical elements
in dry salt-free matter of bottom sediments from the lithostratigraphic zones of the
Atlantis 1l Deep and in background sediments (BS) of the Red Sea rift zone®®.

AM SU, CO SU,; DOP BS

Element

Tot Ex Tot Ex Tot Ex Tot Ex Tot Ex Tot
Si % 119 11.6 9.4 13.2 11.3
Al 09 0 109 0 147 0 137 0 25 35
Fe 33.6 32.7 263 25.2 343 328 33.1 31.7 235 21.0 35
Mn 0.70 059 088 0.75 4.67 450 1.77 161 17 14 041
Ti 0.060 0.057 0.099 0.054 0.19 0.37
Mg 0.82 3.04 0.77 0.24 15 1.9
Ca 3.4 45 2.65 1.0 6.3 17
K 0.93 0.31 0.28 0.30 0.88
Na 2.0 3.7 1.8 1.7 1.0
S 30 29 78 77 191 179 79 78 45 43 0.28
Corg 0.3 0.6 1.0 2.0 3.2
Cearp 0.76 0.93 1.15 0.93 1.7 4.6
Chot 1.06 1.53 2.15 2.93 49
Zn 23 229 507 506 047 046 3.49 3.48 0.71 0.7 0.0318
Cu 0.49 048 084 0.83 0.21 020 1.09 1.08 0.21 0.2 0.0071
Pb ppm 480 470 800 790 230 210 700 680 220 190 39
P 1100 1100 610 600 340
Ba 960 910 1500 1440 1170 1090 1210 1130 <270 <130 195
Cd 76 144 62 13.9
Sb 295 2948 223 2227 59 586 22 216 0.9
As 255 1 410 140
Ag 45 80 16 165 <10
Au 0.85 11 0.34

in the sediments of the AM Zone are similar to those in the SU, Zone. The
sediments in the CO Zone have maximum average contents of Mn, Fe and
of Cemn Where relatively high contents of biogenic CaCO; have been con-
firmed by lithological studies.

16 Table is based on data from Bischoff (1969), Hendricks et al. (1969), Backer
(1976), Courtois and Treuil (1977), Shanks and Bischoff (1980), Butuzova et al.
(1980, 1981), Gurvich and Bogdanov (1986e), Gurvich et al. (1986b), Oudin
and Cocherie (1988), Baturin (1993), Anschutz and Blanc (1995), Butuzova
and Lyapunov (1995).
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Table 2.4. (continued)

AM SU, CO SU; DOP BS
Element

Tot Ex Tot Ex Tot Ex Tot Ex Tot Ex Tot
TI ppm 10 17.3 6
Ge 8.2 7.5 2.7 7.8
Hg 1.37 3.1 1.14
Mo 140 270 182 116
\Y 77 110 75 63
Cr 18 4 23 6 20 0 134 0 53
Co 116 112 113 109 31 25 45 40 133
Ni 33 15 49 28 33 4 20 0 68
U 11.2 6 10.6 16.5 2.7
Th 0.3 1.1 0.6 0.48 3.8 2.0
La 5.0 8.9 8.8 4.7 17 11
Ce 4.25 47 10.0 2.2 30 26.9
Nd 2.02 1.8 3.6 1.08
Sm 0.47 0.45 0.93 0.3 35 3.1
Eu 0.20 0.26 0.31 0.28 1.3 0.61
Th 0.07 0.06 0.10 0.03 0.5
Yb 0.17 0.23 0.27 0.08 1.6
Lu 0.08 0.09 0.05 0.01 0.27
Sc 11 16 2.8 1.25 8.8 8.3
Zr 15 135
Hf 0.8 1.2 1.3 <0.75 29 2.4
Sn 1.1 1
Li 11.9 9.9 12.4 9 23.4

Sediments of the SU; Zone have maximum average contents of Si and of
Cu, Ag, and S; the content of S is similar to that in the SU, Zone. The ave-
rage content of Mn in the SU; Zone sediments is 2.5 times lower than that
in the CO Zone sediments and 2.0 times greater than that in the SU, Zone
sediments. Apparently this is because of the wide distribution of mangano-
siderite in these sediments (Fig. 2.8).

In comparison with the sediments from the other zones, the sediments of
the DOP Zone are enriched in the Al, Ti, Sc, Zr, Hf, Th, and REE, in Cyq,
and C.p (C in carbonate minerals), components that are typically present
in the background sediments (Gurvich et al. 1986b). It is of special interest
to note that the sediments of the DOP Zone are much richer in Fe, S, Cu,
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Zn, and Pb than the background sediments. These elements are typically
present in sediment material derived from hydrothermal sources and their
excessive contents in the DOP Zone sediments (Table 2.4) apparently are
bound with the metal-bearing hydrothermal matter. Enrichment by these
elements in the sediments is evidence of the existence of a hydrothermal
source for them during the formation of the DOP Zone sediments.

The data of Table 2.4 and Fig. 2.8-2.10 and 2.12 show that the chemical
and mineral compositions of the sediments from the Atlantis Il Deep have
essentially varied through time. The sediments of the sulfide zones are en-
riched considerably in chalcophile elements and sulfur in comparison with
the sediments of other zones. With equal contents of C. the SU, Zone
sediments contain much more Ca in comparison with the SU; Zone sedi-
ments. This results from the enrichment of the SU, Zone sediments, or,
rather, the OAN- and SOAN zone sediments, in anhydrite in comparison
with the SU; Zone sediments. The CO Zone sediments are enriched in Mn.
This reflects the presence of the Mn-oxyhydroxide minerals, mainly man-
ganite, that are absent in the sediments of other zones within the brine pool
area. Besides, the CO Zone sediments have slightly higher contents of
Cea, Al, and Ti in comparison with the sediments of the AM, SU,, and
SU; Zones because of the increased content of an admixture of background
sedimentary material.

As mentioned previously the mineral composition varies considerably
within the strata of coeval sediments in the Atlantis Il Deep. By using the
indicator minerals for some horizons it is possible to reconstruct or iden-
tify the areas of the hydrothermal orifices and to describe the variations
in the composition of minerals in relation to the distance from them. The
chemical composition of the metalliferous sediments is a reliable indica-
tor of the conditions in which they formed. Unfortunately, there is not
enough data for drawing maps of the distribution of the chemical ele-
ments in the sediments of the lithofacies zones® that have been identi-
fied. For this reason the characterization of lateral variability of the che-
mical composition of the coeval sediments and the average contents of
the major chemical elements in the sediments of the individual physio-
graphic parts of the Atlantis Il Deep (Fig. 2.5) have been calculated
(Table 2.5).

17 There are maps available for the distribution of a number of economically
important chemical elements in 1 m? of natural sediments for the whole series of
metalliferous sediment of interest as mineral resources in the Atlantis 1l Deep.
They have been used for the estimation of the metal resources in the deep
(Guney et al. 1984; Mustafa et al. 1984)
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Table 2.5. Average contents of chemical elements [%] in the sediments of the
lithostratigraphic zones identified in the different parts of the Atlantis Il Deep.

Zone Partofthedeep Al Si Fe Mn Zn Cu S Cap Ca

north basin 0.80 131 343 11 0.71 040 0.80 2.2 5.6

north passage 1.5 10.3 420 1.0 1.0 0.82
east basin 099 122 345 095 18 036 11 10 <1
AM central sill 0.95 14.4 31.0 050 0.21 2.4

west basin 0.77 99 30.7 057 24 049 36 053 45
southwest basin  0.60 14.0 32.2 048 39 079 55 0.08 20
southeast passage 1.2 12.6 37.0 021 4.1 0.61 25 0.55

north basin 0.67 108 256 082 1.2 028 18 18 5.6

north passage 1.0 17.3 16.1 0.20 3.0 014

SU, east basin 17 165 338 086 28 048 34 044
west basin 096 7.2 235 093 50 098 115 049 1.0
southwest basin  0.83 10.4 21.8 0.70 2.3 0091 140 <0.14 9.2

southeast passage 1.6 12.0 308 1.2 115 1.0 50 14

north basin 056 4.7 31.1 11.3 043 0.07 20 13 3.7
north passage 2.0 9.3 315 1.2 0.50 2.2
CoO east basin 225 72 333 37 028 065 0.17 15 1.4
west basin 10 70289 14 047 038 27 20 2.3
southwest basin  0.60 7.6 37.5 0.68 0.47 020 42 1.1 7.7
southeast passage 1.7 6.2 22.6 156 023 0.06 1.0 14

north basin 12 7.9 336 048 32 087 7.0 33 11
north passage 1.2 47 385 0.70 56 12 9.2 055
SU; east basin 125 134 355 25 13 057 56 0.90
west basin 0.88 154 310 13 40 11 94 057 1.0
southeast passage 1.8 11.3 29.2 26 59 20 20 27

To enable easier comparisons the Element/Al ratios have been calcula-
ted (Table 2.6). In this case the values reflecting enrichment or depletion
of the sediments in the elements relative to the background sediments have
been compared. Aluminum has been used as a proxy for the background
sedimentary material. If it is assumed that during the formation of a litho-
facies zone the accumulation rate of the Al within the whole deep was uni-
form, the ratios of Elements/Al can also reflect the average intensity of ac-
cumulation of the elements on the floor in different parts of the deep in
particular time intervals.

Detrital-Oxidic-Pyritic Zone. The average contents of most elements in
the DOP sediments have been calculated from the analytical data for only a
few samples and they cannot be considered as representative of the whole
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Table 2.6. Element/Al ratios in the sediments of the lithostratigraphic zones dis-
tinguished in the different parts of the Atlantis Il Deep.

Zone Part of the deep Si/Al Fe/Al Mn/Al Zn/Al Cu/Al S/Al Cgw/Al Ca/Al

north basin 16 43 14 089 050 1.0 2.8 7.0

north passage 69 28 0.67 0.67 0.55
east basin 12 3% 09 18 036 1.1 10 <«
AM  central sill 15 33 053 022 2.5

west basin 13 40 074 31 064 47 0.69 5.8
southwest basin 23 54 080 64 13 9.2 0.13 33
southeast passage 11 31 018 34 051 21 0.46

north basin 16 38 1.2 17 042 27 2.7 8.4

north passage 17 16  0.20 3.0 0.14
SU,  eastbasin 10 20 051 17 028 20 0.26
west basin 75 24 10 53 10 12 051 10

southwest basin 13 26 084 28 11 17 <0.16 11
southeast passage 7.5 19 076 72 063 3.1 0.85

north basin 84 56 20 077 013 16 2.3 6.6
north passage 47 16 0.60 025 11
Co east basin 32 15 16 012 0.29 0.076 0.67 0.62
west basin 6.7 28 14 045 037 26 1.9 2.2
southwest basin 13 63 11 078 033 7.0 1.8 13
southeast passage 3.7 14 93 013 003 0.60 0.81

north basin 66 28 040 27 073 58 2.7 0.92
north passage 39 32 058 47 1.0 1.7 0.46
SU; east basin 11 28 20 10 046 45 0.72
west basin 18 3% 15 46 13 11 065 11
southeast passage 6.3 16 14 33 11 1.1 15

zone. Only on the sulfide sulfur, Zn, Cu, and C., contents there are data
from some tens of samples. There are data for the north, east, west, and
southwest basins and for the north passage. The sediments of the north
passage have the highest contents of sulfide sulfur and Cu.

In the sediments of the DOP Zone the values of §**S in the sulfide sulfur
vary from —33.75%o. to +9.6%o (Shanks and Bischoff 1980), which is evide-
nce of the presence of both hydrothermal sulfides, and sulfides formed by
bacterial sulfate-reduction. The variation of 8*S through time of the sulfi-
de sulfur in the DOP Zone sediments in different parts of the Atlantis Il
Deep is shown in Fig. 2.14. The 8S* of the sulfide sulfur increases in sedi-
ments with increased contents of the sulfide sulfur and Cu (Fig. 2.15). As-
suming that this increase in the 85> is related to the proximity of hydro-
thermal orifices, one can conclude that 13 to 14 ka BP such orifices were
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present within the north passage and in the east basin. The occurrence of
anhydrite in the sediments within the north passage that were dated from
14 to 16 ka BP (Backer and Richter 1973; Shanks and Bischoff 1980) is
further evidence of hydrothermal activity in the area at this time. The an-
hydrite could have been precipitated from brines during their mixing with
high-temperature hydrothermal fluids.
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Fig. 2.14. Variation of 8*S of the sulfide sulfur in time in the DOP Zone sedi-
ments from different parts of the Atlantis Il Deep. Based on data from Shanks and
Bischoff (1980).
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Fig. 2.15. 3*S of the sulfide sulfur in relation to contents of Cu and the sulfide
sulfur in the DOP Zone sediments of the Atlantis 1l Deep. Based on the data from
Shanks and Bischoff (1980).
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The isotope composition of the sulfide sulfur is evidence that the sulfide
minerals in the DOP Zone sediments of the north and west basins were
formed by the sulfate-reduction. The sulfide minerals in the sediments
from the west basin that have an age of about 19 ka have a mixed composi-
tion. These data are an elaboration of the results of Béacker and Richter
(1973). On the basis of the distribution of limonite in the DOP Zone sedi-
ments they have suggested that the main hydrothermal activity took place
in the northern part of the Atlantis 1l Deep at time of the accumulation of
these sediments.

The accumulation of the hydrothermal sulfide minerals in the sediments
of the DOP Zone during periods of intense hydrothermal activity was loca-
lized and not distributed throughout the whole deep during these periods.

Apparently sulfide minerals were formed by sulfate-reduction during
these periods in other parts of the deep. It is evident that even during these
periods the hydrothermal activity was not as intense as it was during the fi-
nal 11.7 ka of the geological history of the Atlantis Il Deep.

Lower Sulfidic Zone. Data are available for most of the elements that
are considered in this section, Si, Fe, Mn, Zn, Cu, S, Ca, Cen, in the sedi-
ments from all parts of the deep except for the central sill and southwest
basin.

The average Element/Al ratios in the sediments of the SU; Zone in dif-
ferent parts of the deep are given in Table 2.6. The highest Fe/Al, Si/Al,
Cu/Al, and S/AI ratios occur in the sediments from the west basin. In the
sediments from the north passage the Fe/Al, Cu/Al and S/Al ratios are a
little lower, and the Zn/Al ratio is somewhat higher. According to the data
of Shanks and Bischoff (1980), the sediments within the SU; Zone in the
west basin and in the north passage have the greatest enrichment in sulfi-
des where their average contents are 17.4 and 18.8% respectively. In the
sediments from the east and north basins the average contents are lower
and are respectively, 13.5 and 15.3%. The 3*S of the sulfide sulfur in the
SU; Zone sediments varies from +0.75%o to +7.93%o, which is considered
to be evidence of the hydrothermal origin of this sulfur. This information
apparently is evidence that during the accumulation of the SU; Zone sedi-
ments from 11.7 to 8.9 ka BP hydrothermal orifices were located at least in
the west basin and in the north passage areas. Apparently this evidence is
confirmed by the presence of anhydrite in the sediments in these parts of
the Atlantis Il Deep (Fig. 2.8).

Accepting this evidence as valid one is assured that the hydrothermal ac-
tivity within the north passage and its vicinity succeeded the hydrothermal
activity that existed during the formation of the sediments of the DOP Zone.

Central Oxidic Zone. Data for the sediments from all parts of the Atlan-
tis 11 Deep except for those from the central sill area are included in Table
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2.6. The highest ratios for Fe/Al, Si/Al, Zn/Al, S/Al, and Ca/Al and the se-
cond highest ratio for Cu/Al are in the sediments from the southwest basin.
The Fe/Al and Zn/Al ratios for the sediments from the north basin are so-
mewhat lower. The maximum ratio for Mn/Al is in the sediments from the
north basin and the minimum ratio is in the sediments in the southwest ba-
sin. The Mn/Al ratio is also relatively high in the sediments from the south-
east passage.

Enrichment in anhydrite results to the higher S/AI ratios in the sedi-
ments from the southwest and west basins in comparison with those in the
sediments from other parts of the deep. The content of the sulfide sulfur in
these sediments is low (Shanks and Bischoff 1980).

Numerous data for the Fe-oxyhydroxide minerals and for Mn-oxyhydro-
xide minerals indicate that in some places these are the main components
of the metal-bearing matter in the sediments of the CO Zone. The Fe/Al ra-
tios (Table 2.6) provide evidences that during the formation of the CO Zo-
ne, from 8.6 to 5.9 ka BP, the greatest accumulation of Fe minerals was in
the sediments in the southwest, west and north basins and it was less inten-
sive in the sediments in the east basin and in the southeast passage. The
greatest accumulation of Mn minerals was in the sediments in the north ba-
sin and in the southeast passage. It is noted that hematite is widely spread
in the sediments in the southwest basin where the Fe/Al ratio is maximum
and well-crystallized hematite and magnetite occur in the northern part of
the southwest basin (Fig. 2.9). The Mn/Al ratio is minimum here and man-
ganite has not been found (Fig. 2.9). This is evidence of the differentiation
of the Fe and Mn. Apparently, the main content of the Fe and the compo-
nents bound in the Fe-minerals as well as anhydrite were deposited in the
vicinity of the hydrothermal orifices that presumably were located in the
northern part of the southwest basin, and the main part of the Mn and the
components bound in its minerals were deposited at a distance from the
orifices.

The presence of the Mn-oxyhydroxide minerals in the sediments of the
CO Zone, not only on the uplifted parts of the floor but also within the ba-
sins, is considered to be evidence that the conditions in the Atlantis Il
Deep during the accumulation of these sediments were different essentially
from those that existed during the accumulation of the sediments of the
SU; Zone. Dissolved oxygen was contributed in amounts sufficient for the
oxidation of a considerable amount of hydrothermal Mn(ll) and the sedi-
mentation of Mn(IV)-oxyhydroxide minerals on the floor.

During the accumulation of the sediments of the CO Zone the conditi-
ons for their sedimentation varied greatly. This is reflected in the extreme-
ly heterogeneity in the composition of the sediments in vertical sections.
Manganite and sulfide minerals that indicate essentially different conditi-



162 CHAPTER 2 METALLIFEROUS SEDIMENTS OF THE RED SEA

ons for their formation have been found in different horizons in the CO
Zone sediments in the cores that were collected in the west and east basins.
They provide evidences that conditions in the bottom water fluctuated
from oxidizing to reducing during the period of accumulation of the sedi-
ments in the CO Zone in the east and west basins.

Presumably, during the formation of the CO Zone sediments because of
the intensive effluence of hydrothermal solutions the continuity of the bri-
ne layer was disturbed, dissolved oxygen could enter the brines from the
overlying seawater. During the more active phases of hydrothermal dis-
charge into the Atlantis Il Deep Mn-oxyhydroxide minerals accumulated
outside the southwest basin at some distance from the springs within most
parts of the deep including the east and west basins. During some of the
periods when there was a small decrease in hydrothermal activity Mn-oxy-
hydroxide minerals accumulated on the elevated areas and within the north
basin. Possibly because of the stagnant condition near the bottom these
Mn-minerals did not accumulate in sediments of the east and west basins
but small amounts of sulfide minerals formed. In one sample from the CO
Zone in the west basin the value of 5**S measured in the sulfide sulfur was
—24.65%0. This value is evidence, which indicates that the sulfides were
formed by the bacterial sulfate-reduction (Shanks and Bischoff 1980).

Better intermixing of the brines with the overlying seawater during the
accumulation of the CO Zone probably resulted in some increase in the
pH. Under these conditions the solubility of the biogenic CaCOj; in the bri-
nes decreased and small amounts of it accumulated in the sediments. The
greatest accumulation of CaCOz;was in the north basin.

It is noteworthy that the Fe/Si ratio in the sediments of the CO Zone that
averages 3.6 is considerably higher than in the sediments of the other zo-
nes where it varies from 2.1 to 2.8. If the Fe/Si ratio of the hydrothermal
solutions did not vary, the specific increase in the Fe/Si ratio in the CO Zo-
ne sediments in comparison with the sediments of the other zones can be
explained by the better solubility of silica when the pH was higher. Under
conditions where there was a greater amount of mixing of the brines with
the overlying seawater there could have been extensive transportation of
silica from the brines into seawater outside the Atlantis 11 Deep.

Upper Sulfidic Zone. Data are available for the sediments from all parts
of the Atlantis Il Deep except for those from the central sill area (Table 2.6).
The highest Fe/Al and Si/Al ratios are in the sediments from the north and
southwest basins. The S/Al and Ca/Al ratios are highest and the Cg/Al
ratio is minimum in the sediments from the southwest basin. In the sedi-
ments from the southwest basin the anhydrite carries the main part of the
Ca and a significant part (about a half of the total content) of sulfur. In this
particular basin of the Atlantis 1l Deep the SOAN and OAN Zones have
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been distinguished in the sediments that correspond in their stratigraphic
position to the SU, Zone in other basins (Fig. 2.7, 2.10). The highest con-
tent of sulfide sulfur is in the sediments from the west basin where its con-
tent is a little higher than in the sediments from the southwest basin. How-
ever, in the southwest basin sediments the Cu/Al ratio is at a maximum
and this ratio along with the other data apparently is evidence that there
was an extensive accumulation of Cu that became a component of chalco-
pyrite. The Cu/Al ratio is a little lower in the sediments from the west ba-
sin. The highest Zn/Al ratios occur in the sediments from the southeast
passage and from the west basin. According to Zhabina and Sokolov
(1982), in this areas as well as in the east basin Zn and Cu occur in the se-
diments of the SU, Zone where they are being incorporated into only sul-
fide phases.

In all of the sediment samples studied from the SU, Zone the values of
3%S in the sulfide sulfur exceed 0%, the average is +7%o (Kaplan et al.
1969; Shanks and Bischoff 1980). This is considered to be evidence for a
hydrothermal origin of the sulfide sulfur.

In the SU, Zone sediments from the southwest basin the rates of accu-
mulation of the Fe and Si are a little lower than those in the north basin se-
diments. However, in the sediments from the southwest basin, as well as in
the sediments from the adjacent parts of the deep in the west basin and
southeast passage, the rates of accumulation are the highest for Zn, Cu and
for S that is mainly a component of anhydrite. These data are evidence of
the existence of hydrothermal orifices in the southwest basin during forma-
tion of the SU, Zone sediments from 5.9 to 3.6 ka BP.

The rate of accumulation of Mn in the SU, Zone sediments is the highest
in the north basin where the rate of accumulation of Si is also much higher
than in most of the other areas of the Atlantis Il Deep. However, there is
no accompanying increase in the rate of accumulation of S, Zn and Cu in
the SU, Zone sediments in the north basin. A plausible reason for this will
be considered later.

Amorphous-Silicatic Zone. The formation and development of the AM
Zone began 3.6 ka BP and it is continuing at the present time. There are
data for the sediments of this zone from all parts of the Atlantis Il Deep
(Table 2.6). The most extensive accumulation of the metal-bearing matter
and of the associated chemical elements was in the sediments from the
southwest basin and the maximum ratios of Fe/Al, Si/Al, Zn/Al, Cu/Al,
and S/Al are found in this basin. The most abundant accumulation of sul-
fide minerals along with Si-Fe gel (that is the principal component) in the
sediments from the southwest basin was the basis for distinguishing the
SAM Zone here (Fig. 2.7, 2.12).
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The values of 3*S in the sulfide sulfur from the AM Zone sediments
vary from +3.4%o to +9.8%o0 (Kaplan et al. 1969) and the average value is
+5.5%o, which is evidence for the hydrothermal origin of the sulfide sulfur.
In the sediments from the southwest and west basins the sulfur accumula-
ted not only in the sulfide minerals but also in the anhydrite. On the avera-
ge the sulfide minerals contain about half and about three quarters of the
total contents of the Zn and Cu respectively in the AM Zone sediments in
the southwest and west basins (Zhabina and Sokolov 1982). This is evident
not only from the mineralogical but also from the geochemical data.

The highest Fe/Al, Si/Al, Zn/Al, Cu/Al, and S/Al ratios, as well as the
highest contents of anhydrite and hydrothermal sulfide minerals occur in
the sediments in the southwest basin which is evidence of the existence of
hydrothermal orifices in this part of the deep during the last 3.6 ka.

The highest ratios of Mn/Al, Cc./Al, and Ca/Al, as well as high Fe/Al
ratio occur in the AM Zone, SU, Zone and CO Zone sediments in the north
basin. And the S/Al, Zn/Al, and Cu/Al ratios are low in the AM Zone sedi-
ments in this basin (Table 2.6). Apparently this is because of the different
behavior of these elements during the formation and sedimentation of their
mineral carriers. The sulfide minerals and anhydrite form near the floor in
the vicinity of the hydrothermal orifices where there is an increase in their
accumulation rates. Fe- and Mn-hydroxide minerals form at higher levels
above the floor, the Fe-hydroxide in the upper brine layer and the Mn-hyd-
roxide in the transition zone. There is an increase in the concentration of
particulate Fe in the upper brine layer and Mn in the transition zone in the
southwest basin above the sites interpreted as the location of the hydrother-
mal orifices (Hartmann 1973). Evidence shows that there is more extensive
formation of particulate Fe- and Mn-hydroxide minerals in this area than in
the adjacent parts of the deep. The Fe-hydroxides have a greater resistance
than the Mn-hydroxides to dissolution in the brines and they settle to the
floor. The places where their development was most extensive is indicated
now, though nebulous because of the circulation of the brines, by their
greater accumulation in the sediments. Similar indications of the develop-
ment of Mn-hydroxides are not found because they are dissolved as they
settle through the brines. The dissolved metals that enter the deep with the
hydrothermal fluids are spread slowly throughout the area. The present lo-
cations of the hydrothermal orifices as interpreted from the data, the main
current directions in the lower brine layer, as well as the average concent-
rations of the dissolved Fe and Mn in the lower brine layer in different
parts of the deep, are shown in Fig. 2.5. It is clearly indicated that the con-
centrations of the dissolved Fe and Mn decrease with distance from the
orifices and the greatest decrease in the concentrations of both Fe and Mn
occurs in the north basin. This could have been the result of very slow in-
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flow of the dissolved metals to the north basin. At depth in the north basin,
which can be considered as a separate deep, the lower brine layer is only
connected with that in other parts of the Atlantis Il Deep through a narrow
inlet in its western part. This restricted connection is evident from the hyd-
rographic data (Hartmann et al. 1998; Scholten et al. 2000). This is of par-
ticular concern as the dissolved Fe, because of its high concentration, oc-
curs only in the lower brine layer (Table 2.2). As to the dissolved Mn(ll) it
can enter the north basin through the upper brine layer too.

It is necessary to take notice that: (a) the bottom environment in the
north basin is more oxidizing than in other parts of the Atlantis Il Deep
that are covered by the lower brine layer and the Eh of the interstitial water
in the upper part of the sediment layer in the AM Zone in the north basin
varies from +430 to +481 mV, and in other parts of the deep it does not ex-
ceed +310 mV (Brooks et al. 1969; Gurvich and Bogdanov 1986e); (b)
hydrothermal sulfide minerals are absent in the AM Zone sediments in the
north basin; (c) the minimum concentrations of the particulate Zn and Cu
in the lower brine layer in the Atlantis 1l Deep occur in the north basin
(Hartmann 1973). All of this is evidence of a relatively more favorable en-
vironment in the north basin for the oxidation of Fe and its accumulation
as a component of the Fe-oxyhydroxide minerals than the environment in
other parts of the deep.

In the AM Zone sediments that are covered by the lower brine layer the
Mn-oxyhydroxide minerals are absent, and the Mn-carbonate minerals
have been found only in sediments in the vicinity of sites believed to be
the location of hydrothermal orifices (Fig. 2.12). The highest Mn/Al ratio
in the sediments from the north basin apparently was developed by the co-
precipitation and sorption of dissolved Mn by the Fe-hydroxides.

The highest Fe/Al, Si/Al, S/Al, Cu/Al, and Zn/Al ratios are in the sedi-
ments of the CO, SU,, and AM Zones in the southwest basin, apparently
where the hydrothermal fluids enter the deep. The ratios of Fe/Al, Mn/Al,
and CaCOj/Al in the sediments of the CO, SU,, and AM Zones in the
north basin are higher than those in the sediments of these zones in others
parts of the deep distant from the locations of the hydrothermal orifices.
These facts are evidences that the location of the place where the hydro-
thermal fluids enter the basin and the pattern of their movement within the
deep did not vary greatly in the last 8-9 ka. During the formation of the
DOP Zone sediments hydrothermal activity within the Atlantis Il Deep ob-
viously was episodic and took place at least 13 to 15 ka BP mainly in the
north passage and partly within the east and probably in the west basins.
Later, during the accumulation of the SU; Zone sediments, 11.7 to 8.6 ka
BP, hydrothermal activity existed within the north passage and in the west
basin area.
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2.2.4. Evolution of accumulation rates of the main hydrothermal
components in bottom sediments, intensity of hydrothermal
activity and mineral formation

Estimates have shown that the average annual accumulation of the dry
salt-free material in the SU; Zone sediments of the Atlantis Il Deep was
about 7.9 thousand tons, and that the total amount of this material in the
zone is about 24 million tons. The average annual accumulation of the dry
salt-free material in the CO Zone sediments was about 12 thousand tons,
and its total amount is about 32 million tons and respectively in the SU,
Zone 8.8 thousand tons per year and a total of 20 million tons, and in the
AM Zone 4.7 thousand tons per year and a total of 17 million tons. The to-
tal amount of the dry salt-free material in the sediments of the SU;, CO,
SU,, and AM Zones is estimated to be 93 million tons. This total amount is
similar to that of 94 million tons that was estimated in the Atlantis Il Pro-
ject by using data from more than 600 sediment cores (Mustafa 1984).

Estimates of the average annual excessive accumulation of the main
hydrothermal elements: Fe, Mn, S, Zn, Cu, and Si during the formation of
the sediments in the SU;, CO, SU,, and AM Zones have been made by
using the data listed for the average annual accumulation of the dry salt-
free material and data for the average chemical composition (Table 2.4).
These are shown in Table 2.7 and in Fig. 2.16.

Table 2.7. Average annual excessive accumulation and the average rates of exces-
sive accumulation of the main hydrothermal elements in the sediments from the
Atlantis 11 Deep during formation of the SU,, CO, SU,, and AM Zones.

Time of . .
Zone formation Fe St Mn S Zn Cu Fe Si Mn S Zn Cu
ka BP ta’ gem?ka™

AM  3.6-0 1500 350 27 140 110 23 24 56 043 22 18 0.37
SU, 5.9-3.6 2200 560 66 680 440 74 35 89 11 11 70 12
CO 8.6-59 3900 310 540 200 55 24 62 51 86 3.2 0.88 0.38
SU; 11.7-8.6 2500 540 130 620 280 87 40 84 21 99 45 14

During the last 11.7 ka the average annual accumulation of the dry salt-
free material and the average annual excessive accumulation of the main
hydrothermal elements varied greatly. If one considers the excessive accu-
mulation of Fe as a proxy for the accumulation of the metal-bearing hydro-
thermal matter, one is lead to conclude that the accumulation rate of the
latter was at a minimum during the formation of the AM Zone, a maxi-
mum during the formation of the CO Zone, and intermediate during the
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formation of the SU,; and SU, Zones. The values for the SU; and SU, Zo-
nes are similar. Considering that the major part, from 99.4% to 84%, of the
hydrothermal Fe that entered the Atlantis Il Deep accumulated on the floor
within the brine pool (Craig 1969; Bignell et al. 1976b; Gurvich and Bog-
danov 1986d) the rate of accumulation of the excessive Fe can be conside-
red as a measure of the rate of contribution of the hydrothermal compo-
nents to the deep, and also of the intensity of the hydrothermal activity. In
this case the data in Table 2.7 and Fig. 2.16 show the temporal evolution in
the intensity of hydrothermal activity in the deep. During the last 11.7 ka
the intensity was at a minimum from 3.6 to 0 ka BP, at a maximum from
8.6 to 5.9 ka BP, and intermediate from 11.7 to 8.6 ka BP and from 5.9 to
3.6 ka BP.
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Fig. 2.16. Variations in the average annual accumulation of the dry salt-free
material and the excessive accumulation of the main hydrothermal elements in the
sediments of the Atlantis Il Deep during formation of the lithostratigraphic zones.

When the contribution of the hydrothermal metal-bearing matter to the
Atlantis 1l Deep sediments was relatively low in the time from 3.6 to 0 ka
BP, it accumulated on the floor mainly as Si-Fe gel. The hydrothermal sul-
fide minerals formed only in the vicinity of the hydrothermal orifices. In
the intermediate stages of hydrothermal activity from 5.9 to 3.6 ka BP and
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from 11.7 to 8.6 ka BP the hydrothermal sulfide minerals accumulated on
the floor almost everywhere within the deep. The high-density brines pre-
vented the sulfide minerals from becoming oxidized and no significant
amount of dissolved oxygen entered the brines from the overlying seawa-
ter. When there was hydrothermal activity of maximum intensity, from 8.6
to 5.9 ka BP, the hydrothermal springs apparently were strong enough to
disturb the uniformity of the brines. As a result there was extensive inter-
mixing of the brines with the overlying seawater and the amount of dissol-
ved oxygen that entered the brines was sufficient to enable the oxidizing
not only the dissolved Fe (11) but also a significant amount of the dissolved
Mn(I1), which accumulated in the sediments. Under these conditions the
chalcophile elements formed only small amounts of sulfide minerals and
transportation of them to the sediment was not effective. Obviously these
elements were transported from the deep and assimilated in the overlying
seawater. A significant part of the Si was transported from the deep as well
and the possible reason for this was considered in the preceding section.

The Fe-oxyhydroxide, sulfide, and Mn minerals are the basic compo-
nents that determine the main mineral and chemical composition and litho-
logical features of the metal-bearing part of the sediments from the Atlan-
tis 11 Deep. From this point of view it is of interest to trace the evolution of
the proportion of amounts of Fe, S, and Mn that accumulated in the metal-
bearing part of the sediments at the different intensities of hydrothermal
activity in the deep (Fig. 2.17).

Fe

su, 2500 ta™
2200 ta1

58 5Mn

Fig. 2.17. Evolution of a proportion of the average annual accumulation of the ex-
cessive Fe, S, and Mn in the sediments of the lithostratigraphic zones in the Atlan-
tis 11 Deep as the accumulation of the excessive Fe increased.
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A minimum relative amount of Mn was contributed to the metal-bearing
matter when the intensity of hydrothermal activity was at a minimum (AM
Zone). Mn-minerals are extremely rare in the AM Zone sediments, and
manganosiderite was found in only two cores (Fig. 2.12). With an increase
in the intensity of the hydrothermal activity (SU; and SU, Zones) the rela-
tive contribution of Mn to the metal-bearing matter increased slightly and
it accumulated in the sediments as manganosiderite (Fig. 2.8, 2.10). With a
maximum intensity of hydrothermal activity (CO Zone) the relative con-
tribution of Mn to the metal-bearing matter increased considerably, and not
only manganosiderite but also manganite and todorokite were formed (Fig.
2.9; Backer and Richter 1973; Butuzova and Lisitzina 1986b).

As indicated in Fig. 2.17, a maximum relative contribution of S in the
sum of Fe, Mn and S was during periods of hydrothermal activity of inter-
mediate intensity (SU; and SU, Zones) under conditions that were most fa-
vorable for the accumulation of the sulfide minerals.

Fig. 2.17 shows that the proportions of the main elements in the metal-
bearing matter and therefore the mineral and chemical composition of the
sediments in the Atlantis Il Deep depended largely on the intensity of the
hydrothermal activity. The intensity of the hydrothermal activity, on the
one hand, could have influenced the chemical and physicochemical pro-
cesses within the brines and the retention of the chemical elements within
the deep, and on the other hand influenced the amounts and proportions of
the chemical elements that were contributed to the deep by the hydrother-
mal fluids. Therefore it is interesting to compare the evolution of the accu-
mulation rates of the main components in the metal-bearing matter as the
intensity of the hydrothermal activity increased (Fig. 2.18).

Using the accumulation rate of the excessive Fe as a proxy for the inten-
sity of hydrothermal activity, the accumulation rates of the excessive Si, S,
Zn, and Cu increase at first to their maximum and then decrease and the
accumulation rate of the excessive Mn increases steadily with an increase
in the intensity of the hydrothermal activity. The maximum accumulation
rates of the excessive Si, S, Zn, and Cu in the sediments of the SU; and
SU, Zones are related to hydrothermal activity of intermediate intensity. In
the sediments of the SU; and SU, Zones the accumulation rates of these
elements as well as their ratios to Fe have maximum values. With a low in-
tensity of hydrothermal activity, which corresponds to that for the sedi-
ments of the AM Zone the ratio of Si/Fe remains equal to the ratios related
to intermediate hydrothermal intensity. The ratios of S, Zn, and Cu to Fe
that are related to low intensities of hydrothermal activity are lower than
those related to intermediate hydrothermal intensity. This means that with
a decrease in the intensity of hydrothermal activity the relative decreases in
the accumulation rates of S, Zn, and Cu are greater than they are for Fe.
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Fig. 2.18. Evolution of the average annual accumulation of the excessive Si, S,
Mn, Zn, and Cu as the average annual accumulation of the excessive Fe in the
sediments from the Atlantis Il Deep increased.

If it is assumed that during the accumulation of the sediments of the
SU,, CO, SU,, and AM Zones in the Atlantis Il Deep concentrations of the
chemical elements under consideration in the primary hydrothermal fluids
did not vary or varied only a little then the variations in the rates of exces-
sive accumulation of the elements in sediments could have resulted from:
1) losses of some amount of the elements in the crust due to their precipita-
tion during the migration of the hydrothermal fluids from the zone of mo-
bilization to the deep; and 2) losses of some amount of the elements after
entering the deep due to their dissipation outside of the brine pool.

If the sediments of the SU; and SU, Zones formed during times of inter-
mediate intensity in the hydrothermal activity and the proportion of the ex-
cessive Fe, Si, Zn, and Cu is close to the proportion of Fe, Si, Zn, and Cu
in the primary hydrothermal fluids then there are deficiencies of S, Zn, and
Cu in the AM Zone sediments that are named AS, AZn, ACu (Fig. 2.18). It
can be assumed that if the S/Fe, Zn/Fe, and Cu/Fe ratios in the primary
hydrothermal fluids do not vary then during time of low intensity in the
hydrothermal activity (time of accumulation of the AM Zone sediments)
some part of the S, Zn, and Cu carried by the fluids was precipitated, appa-
rently in sulfide minerals, in the crust prior to the fluids entering the deep
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and a part of their Fe content was precipitated as well. The unloading of
the hydrothermal fluids and deposition of their mineral content continued
to take place within the deep. The sulfide minerals accumulated only in the
sediments near the hydrothermal orifices. When the intensity of the hydro-
thermal activity was intermediate (times of accumulation of the sediments
of SU; and SU, Zones) there was a maximum efficiency of unloading of
mineral components within the deep. A maximum amount of sulfide mine-
rals accumulated in the sediments at this time. Sulfide minerals accumula-
ted in the sediments in all parts of the deep.

A possible reason for the decrease in the accumulation of the excessive
Si, S, Zn, and Cu during a time of maximum intensity of hydrothermal ac-
tivity (time of accumulation of the CO Zone sediments) in comparison
with times of intermediate and low intensity in the hydrothermal activity
(Fig. 2.18) is that on the one hand the conditions in the deep were not favo-
rable for the accumulation of the sulfide minerals and silica, on the other
hand because of greater mixing of the brines with the overlying seawater
transportation of these elements from the brines into seawater outside the
Atlantis Il Deep was extensive.

Unlike Si, S, Zn, and Cu the accumulation of the excessive Mn in the
sediments steadily increases as the intensity of the hydrothermal activity
increases (Fig. 2.18). The relationship of the annual accumulation of the
excessive Mn and Fe in the sediments from the Atlantis Il Deep is clearly
shown by an empirical equation Mn = 4.6-10°%°%**¢ where Mn and Fe are
in tons. The correlation coefficient of the measured data of the excessive
Mn accumulation and the data calculated from this equation is 0.98. It fol-
lows from this equation that with an absence of the accumulation of an ex-
cessive amount of Fe (Fe=0), 4.6 tons of the excessive amount of Mn
would accumulate annually. For example if there was a decrease in the in-
tensity of the hydrothermal activity all of the hydrothermal Fe would be
precipitated within the crust but the hydrothermal Mn would enter and ac-
cumulate at the bottom of the deep.

At the present time not all hydrothermal metal-bearing matter contribu-
ted to the Atlantis Il Deep accumulates in the sediments within the brine
pool. Some amount of chemical elements leaves this area and accumulates
in sediments around the brine pool (Bignell et al. 1976b) and also disperses
in the overlying seawater. The contents of Fe and Mn in the bottom sedi-
ments at different distances from the brine pool are shown in Fig. 2.19. If
the content of the Fe exceeds the background level at distances of no more
than 1 km from the brine pool then the content of the Mn will exceed the
background level at distances of more than 11 km. By extrapolation of the
Mn contents shown in Fig. 2.19 the values above the background level will
be present in the sediments that are at least 20 to 25 km from the brine
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pool. According to estimates, the annual accumulation of the excessive Fe
outside the brine pool is about 280 tons, and of the excessive Mn is about
160 tons within a band that is 11 km wide, and about 260 tons within a
band that is 22 km wide.
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Fig. 2.19. Contents of Fe and Mn in bottom sediments at different distances from
the brine pool of the Atlantis Il Deep. Dash lines show background contents.
Composed from Bignell et al. (1976b) with additions.

These rough estimates show that at the present time the major part, abo-
ut 84% or 1500 t a*, of the hydrothermal Fe contributed to the Atlantis |1
Deep, accumulates within the brine pool in metalliferous sediments of the
AM Zone. As for the hydrothermal Mn the predominant part (>91%) of it
leaves the deep, and only 27 t a™* accumulate within the brine pool in me-
talliferous sediments of the AM Zone. With an increase in the intensity of
the hydrothermal activity and the accumulation of the hydrothermal Fe the
accumulation of the hydrothermal Mn and the average Mn/Fe ratio in the
sediments of the deep increases, which is clearly visible in Fig. 2.18.

It is of interest to estimate an annual budget for hydrothermal Mn in the
Atlantis Il Deep during the formation of the AM Zone from 3.6 ka BP to
the present. This can be calculated if the following assumptions are made:
(1) The hydrothermal Fe contributed to the Atlantis Il Deep accumulated
completely within the brine pool (1500 t a™) and within the band 1 km
wide (280 t a™) outside of it.

(2) Concentrations of the particulate and dissolved Fe and Mn in the lower
and upper brine layers and in the transition zone, that are used for the esti-
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mates, existed during the whole period of formation of the AM Zone, and
geometric mean values from the observations that Hartmann (1973, 1985)
made in 1971/1972 and in 1977 and values from Table 2.2 are used.
(3) Velocities of transfer of the dissolved Fe and Mn to the zones of their
oxidation, to the upper brine layer, and to the transition zone respectively,
are equal and constant: Dge = Dy, = const.
(4) All hydrothermal Fe goes through the zone of oxidation and precipita-
tes theres, after the precipitation the particulate Fe of hydrothermal origin
does not pass into solution again.
(5) Settling velocities of the particulate Fe and Mn precipitated are equal
and constant: Pr. = Py, = const.
(6) The amounts of hydrothermal Fe and Mn within the brines are constant.

The average vertical flux of the dissolved hydrothermal Fe up to the zo-
ne of its oxidation is:

FTFe = % )

where Hg, is contribution of the hydrothermal Fe to the Atlantis Il Deep,
Hee = 1500 + 280 = 1780 [t a™]; A = 55 km?, the area of the brine pool,

Flee = % =324tkm?at=324gm?2a’.

The average velocity of transfer of the dissolved Fe up to the zone of its
oxidation is:
FTFe
CFeL - CFeU
where Cre. and Cgey are the average concentrations of the dissolved Fe in
the lower and upper brine layers® [g m‘3],

324
~ 100-5

The average vertical settling flux of the particulate Fe down to the
sediments within the brine pool, which can be calculated based on the
assumption (1) is:

Dre

Dre =0.34ma’

Bee

A i)

where Bg is the annual accumulation of the hydrothermal Fe within the
brine pool (1500 ta™),

FlFe =

18 In the AM sediments less than 5% of the hydrothermal Fe is bound with sulfide
minerals.
19 See Table 2.2.
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1500
Fleo = g =273t km?at=273gm?a".

The average settling velocity of the precipitated particulate Fe from the
zone where it is oxidized is:

Fi
PFE = KFe 1
Fe
where K, is the average concentration of the particulate iron® [g m™],
- 27.3 P
e=0.036  >°MA

These data can be used for calculating the fluxes of the hydrothermal
Mn. The average vertical flux of the particulate Mn settling down to the lo-
wer brine layer is:

FuMn = Pwmin KL,

where Py, = Pre (assumption 5), Kyn is the average concentration of the
particulate Mn in the lower brine layer2 [g m™],

Flun=758-0.0015=1.14gm?a*=1.14tkm?a™

For the whole brine pool the flux is: 1.14 - 55 = 63 t a™. The difference be-
tween this flux and the accumulation of the hydrothermal Mn in the sedi-
ments within the brine pool (27 t a™) is the aggregate regeneration or dis-
solution of the Mn in the lower brine layer and on the floor of the deep
which is: 63 -27=36ta™

The average vertical flux of the particulate Mn settling down from the
transition zone is:

Fan = Pun K,

where Kyt is the average concentration of the particulate Mn in the transi-
tion zone, g m™,

Frwn =758 -0.009=6.8gm~a™.

For the whole brine pool this flux is: 6.8 - 55 = 374 t a*. The difference of
this value and the vertical flux of the particulate Mn settling down to the
lower brine layer (63 t a™) gives the amount of regeneration or dissolution
of the Mn in the upper brine layer, which is 311 ta™.

20 See Fig. 2.6.
2 See Fig. 2.6.
2 See Fig. 2.6.
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The average vertical flux of the dissolved Mn from the upper brine layer
to the zone of its oxidation (the transition zone) is:

FTMn = ACwmn D,

Where ACwu, is the difference between the concentrations of the dissolved
Mn in the upper brine layer and in the transition zone?, Dy, = D (assum-
ption 3).

F'un =88.3:0.34=30gm2a™.

For the whole brine pool this flux is: 30 - 55 = 1650 t a™.

Because of the brine flow from the Atlantis Il Deep to the Chain Deeps
about 2 tons of the Mn from the upper brine layer accumulates annually in
the sediments of the Chain Deeps (~0.4 t in the Chain A Deep, and ~1.6 t
in the Chain B Deep).

The aggregated flux of the Mn from the upper brine layer to the transiti-
on zone and to the Chain Deeps is estimated to be 1652 t a™. About 374 ta™
of Mn in this flux is returned from the transition zone to the brines as parti-
culate Mn. The difference between the vertical flux of the dissolved Mn
from the upper brine layer to the transition zone and the return gives the
annual amount of the hydrothermal Mn that leaves the brine pool, which
is: 1650 — 374 = 1276 t a*. About 260 t a™* of this amount accumulates in
the sediments that are in the band around the brine pool that is 22 km wide.
The rest of the Mn, about 1016 t a™, is dispersed.

The annual contribution of the hydrothermal Mn to the Atlantis Il Deep
is the sum of the amounts accumulating in sediments within the brine pool
of the Atlantis 1l Deep and the Chain Deeps and of the amount that leaves
the brine pool. Itis: 27 + 2 + 1276 = 1305 ta ™.

A diagram of the calculated budget for hydrothermal Mn in the Atlantis
I1 Deep is shown in Fig. 2.20, which is generalized and based on some as-
sumptions. Nevertheless the orders of magnitude in the budget are similar
to the real ones. They are confirmed because the amount of the hydrother-
mal Mn leaving the brine pool and of the amount of the hydrothermal Mn
accumulated in the sediments within the band 22 km wide around the brine
pool are of the same order of magnitude. These amounts have been estima-
ted by using different methods.

By using the annual hydrothermal contributions of Fe and Mn to the At-
lantis 11 Deep, which are respectively 1780 t or 1780-10° g and 1305 t or
1305-10° g, it is possible to estimate their concentrations in the hydrother-

23 According to Brooks at al. (1969), the concentrations of the dissolved Mn in the
transition zone varies from 0.0042 to 1 mg I*. The geometric mean for these da-
tais 0.02mg I* =0.02 g m™.
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mal fluids. According to the estimates of Anschutz and Blanc (1996) for
the period from 1965 to 1992, the average contribution of hydrothermal so-
lutions to the deep was 2000 to 3000 m® h™ or 17.5-10° to 26.3-10° m® a™*.
At this contribution the average concentration of Fe and Mn would have
been 59 to 89 g m™, and 44 to 65 g m ™ respectively.

accumulation in sediments
within the 22 km band

outside the brine pool ‘ 260

Transition zone
to seawater 374

1016 dispersion

migration outside
1276 the brine pool

1650

Upper brine layer

0.4 1.6
1305 J accumulation
in sediments of
the Chain Deeps

Lower brine layer

\ F%

accumulation in
sediments within
the brine pool

Fig. 2.20. Annual budget [tons] of the hydrothermal Mn in the Atlantis Il Deep.

hydrothermal
contribution

Comparison of these concentrations with the actual concentrations of
dissolved Fe and Mn measured in the lower brine layer (Fig. 2.5) shows
that they are of the same order, but apparently somewhat lower than the
actual ones. The maximum concentrations of dissolved Fegiss and Mngiss in
the lower brine layer near the hydrothermal orifices are respectively 92.5 g
m~ and 92 g m™ (Fig. 2.5). It is evident that the concentration of Fe and
Mn in the hydrothermal fluids would have been at least 92.5 g m™ and 92
g m™ or higher. If their concentrations in the fluids had been lower than in
the lower brine layer the maxima near the orifices (Fig. 2.5) would be ab-
sent.

The estimated concentrations of the Fe and Mn in the hydrothermal flu-
ids are of the same order as concentrations of these elements in high-tem-
perature hydrothermal fluids in the East Pacific Rise, Mid-Atlantic Ridge,
and in back-arc basins (Von Damm 1995; German and Von Damm 2004).
This is further evidence that hydrothermal processes within the Red Sea
rift are similar to those in other ocean rifts.
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2.3. Northeast Thetis Deep

The Thetis Deep is typical of the deeps in the axial part of the Red Sea
rift zone. It is located in the northern part of the Red Sea about 160 km
northwest of the Atlantis Il Deep. Bottom brines are absent in the Thetis
Deep at the present time (Table 2.1). Metalliferous sediments occur only in
the northeast basin of the deep. The NE Thetis Deep is elongate from
WNW to ESE; it is about 10 km long and 3 km wide and up to 1780 m
deep (Scholten et al. 1991); the coordinates for its central part are
22°47.5'N and 37°35.0°E.

2.3.1. Lithology and mineral composition of sediments from the
NE Thetis Deep

Fifteen cores with a recovery of 200 to 920 cm of sediments have been
investigated that were collected at depths from 1736 to 1775 m in the NE
Thetis Deep (Fig. 2.21).

37°33" 37°34' 37°35' 37°36°

22°48' N 22°48'

30KL 0 312KL

o Q2KL

VA-03-620 O
320KLO

O 321KL
333PC
1\_\

PS2243%
22°47' \ 22°47'

O Cores of RV Sonne | \J ~ A / /

e Core of R/V 1500

Professor Shtokman \ \7)0 %
& Core of R/V Valdivia 62,
\ﬂ/\/—\,——q
37°33' 37°34' 37°35’ 37°36'

Fig. 2.21. The NE Thetis Deep and location of the sediment cores investigated.
After Scholten et al. (1991) with simplification and additions.

The studies of the sediments from the NE Thetis Deep have shown alter-
nate layers within the sediment cover that are enriched in Fe- and Mn-mi-
nerals (Bignell et al. 1976a; Bogdanov et al. 1986; Scholten et al. 1991) for
the whole sediment cover at depths greater than 1736 m (the depth of the
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shallowest station 313KL). A generalized section of its lithology is presen-
ted in Table. 2.8.

Table 2.8. Units of the generalized lithological section of the sediment cover from
the NE Thetis Deep and their approximate thickness. Compiled from Bignell et al.
19764, Butuzova et al. (1986), and Scholten et al. (1991).

Unit Facies Thickness
Fe-Mn brown manganite 80-250 cm
Fe-rich orange lepidocrocite 100-200 cm

yellow goethite
red hematite
black magnetite

Fe-Mn brown manganite 300-400 cm
detrital-biogenic grey-brown detrital-biogenic facies

Fe-Mn brown manganite ~150 cm

Fe-rich orange lepidocrocite ~250 cm

yellow goethite
red hematite
black magnetite

The basalt basement rocks are overlain by a succession of sedimentary
units that consist of three main types: Fe-rich, Fe-Mn, and detrital-bioge-
nic. These units vary considerably in their horizontal and vertical sections
but their main features are fairly uniform.

Core PS224, located at 22°47.1'N, 37°35.0'E, is 510 cm long, and has
been investigated most thoroughly. The main features of the sediments that
were penetrated are typical of the sediment cover in the NE Thetis Deep
and are described as follows.

The core has penetrated sediments with water content of 60 to 80%. The
sediments are mainly dark-brown with intercalations, patches and lenses of
brown, mustard yellow, red, green, grey, and black color.

The sediments in the core have been subdivided into five stratigraphic
units on the basis of color, consistency, character of the laminations, and
features of mineral and chemical compositions (Fig. 2.22). The descripti-
ons reported here are from Butuzova et al. (1986, 1988a).

Clayey-carbonaceous material typical for the background Red Sea sedi-
ments and ferruginous gel with microglobular texture, lepidocrocite, and
asbolane are the main components of the upper layer, 0 to 120 cm, sampled
in the core. The proportions of the metal-bearing matter and background
material vary within the layer. In the upper 100 cm of the layer the content
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of the metal-bearing matter is as high as approximately 60%, and in the lo-
wer part of the layer, in the interval from 100 to 120 cm, biogenic-terrige-
nous material is predominant; Fe-Mn oxyhydroxide minerals form rare
microimpregnations within the interval from 100 to 120 cm, and the con-
tent of the metal-bearing matter is about 30-40%. X-ray amorphous phases
are prevalent, and lepidocrocite along with very poorly crystallized manga-
nite are rare components.

The sediments in the layer from 120 to 190 cm are denser and are com-
posed mainly of an admixture of ferruginous gel and magnetite that is pre-
sent consistently in the mass. The magnetite usually occurs as black impre-
gnations, which commonly form thin microlayers or oriented clusters, and
as a result microbanding is a characteristic of the sediments. In places the
magnetite forms black clusters or individual crystals that have clear facets
tens of microns in size. The content of the magnetite increases notably in
the lower part in the layer. Goethite, lepidocrocite, and in places hematite
occur in the sediments. The high content of the metal-bearing matter
(>90%) and the extremely low content of an admixture of biogenic-terri-
genous material are characteristic features of the sediment in this layer.

The layer sampled from 190 to 249 cm in the core is composed of a
mixture of the background clayey-carbonaceous material, ferruginous gel,
lepidocrocite, goethite-groutite, and asbolane along with goethite and tra-
ces of hematite. The content of the metal-bearing matter is 40 to 75%.

In general, the sediments in the underlying layer, from 249 to 298 cm in
the core, are very similar in consistency, color, in the characteristics of
their lamination and composition to those of the layer from 120 to 190 cm
in the core. These sediments are composed mainly of amorphous Fe-hyd-
roxides impregnated with magnetite crystals, only microns in size that are
distributed irregularly throughout the mass. The content of the magnetite in
the sediments in this layer is lower than that in the sediments in the layer
from 120 to 190 cm in the core and, in some interlayers, lepidocrocite is
one of the main components in the sediments. At depths represented by the
core from 270 to 275 cm the content of the magnetite decreases notably,
and the admixture of biogenic-terrigenous material in the sediments increa-
ses, especially beyond 287 cm in the core. Metal-bearing matter is predo-
minant, 70 to 85 %, in the upper part of the layer, and in the lower part the
content is 30 to 60%.

The lowermost part of the sediments sampled in the core from 298 to
510 cm is similar in color, structure and composition to the sediments in
the layers sampled from 0 to 120 cm and from 190 to 249 cm in the core.
Background clayey-carbonaceous material and ferruginous gel are the
main components of the sediments from the layer sampled. The proporti-
ons of these components vary considerably along the layer. The ferrugino-
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us material consists of lepidocrocite, goethite, and hematite, and signifi-
cant amounts of asbolane and goethite-groutite are present. The content of
the metal-bearing matter is about 50%. In the core interval from 390 to 394
cm there is a distinct interlayer composed of background clayey-carbona-
ceous material that has distinct gradational laminations in which there is a
minimum content of the metal-bearing matter.

Core VA-03-620, collected at the site 22°47.69'N, 37°34.96'E, investi-
gated by Bignell et al. (1976a), is 440 cm long and has the same features as
Core PS224. Sediments in both of the cores have a similar succession of
layers. The layer in Core VA-03-620, sampled from 0 to 230 cm, corres-
pond to the layer from 0 to 120 cm sampled in Core PS224 and the layer
from 230 to 346 cm to that from 120 to 190 cm in Core PS224, and the
layer from 346 to 440 cm to that from 190 to 249 cm in Core PS224. There
are differences in the similar layers in these two cores: a) the layers in Co-
re VA-03-620 are thicker, b) the sediments in the Fe-rich layer 230 to 346
cm contain not only magnetite and Fe-oxyhydroxide minerals but also sul-
fide minerals (chalcopyrite and sphalerite). Sulfide minerals have also
been found in Cores 321KL, 328KL, 329KL, and 334PC (Missack 1988).
The presence of sulfide minerals containing Cu in the Fe-rich layers of Co-
re PS224 appears to be a reason of an increase in the contents of S and Cu
(Fig. 2.22, Table 2.9).

2.3.2. Chemical composition of sediments from the NE Thetis
Deep

The average chemical composition of the main types and facies of the
sediments from the NE Thetis Deep is shown in Table 2.9, and the chemical
composition of the sediments sampled in Core PS224 is shown in Fig. 2.22.

The Fe-Mn sediments differ essentially in their chemical composition
from the Fe-rich sediments. Background material is present in the Fe-Mn
sediments and is predominant in some places but in the Fe-rich sediments
the metal-bearing matter is prevalent and the content of background
material is insignificant. This is clearly indicated by the distribution of the
main components of the background material.

The CaCO; content in the Fe-Mn sediments is lower than in the back-
ground sediments, but it is considerably higher than in the Fe-rich sedi-
ments where this component is almost absent (Fig. 2.22, Table 2.9). The
contents of Al, Ti, Si, and Mg have a somewhat different distribution. The
Fe-rich sediments from Core PS224 in the layer from 120 to 190 cm, ex-
cept for its lowermost part, and in the upper part of the layer from 249 to
298 cm are depleted considerably in these elements in comparison with the
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Fe-Mn sediments. There is an increase in the contents of these elements
and in the contents of Ni, Cr, and Sc as well in the lower parts of the Fe-
rich sediment layers (Fig. 2.22). These data apparently are evidence for an
increase in the amount of detrital basalt material. There is a similar pattern
in the distribution of these elements in the lower part of the Fe-rich layer
from 230 to 346 cm in Core VA-03-620, where chamosite is present as
well (Bignell et al. 1976a).

Usually the content of Mn in the Fe-Mn sediments is 15 to 25% and ra-
rely is it from 4 to 10%, the content of Fe is 10 to 20%, and labile forms of
Fe(ll) are absent (Gurvich et al. 1986a). These sediments are enriched in
Zn, Pb, Sh, and Ni.

The Fe-rich sediments contain more than 50% Fe and are depleted in
Mn, which is less than 1%, and in components that are typically present in
the background material. The Fe-rich sediments are enriched in S and con-
tain up to 7.65%, whereas the content of S in the Fe-Mn sediments does
not exceed 1.9% (Table 2.9, Fig. 2.22). The Fe-rich sediments are enriched
in Cu, Co, Hf, and REE. The average content of Cu in the Fe-rich sedi-
ments is higher than that of Zn whereas in the Fe-Mn sediments Zn is pre-
dominant (Table 2.9).

Fe-rich sediments

il
______
~~~~~
-

[~
~~~~~
.....
-
.....

0.14 Fe-Mn sediments

T T T T T
La Ce Nd Sm Eu Tb Yb Lu

Fig. 2.23. Average NASC normalized REE patterns in the main types of sedi-
ments from the NE Thetis Deep.

A distinct positive Eu anomaly that is characteristic for high-temperatu-
re hydrothermal fluids and high-temperature hydrothermal sulfide minerals
is a distinctive feature of the REE pattern in the Fe-rich sediments (Table
2.9, Fig. 2.23). In these sediments the average value of the Eu/Eu* ratio is
5.1, and the maximum value is 7.9. In the Fe-Mn sediments the average
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value of the Eu/Eu* ratio is 1.3. According to Pierret et al. (2000), the ave-
rage Eu/Eu* ratio in the Fe-rich sediments from the NE Thetis Deep is 4.7,
in the Fe-Mn sediments the Eu/Eu* ratio is 1.3. In Core PS224 the Eu/Eu*
ratio varies in phase with the contents of the Fe and Cu but not with the
content of Mn (Fig. 2.24). The Fe-Mn sediments have a minor negative Ce
anomaly, that is typical for seawater, but in the Fe-rich sediments it is
nearly absent (Fig. 2.23).

Fe, Mn [%] Cu [%]
0 1|0 2.0 3.0 4|0 5|0 0 01020304

100
200 f

300 :

Depth in core [cm]

400

5004

Fig. 2.24. Variations in the Eu/Eu* ratio and the contents of Fe, Mn, and Cu in se-
diments from Core PS224.

Unlike the sediment from the Atlantis Il Deep (Table 2.4) and massive
hydrothermal sulfides that contain small amounts of REE (Missack 1988;
Rimskaya-Korsakova and Dubunin 2003; Fig. 1.62), the Fe-rich sediments
are considerably richer in these elements. Obviously this results from ef-
fective scavenging of the hydrothermal REE during the deposition of the
Fe-rich sediments.

Some features of the chemical composition of the sediments from Core
VA-03-620 are similar to those in the sediments from Core PS224. These
features are more pronounced in the sediments from Core VA-03-620 in
which there is a higher content of metal-bearing matter and a lower content
of lithogenic material (Al). The Fe-rich sediments from Core VA-03-620
are richer in Fe, Cu, and Co, and the Fe-Mn sediments are richer in Zn and
Pb (Table 2.9). These differences together with the greater thickness of the
Fe-rich and Fe-Mn layers in Core VA-03-620 apparently are evidence that
the sediments in this core accumulated closer to a hydrothermal source.
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2.3.3. Sedimentation history. Sedimentation rates. Accumulation
rates of the main components of hydrothermal matter

The C-14 age of the sediments from Core PS224 has been measured
(Kuptsov and Palkina 1986). Based on these data the sedimentation rates
in the past ~13 ka for the sediments sampled in this core have been estima-
ted and they are plotted in Fig. 2.25. Estimates of the sedimentation rates
for the sediment sampled in Core 334PC for the last 18 ka have been made
by Scholten et al. (1991) that are also based on the C-14 age dating and
they are plotted in Fig 2.25. In general the parts of these cores that accu-
mulated at the same time have similar lithology and their accumulation
rates are also similar. A big difference in the sediments that are younger
than ~9 ka is an artefact; if to calculate the average sedimentation rate for
sediments younger than 9 ka in Core PS224 it is >53 cm ka™ and in Core
334PC it is >55 cm ka™.

Sedimentation rates for the sediments sampled in these two cores have a
similar order of magnitude because this parameter when other conditions
are similar depends on their distance from a hydrothermal source and it de-
creases with the distance. For example, the sedimentation rate for the sedi-
ments in Core VA-03-620, which apparently accumulated closer to the
hydrothermal source, is on an average approximately twice as high as that
for the sediments in Core PS224 (Gurvich and Bogdanov 1986g).

Accumulation rates of the hydrothermal matter and its main components
(Fig. 2.26) have been calculated based on the sedimentation rates for the
sediments from Core PS224, their physical properties and chemical com-
position.

During the last 13 ka accumulation rate of the hydrothermal matter ex-
ceeded 1 g cm™ ka™. The lowest value, ~2 g cm™ ka™, was from 13 to 10
ka BP. At this time the accumulation rates of the excessive Mn and Fe
were similar (0.5 to 0.7 g cm™ ka™), and the rate of excessive accumula-
tion of Zn (16-21 mg cm™ ka™) was much higher than that of Cu (1.1-1.5
mg cm™ ka™). During the time from 13 to 10 ka BP the accumulation rates
of the excessive Fe, Zn, and Cu were the lowest in the entire core.

During the time period from 10 to 3.7 ka BP the accumulation rates of
the hydrothermal matter and its main components were 2 to 3 times grea-
ter. The rates of accumulation of the excessive Fe and Mn were similar
(1.6-2.5 g cm™ ka™). The rate of accumulation of the excessive Zn (45-80
mg cm™ ka™) remained much higher than that for the excessive Cu (3-8
mg cm™ ka™).

The period from 3.7 to 1.4 ka BP was characterized by a sharp increase
in the accumulation rate of the hydrothermal matter. On the average it was
more than an order of magnitude higher than during the period from 13 to
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Fig. 2.25. Lithologic composition of sediments from Cores PS224 and 334PC,
C-14 ages of the sediments, estimates of times when the main sediment units were
accumulated, estimates of the sedimentation rates. Lithology of Core PS224
(legend is shown in Fig. 2.22) after Butuzova et al. (1986), C-14 ages for Core
PS224 after Kuptsov and Palkina (1986). Lithology and C-14 ages for Core
334PC after Scholten et al. (1991).

10 ka BP. In the period of time from 3.7 to 3.4 ka BP, when the Fe-rich
layer from 249 to 298 cm in the core was deposited, the accumulation rate
is estimated to have been 26 g cm™ ka™. The rate of accumulation of the
excessive Fe, ~16 g cm? ka?, during this time interval was 6 to 10 times
higher than during the period from 10 to 4 ka BP, whereas the rate of accu-
mulation of the excessive Mn decreased to about 0.1-0.2 g cm™ ka %, the
minimum in the whole core. The rate of accumulation of the excessive Zn,
about 50 mg cm2 ka, remained at the same level, and that for the exces-
sive Cu (50-60 mg cm™ ka ™) increased by an order of magnitude.
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Fig. 2.26. Variations in the accumulation rates of hydrothermal matter (HM) and
its main components during the formation of sediments from Core PS224.

During the time interval 3.4 to 2.9 ka BP, when the Fe-Mn layer from
190 to 249 cm in the core was deposited, the accumulation rate of the hyd-
rothermal matter was 23-24 g cm™ ka™*, which was similar to that in the
period from 3.7 to 3.4 ka BP. But the rate of accumulation of the excessive
Fe, about 9 g cm? ka™, decreased by almost twice as much, and that for
the excessive Mn increased by almost 50 times to 6 g cm™ ka™. The rate of
accumulation of the excessive Zn increased almost 4 times to 190 mg cm™
ka™, and the rate for the excessive Cu decreased by twice as much to 20
mg cm? ka ™.

The time interval from 2.9 to 2.6 ka BP, when the Fe-rich layer from
120 to 190 cm in the core accumulated, is characterized by a sharp increase
in the rate of accumulation of the hydrothermal matter to 61 g cm™ ka™.
During this period Fe was predominant in the hydrothermal matter and its
accumulation rate of 38 to 39 g cm™ ka™* was at a maximum. The accumu-
lation rate of the excessive Mn, 0.36 g cm™ ka™, decreased by more than
15 times. The rate of accumulation of the excessive Cu increased by 7
times to 140 mg cm™ ka™, whereas the accumulation of the excessive Zn
decreased almost twice as much to 110 mg cm™ ka™.

During the interval 2.6-1.4 ka BP the accumulation rate of the hydro-
thermal matter decreased to 13 g cm™ ka™. The accumulation rates of the
excessive Fe and Mn were similar (4-5 g cm™ ka ™). The rate of accumula-
tion of the excessive Zn was similar to that in the previous interval, 130
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mg cm™ ka™, and the rate of the excessive accumulation of Cu decreased
by an order to 15 mg cm™ ka™.

Core PS224 provides data for the accumulation of the hydrothermal
matter and its components from 13 ka BP to the present. Materials on Core
334PC (Scholten 1991, Fig. 2.25) give some information for the interval of
time from 18 to 13 ka BP. According to these data, the sediments of the
detrital-biogenic facies accumulated in the period from ~14 ka BP to ~10
ka BP. Scholten et al. (1991) believe that hydrothermal activity became ex-
tinct during this period of time. The manganite facies sediments (Fe-Mn
sediments) accumulated in the period from 18 ka BP to ~14 ka BP. Their
sedimentation rate was ~7 cm ka™ (Scholten et al. 1991), a minimum in
both of the cores (Fig. 2.25). This indicates that the accumulation rate of
the hydrothermal matter and its components was low during this time.

There are no data for the age of the sediments in the lower part of Core
334PC (Fig. 2.25). One can assume that the Fe-Mn sediments sampled in
this part of the core accumulated at a relatively lower rate similar to that
for the younger Fe-Mn sediments and that the lowermost sediments in the
hematite facies apparently accumulated at a higher rate. Scholten et al.
(1991) assumed that the accumulation of these sediments on the basalt ba-
sement began about 23 ka BP.

Estimates based on the data for Core VA-03-620 gave the following re-
sults: during the time interval 3.4 to 2.9 ka BP the average accumulation
rates of the excessive Fe, Mn, Cu, and Zn were respectively: >15 g cm™
ka™, >8gcm™ka’, =30 mgcm™ka™, and >550 mg cm™ ka™*; and during
the time interval from 2.9 to 2.6 ka BP they were: 100 g cm™ ka™, 0.5 g
cm? ka™, 640 mg cm™ ka™, and 220 mg cm™ ka™ respectively, and du-
ring the time interval from 2.6 to 1.4 ka BP the respective accumulation
rates were: 11 g cm? ka?, 9.2 g cm™ ka?, 52 mg cm™ ka™, and 460 mg
cm ka™. These rates are higher than the rates determined in Core PS224
that is evidence of the closer position of Core VA-03-620 to the hydrother-
mal source.

The rates of the excessive accumulation of Fe in the Fe-rich sediments
and of Mn in the Fe-Mn sediments in the NE Thetis Deep are comparable
to those in the sediments in the Atlantis Il Deep. The rates of the excessive
accumulation of Zn and Cu in the sediments from the NE Thetis Deep are
lower than in the Atlantis Il Deep (Table 2.7).

Similar sequences of alternate Fe-rich and Fe-Mn layers composed of
hydrothermal precipitates in the cores collected in different parts of the NE
Thetis Deep are evidence not only of a common source of the metal-bea-
ring matter in these sediments, but also of uniform or nearly uniform con-
ditions near the floor of the deep during the formation of these layers.
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The accumulation rates of the main components in the metal-bearing
matter clearly demonstrate that the most intensive accumulation of hydro-
thermal matter obviously took place during the periods when hydrothermal
activity was highly intensive and conditions were most favorable for the
accumulation of Fe and Cu. The periods when there was a relatively low
rate of accumulation of hydrothermal matter, which obviously coincided
with periods of relatively low intensity in hydrothermal activity, were the
most favorable for the deposition of Mn and Zn (Fig. 2.26).

Variations in the Mn/Al and Fe/Al ratios demonstrate that the intensity
of accumulation of Mn and Fe relative to the background material changed
dramatically during the last 13 ka, the period when the sediments sampled
in Core PS224 accumulated (Fig. 2.27).

During the periods when there was intensive hydrothermal activity there
was extensive accumulation of Fe at a rate that was nearly 1.5 to 2 orders
higher, than it was during the periods of hydrothermal activity of low
intensity, and the accumulation of Mn was about 2 orders lower than it was
during the periods of hydrothermal activity of low intensity.

In the sediments accumulated in periods of hydrothermal activity of
high intensity the Mn/Al ratio (<1) is close to the background level (0.12),
and the excessive Mn is practically absent. The hydrothermal Mn contribu-
ted to the NE Thetis Deep during the periods of hydrothermal activity of
high intensity was dissipated almost entirely. During these periods the Fe-
rich sediments accumulated that have a Fe/Mn ratio of about 100 (Fig.
2.27) and these sediments are enriched in Cu, and in some places they con-
tain hydrothermal sulfide minerals. In the sediments accumulated during
the periods when the intensity of hydrothermal activity was low the Mn/Al
ratio is about 100 times higher than the background level, and the Fe/Mn
ratio is close to 1, which indicates that there was a significant accumulati-
on of hydrothermal Mn.

As an explanation for the accumulation of the Fe-rich sediments, which
have a low content of Mn, Scholten et al. (1991) have assumed that a brine
pool existed during the periods of highly intensive hydrothermal activity
that provided an extensive contribution of dense hydrothermal fluids to the
NE Thetis Deep. Their evidence is as follows: "(a) the formation of Fe-fa-
cies types like goethite, magnetite and lepidocrocite, whose precipitation
from hydrothermal fluids is favored in environments more reducing than
normal seawater conditions (Schwertmann and Thalmann 1976; Murray
1979; Schwertmann and Murad 1983); (b) the rapid formation of the Fe-
facies types ...". In an environment such as this, hydrothermal Mn(Il) was
not oxidized and did not precipitate. Where there was hydrothermal acti-
vity of low intensity the dense hydrothermal fluids were diluted by seawa-
ter and the brine pool did not develop.
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Fig. 2.27. Temporal variations of the Mn/Al, Fe/Al, and Fe/Mn ratios in sediments
from Core PS224.

This assumption could be confirmed by measuring the salinity of the in-
terstitial water in the sediments in the Fe-rich and Fe-Mn layers, or at least
by measuring the content of salt in the dry sediments. Unfortunately, such
measurements have not been carried out. However, a preliminary estimate
can be made by using the sediments sampled in Core PS224 as they were
not washed in order to remove sea-salt before chemical analyses were car-
ried out and the content of Na was determined. The higher Na/Al ratios in
the sediments of the Fe-rich layers (Fig. 2.28), in spite of their higher den-
sity and lower water contents, demonstrate indirectly that there was higher
salinity in their interstitial water in comparison to that in the sediments in
the Fe-Mn layers.

If a brine pool existed, it was at least 14 m thick, the maximum depth of
the deep is 1780 m, and the shallowest Core 334PC containing the Fe-rich
layers was collected at a depth of 1766 m. A brine pool could act as a trap
for the hydrothermal Fe contributed to the NE Thetis Deep during the peri-
ods of intensive hydrothermal activity, but not for the hydrothermal Mn.
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Fig. 2.28. Na/Al ratio versus Fe content in dried sediments from Core PS224.

During the periods of low intensity in hydrothermal activity the environ-
mental conditions within the NE Thetis Deep apparently were favorable
for the retention of not only the hydrothermal Fe, but also for the hydro-
thermal Mn. Oxidizing conditions existed in the deep and the hydrothermal
Mn(I1) and Fe(ll) could have been oxidized and precipitated. Metalliferous
sediments rich in both Fe and Mn do not accumulate in the vicinity of hyd-
rothermal vents in the open ocean at the present time (Chap. 1). This is
because of the slow rate of oxidation of Mn(ll) in the cold (2°-5°C and
lower) ocean water. Apparently in the NE Thetis Deep the oxidation of
Mn(11) took place at a much faster rate and it could have precipitated in the
vicinity of the hydrothermal vents where the temperature of the bottom
water was much higher#, and likely its deposition was assisted by micro-
biological activity (see Sect. 4.3).

2.4. General characteristics of mineral components in the
hydrothermal matter of metalliferous sediments from the
Red Sea

The hydrothermal matter in the sediments in the deeps of the Red Sea
rift zone consists of a highly varied and extremely complex association of
minerals. It differs from one deep to another and within the deeps it varies
greatly both in vertical section and within contemporaneous strata. A com-
prehensive investigation of the mineral composition of the metal-bearing

24 At present it is 22.6°C (Table 2.1).
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matter in most of the deeps has been carried out by G.Yu. Butuzova or
with her participation. The following is a summary of the main results of
these studies as reported in the publications of Butuzova and Lisitzina
(1986a) and Butuzova (1998). The occurrence of the different minerals in
the sediments from the deeps is shown in Tables 2.10 and 2.11.

Fe(Il) occurs in the Fe-Si gel in places where the gel is green in color
and sulfide minerals are associated with it in the gel in metalliferous sedi-
ments in the Atlantis I, Albatross, Shagara, Erba, Suakin, NE Thetis, and
Gypsum Deeps. A spotted distribution of the green color in the gel mass is
characteristic for these occurrences.

The following Fe-minerals, goethite, hematite, magnetite, lepidocrocite,
and maghemite have been found and of these minerals goethite is the most
widely distributed. Hematite is abundant in the sediments in the OAN Zo-
ne in the southwest basin of the Atlantis Il Deep in the areas where hydro-
thermal orifices may have been located. Hematite is intercalated also in
some of the sediments in the NE Thetis, Erba, Albatross, and Discovery
Deeps.

Magnetite occurs in the metalliferous sediments of the Atlantis I, NE
Thetis, Erba, Albatross, Discovery, and Gypsum Deeps. It has been found
also in hydrothermal deposits in the Red Sea rift zone at 18°N (Bogdanov
and Gurvich 1986a). Magnetite is one of the main components of the me-
tal-bearing matter in the sediments in the NE Thetis Deep (Sect. 2.3.1) and
it occurs locally in the Atlantis Il Deep. It has been found in the sediments
of the CO Zone in the vicinity of sites where hydrothermal orifices may
have existed in the southwest basin (Fig. 2.9). Coarse-grained crystals of
magnetite are associated with hematite in the sediments in local places in
this zone, and in the sediments in other deeps magnetite occurs as fine (1-
5 um) crystals and in particles that have poorly defined crystallographic
forms, and in colloform clots.

Lepidocrocite is associated with goethite and siderite in some of the in-
terlayers in the sediments of the NE Thetis and Discovery Deeps. It has
been found also in a few interlayers in some of the sediment cores from the
Atlantis Il Deep.

A crystalline ferromagnetic mineral phase that appears to be a type of
maghemite (y-Fe,0s3) occurs in small amounts (0.n%) in some places in the
sediments of the NE Thetis Deep. This mineral has been found also in so-
me of the cores from the Atlantis Il Deep.

Mn-oxyhydroxide minerals occur in various amounts in the sediments
from most of the deeps. In some parts of the NE Thetis, Discovery, Shaga-
ra, and Atlantis 11 Deeps they form interlayers from 15-20 cm up to 3-4 m
thick (in the NE Thetis Deep). These interlayers are dark cherry-brown and
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Table 2.10. Occurrence of oxide-, hydroxide-, and silicate minerals in metallifero-
us sediments from the deeps of the Red Sea rift zone. After Butuzova and Lisitzi-
na (1986a).

Deep, Oxides and hydroxides Silicates
Z0neé  ASi AFe Goe Lep Hem Mgn Mgh AMn Mng Tod COx FSm Chr Chl Am

Suakin ++ +++ + +? o+ +

Port Sudan ++ +++ + +

Erba ++ + o+ o+ o+

Shagara ++ +++ ++ + o+ o+

Albatross ++ +++ ++ + 4+ +

Discovery ++ +++ ++ + + ++ +H+ o+ o+ +?

Valdivia ++ +++ +
Atlantis 11, southern part

SAM ++ +H+ + + +

SOAN  ++ +++ ++ + + ++ o+
OAN ++ o+ + ++ ++
(6{0) 4+ +H+ + H+ + 4+ + ++

SuU, +H+ + + 4+
Atlantis 11, northern and central parts

AM +H++H+ + + o+ + 4+

SU, +++ +++ + ++

Co -+ + o+ 4+ ++

SuU, + ++H+ + ++

Hadarba ++ +++ + ++ +  +?

NE Thetis + +++ ++ ++ ++ +++ ++ o+

Nereus ++ +++ + +

Vema ++ +++ +

Gypsum  + +++ ++ ++ ++ ++

Kebrit + o+ o+

Abbreviations: ASi — amorphous silica; AFe — amorphous Fe-hydroxides; Goe —
goethite; Lep — lepidocrocite; Hem — hematite; Mgn — magnetite; Mgh — maghe-
mite; AMn — amorphous Mn-hydroxides; Mng — manganite; Tod — todorokite;
COx — complex Fe- and Mn-oxide minerals; FSm — Fe-smectites, celadonite; Chr
— chrysocolla; Chl — chlorite, saponite; Am — amphiboles, talc.

+++ — abundant, ++ — common, + — rare.

in many places dark grey to black in color and characteristically have an
unctuous consistency. The maximum values of Eh (+500 + +600 mV) for
metalliferous sediments in the Red Sea have been measured in these inter-
layers. Mn-oxyhydroxide minerals occur as colloform clots and microglo-
bular masses and in some places they have a characteristic microdendritic
form. The mineral composition of the Mn-rich interlayers is complex and the
proportions of individual mineral phases vary considerably in the different
deeps. For example, in the Shagara and Discovery Deeps X-ray amorphous
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Table 2.11. Occurrence of sulfide-, sulfate-, carbonate-, and chloride minerals as
well as native metals in metalliferous sediments from the deeps of the Red Sea rift
zone. After Butuzova and Lisitzina (1986a) and Butuzova (1998).

Deep, Sulfides Sulfates  Carbonates Chlorides 'r\,l]%tt%g
Zone - Agy SphPy Ch PyrCuSGr Anh GyBar SidRhoMnS At AlFePb

Suakin ++ + + + o+ + + o+

Port

Sudan o

Erba + + + + +

Shagara  + + +

Albatross  + + +

Discovery + ++ + +

Valdivia

Atlantis 11, southern part

SAM +++ + ++ + +

SOAN  ++ ++ ++ ++ ++ ++ +++ ++ + ++ + + +
OAN +++ ++ + ++

CO + + +

SU; ++ ++ + + + ++ + + +

Atlantis 11, northern and central parts

AM ++ +

SU, ++ ++ + + + + + ++ +

cO + + ++ +?

SUl ++ + ++ + ++ + + ++ +

Hadarba +

NE Thetis + +? +

Nereus +

Vema

Gypsum + + +? + ++ 4+ ++

Kebrit +

Abbreviations: ASu — amorphous sulfides of Fe, Zn, and Cu; Sph — sphalerite,
marmatite; Py — pyrite; Ch — chalcopyrite; Pyr — pyrrhotite; CuS — Cu-sulfosalts;
Gr — greigite; Anh — anhydrite; Gy — gypsum; Bar — barite; Sid — siderite; Rho —
rhodochrosite; MnS — manganosiderites; At — atacamite.

+++ — abundant, ++ — common, + — rare.

Mn-hydroxide minerals and in places poorly crystallized todorokite, and in
the NE Thetis Deep asbolane minerals appear to be the main mineral pha-
ses. Essentially different morphological and structural features have been
distinguished in some mineral phases in the Mn-rich interlayers in the sedi-
ments from the Atlantis Il Deep. Most of them have a microglobular textu-
re, the globules are about 2 to 6 um in size, and this crystalline phase ap-
pears to consist of todorokite. Numerous micronodules, 0.2 to 0.5 mm and
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rarely up to 1 mm in size, occur in the microglobular mass that consists
mainly of well-crystallized manganite. Fe and trace elements are almost
absent in these micronodules. Ferrofranklinite, a mineral similar to magne-
tite that belongs to the spinel complex oxide group, with the formula (Fe,
Zn, Mn)(Fe, Mn),0O4, has been found in small amounts in the sediments of
the Atlantis 11 Deep.

One of the main mineral components in the Red Sea metalliferous sedi-
ments are layered silicate minerals of the Fe-smectite group. They are most
widely distributed in the Atlantis Il Deep, and occur in significant amounts
in the metalliferous sediments in the Gypsum and Albatross Deeps. Eh va-
lues vary from +50 mV to +150 mV in the interlayers that are rich in sili-
cate minerals. Mixed-layered micaceous-montmorillonite minerals are
formed during ageing of the gel and scavenging of K* from the interstitial
water and a mineral very similar to celadonite is the end-member in this
series of newly formed minerals. Various silicate minerals occur in the se-
diments in the southwest basin of the Atlantis Il Deep, apparently in the vi-
cinity of hydrothermal orifices that once existed in the area. Along with the
layered silicate minerals of the nontronite-celadonite series that are com-
monly present in the metalliferous sediments, talc, chlorite, saponite, and a
mineral belonging to the amphibole group have been found. Chrysocolla,
which belongs to rare authigenic silicate minerals, occurs sporadically in
the sediments of the Atlantis Il Deep in bright green grains that are tens of
microns in size. Crystals of pyroxenes, plagioclases, garnet, quartz and
ilvaite have been found in the sediments from the southwest basin of the
Atlantis Il Deep.

The various sulfide minerals are most abundant in the sediments from
the Atlantis Il Deep. The following sulfide minerals and material have
been identified: X-ray amorphous sulfides of Zn, Cu, and Fe, sphalerite,
marmatite, pyrite, pyrrhotite, chalcopyrite, and also sulfide minerals belon-
ging to the Cu-sulfosalt group that have structures similar to those of colu-
site-germanite. Interlayers and parts of the sediments that are highly en-
riched in sulfide minerals characteristically have the lowest Eh, from +50
to —90 mV, measured.

Sulfide minerals are not as common in the metalliferous sediments from
the other deeps. They occur in small amounts within some of the interlay-
ers in the sediments of the Albatross, Discovery, Erba, Suakin, and NE
Thetis Deeps. While sulfide minerals of various composition and complex
sulfide minerals of nonferrous metals are prevalent in the Atlantis Il Deep,
various Fe-sulfide minerals have a prominent place in the other deeps
where X-ray amorphous sulfide matter, pyrite, greigite, smythite and kan-
site, have been diagnosed. Sphalerite is present in some interlayers in the
Albatross and NE Thetis Deeps, and Cu-sulfide minerals are present in the



2.4. General characteristics of mineral components in hydrothermal matter 197

Erba and NE Thetis Deeps. Pyrite is the most common sulfide mineral.
Well-crystallized greigite (melnikovite) has been found in significant amo-
unts in some of the interlayers in the sediments of the Discovery Deep, and
also in small amounts in sediments of the Suakin, Albatross, and Valdivia
Deeps. Specific Pb-sulfide minerals have not been found. However, micro-
roentgenospectral analyses indicate the presence of this element within the
composition of the sulfide mineral phases in the sulfide-bearing interlayers
where there is an increase in the content of Pb.

Fe- and Mn-carbonate minerals, in a series ranging from siderite to rho-
dochrosite, are characteristic minerals in the sediments in a number of the
deeps. As a rule, they consist of complex Fe and Mn carbonate minerals in
which the contents of these elements vary considerably, i.e. the mangano-
siderite minerals. These minerals are widely distributed in the sediments of
the Atlantis 1l Deep and are dispersed in the sediment mass in all of the li-
thostratigraphic zones and are the main mineral carriers of Mn in the sedi-
ments in the deep. The complex Fe and Mn carbonate minerals occur in
some of the interlayers in the sedimentary strata in the Suakin, Erba, Dis-
covery, and Hadarba Deeps. Carbonate minerals consisting mainly of side-
rite are widely distributed in the sediments of the Gypsum Deep. In some
interlayers they are the main component in the metal-bearing matter.

The main sulfate minerals, anhydrite, gypsum, and barite are widely dis-
tributed in the sediments in the Atlantis Il Deep. Anhydrite, the most wide-
ly distributed of the sulfate minerals, is present in well-formed crystals that
vary from 0.1 to 0.5 mm in size and form one of the most distinct crystal-
line mineral phases in the sediments. The anhydrite crystals are irregularly
dispersed in the sediments where they accumulate in aggregate masses in
many places, and the sediments in the southern part of the Atlantis Il Deep
have the highest enrichment in anhydrite. In the southwest basin of the
deep the anhydrite forms layers that are up to 2.5 m thick that contain ad-
mixtures of sulfide minerals and silica gel. Gypsum usually occurs in large
idiomorphic crystals and in intergrowths, twins, druses, and spherulites
that are 0.1 to 1 mm and rarely >1 mm in size, that are most widely distri-
buted in the sediments in the Gypsum Deep. There are gypsum "roses" up
to 10 cm in size in the Kebrit Deep (Puchelt and Laschek 1984). The oc-
currence of barite has been confirmed in some sediment samples in the
Atlantis Il and Gypsum Deeps. It occurs as microcrystalline aggregates
and individual spherulites that are about 0.01 mm in size in the Atlantis 1l
and Gypsum Deeps, and also as large idiomorphic crystals and cross-
shaped twin crystals, 0.1 to 0.01 mm in size, in the Atlantis Il Deep. At
some of the stations in the Atlantis Il Deep barite crusts up to 10 cm thick
overlying the basalt rocks were found (Sval'nov et al. 1984).
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The occurrence of Cu-oxychloride (atacamite) has been confirmed in
the saltless part in some of the cores of metalliferous sediments collected
in the Atlantis 1l Deep. The individual grains, 0.01 to 0.1 mm in size, are
bright green. Fe-chloride minerals also occur in some places.

Particles of native metals, Al°, Fe°, and Pb°, have been found in the se-
diments in the southwest basin of the Atlantis Il Deep (Butuzova 1998).

The contents of the metal-bearing matter in the metalliferous sediments
from the Red Sea rift zone and the main groups of minerals that compose it
are shown in Fig. 2.29 with a time-scale for their deposition. It is evident
that the enrichment of the sediments in the hydrothermal metal-bearing
matter in the deeps was irregular in distribution both in time and along the
strike of the rift. The content of the metal-bearing matter differs conside-
rably not only from deep to deep but also within the deeps. This variation
in the content of the metal-bearing matter is direct evidence of the irregula-
rity in the contribution of the hydrothermal matter. There is no distinct
synchronism in the periods of accumulation of the hydrothermal metal-
bearing matter in the sediments from deep to deep, at least for the last 40
ka. In some deeps cyclicity in the formation of the metalliferous sediments
can be detected.

The mineral composition of the hydrothermal metal-bearing matter vari-
es from deep to deep, and also both vertically and laterally in the successi-
ons of sedimentary strata within the deeps. Amorphous Fe-hydroxide mi-
nerals and SiO, are present almost everywhere in the metalliferous sedi-
ments in the Red Sea Deeps and other minerals that were formed by hyd-
rothermal processes are distributed locally and do not occur in all of the
deeps (Tables 2.10, 2.11). Of these mineral groups the sulfide minerals of
Fe, Cu and Zn are of greatest significance, followed by the oxyhydroxide
minerals of Mn, the sulfate minerals of Ca and Ba, the carbonate minerals
of Fe and Mn, and also some other minerals.

It is important to emphasize that often in the environmental conditions
of the homogeneous stable brines the metalliferous sediments differ essen-
tially in the proportions of hydrothermal minerals developed in them. This
heterogeneity in the composition of the metalliferous sediments apparently
is related to the distance of their sedimentation sites from the hydrothermal
source or sources. This is clearly illustrated in the southwest basin of the
Atlantis Il Deep where the locations of the hydrothermal sources are indi-
cated with some certainty and the sediments from the AM Zone are en-
riched in sulfide minerals and anhydrite and are unlike the AM Zone sedi-
ments in the other parts of the deep. Also in the southwest basin well cry-
stallized Fe-oxyhydroxide minerals are more abundant than in the sedi-
ments in other parts of the deep.
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In general the mineral composition of the metalliferous sediments in the
southwest basin of the Atlantis Il Deep is similar to that of the massive hyd-
rothermal bodies formed directly at orifices of high-temperature (>300°C)
hydrothermal springs within the hydrothermal fields in the mid-ocean rid-
ges (Gurvich and Bogdanov 1986b). Regardless of the place of discharge
of the hydrothermal fluids, whether in the environmental conditions of the
open ocean and into ocean water, or in the environmental conditions of the
Red Sea and into the bottom brines, metal-bearing accumulations of simi-
lar mineral composition form directly at the hydrothermal orifices. The dif-
ferences are simply that, firstly, in the Red Sea deeps filled with bottom
brines hydrothermal sulfide minerals are more stable than in the open oce-
an; secondly, in the environmental conditions of the bottom brines around
the hydrothermal orifices relatively large fields of sulfide metalliferous se-
diment accumulate, while in the open ocean the massive sulfide bodies that
accumulated are succeeded laterally by oxidized metalliferous sediments,
and it is only within the hydrothermal fields that they merge with sulfide
sediments that usually are composed of products of the disintegration of
the massive hydrothermal bodies. In the Atlantis Il Deep that is filled with
hot dense brines particulate sulfide minerals form in the vicinity of the
hydrothermal orifices. They are disseminated throughout the whole area of
the deep. Particulate sulfide minerals also form in the vicinity of the hydro-
thermal orifices in the open ocean, however in the oxidizing conditions of
the bottom ocean water most of them are oxidized and only a small amount
accumulates in the sediments.

The distribution of the Mn-oxyhydroxide minerals in sediments is illust-
rative and of further interest. In the thick stratified hot dense bottom brines
where dissolved oxygen is absent these minerals do not form or accumula-
te in the bottom sediments. Hydrothermal Mn(ll) contributed by hydrothe-
rmal fluids enriches the bottom brines. The main part of the hydrothermal
Mn contributed to the brines is dispersed and it accumulates in the periphe-
ry area of the deep outside of the brine table. In contrast the hydrothermal
Fe is trapped within the deep and accumulates almost completely in the se-
diments. This spatial separation in the areas of accumulation of hydrother-
mal Fe and Mn is one of the most characteristic features of the sedimenta-
tion environment in the stratified hot dense brines of the Red Sea. In the
case of the entry of dissolved oxygen from the overlying Red Sea water
into the bottom brines, either by diffusion processes, or by the mixing of
the brines with seawater, there is less differentiation of Fe and Mn. Proba-
bly the least amount of differentiation of these elements takes place in the
oxidizing environment and conditions in the bottom water in the brine-free
deeps. This is evident from the Fe-Mn sediments that accumulated in the
NE Thetis Deep.
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2.5. General characteristics of chemical composition of
the metal-bearing matter in metalliferous sediments from
the Red Sea

The average contents of chemical elements in metalliferous sediments
from the deeps of the Red Sea rift zone are shown in Table 2.12. Even the
average data clearly reflect high variability in sediment composition from
deep to deep. The average content of the metal-bearing matter in the sedi-
ments is also highly variable. The proportions of the average contents of
Fe, Mn and Al can be seen in the triangular diagram in Fig. 2.30.

The sediments in the Thetis, Atlantis Il, Gypsum, and Discovery Deeps
have the highest contents of the metal-bearing matter, and the sediments in
the Valdivia, Port Sudan, and SW Suakin Deeps have the lowest contents.
Almost all of the sequences of sediment strata recovered in the cores from
the Thetis, Atlantis I, Gypsum, and Discovery Deeps are metalliferous
whereas the sequences of sediment strata recovered from the other deeps
have alternate layers of metalliferous and non-metalliferous sediments that
is clearly shown in Fig. 2.29.

The chemical composition of the metal-bearing matter is very different
in the metalliferous sediments that accumulated under conditions of diffe-
rent intensity of hydrothermal activity and in the varied conditions in the
bottom water or brines. As Fe is the main element in the metal-bearing
matter in the metalliferous sediments the ratios of the excessive contents of
chemical elements to the excessive content of Fe can be used to indicate
the chemical composition of this matter and show the relative amount of
enrichment of the various elements. The ratios that were calculated for the
average contents of the elements are shown in Table 2.13. For comparison,
the ratios for the distal metalliferous sediments from the Southeast Pacific
and for the proximal metalliferous sediments from the TAG hydrothermal
field are also shown in this table.

In the metalliferous sediments from the NE Suakin, SW Suakin, Shaga-
ra, Atlantis Il (CO Zone), Wando, Hadarba, Nereus, and NE Thetis Deeps
the Mn/Fe ratios exceed 0.1 (Fig. 2.30) and are comparable to the Mn/Fe
ratio for the metalliferous sediments from the Southeast Pacific. It is evi-
dent that the conditions that existed in the deeps named were favorable for
the oxidation of the hydrothermal Mn(ll) to Mn(IV) and for its accumulati-
on in the sediments. Apparently, the low Mn/Fe ratios in the sediments
from the other deeps and from the TAG hydrothermal field are evidence of
the removal of the Mn.

The Ni/Fe ratios vary over a wide range and in many cases they are grea-
ter than the ratio in the metalliferous sediments from the TAG hydrothermal
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Fig. 2.30. Triangular diagram showing proportions of the average contents of Fe,

Mn, and Al in metalliferous sediments from the deeps of the Red Sea rift zone,
Southeast Pacific and TAG hydrothermal field.

field. However, even the maximum Ni/Fe ratios in the Red Sea metallifero-
us sediments are much lower than those in the metalliferous sediments from
the Southeast Pacific. The concentration of Ni in the hydrothermal fluids is
relatively low (Sect. 4.2), and seawater is the main source of it in the me-
tal-bearing matter of the metalliferous sediments in the Red Sea deeps as
well as in the metalliferous sediments of oceans. Apparently the inverse re-
lationship of the Ni/Fe ratio and the accumulation rate of the hydrothermal
Fe (Fig. 2.31) is evidence of this. The Ni/Fe ratios evidently indicate that
in many deeps in the Red Sea rift zone the contribution of Ni to the sedi-
ments from seawater can be significantly important although it does not re-
sult in as much enrichment of this element in the metalliferous sediments
of the Red Sea deeps as in the metalliferous sediments of the Southeast
Pacific.

The Cr/Fe ratio has an inverse relationship to the accumulation rate of the
hydrothermal Fe in the metalliferous sediments from the deeps filled with
bottom brines (Fig. 2.31). Apparently this evidence indicates that seawater
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Fig. 2.31. Plots of the average Ni/Fe, Cr/Fe, and La/Fe ratios in the metal-bearing
matter of metalliferous sediments from the deeps of the Red Sea rift zone in relati-
on to the average accumulation rates of hydrothermal Fe in these sediments.

is the main source of the excessive Cr in the metal-bearing matter of these
sediments. The accumulation of Cr is practically absent in the metallifero-
us sediments in the Southeast Pacific, which may be attributed to different
redox conditions. The environment is oxidizing in the open ocean and it is
reducing in the Red Sea deeps that are filled with brines. The reduction of
Cr(V1) to Cr(111) can occur in this kind of environment (Krauskopf 1956).
In seawater the Cr(V1) in oxyanions can be co-precipitated with the newly
formed Fe-hydroxide minerals (Rudnicki and Elderfield 1993; German and
Von Damm 2004). However, this process is transient and results in a noti-
ceable accumulation of Cr only in sediments in the vicinity of hydrother-
mal vents but it is of little significance in distal metalliferous sediments.
The Cr(111) is a hydrolysate that can be sorbed from solution by the Fe-
hydroxide minerals. This probably accounts for the noticeable accumulati-
on of Cr in the metal-bearing matter in the sediments in some of the Red
Sea deeps that are filled with the bottom brines.

The La/Fe ratio has an inverse relationship to the accumulation rate of
the hydrothermal Fe in the metalliferous sediments from the deeps of the
Red Sea rift zone (Fig. 2.31). Apparently this evidence indicates that sea-
water is the main source of the excessive REE in the metal-bearing matter
of these sediments. It was shown above in Sect. 2.2.3 that hydrothermal
REE occur in the sediments in the Atlantis Il Deep. However they are of
secondary importance in the bulk contents of these elements. Only in some
of the metal-bearing layers that are enriched in magnetite in the metallife-
rous sediments from the Thetis Deep could the REE have been derived
mainly from hydrothermal sources (Fig. 2.23). However, the thickness of
these layers is less than a quarter of the sediment thickness sampled in the
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cores and in most of the sediments sampled the REE derived from hydro-
thermal sources are present only in minor amounts.

The Zn/Fe ratios in the metal-bearing matter of the metalliferous sedi-
ments in most of the deeps of the Red Sea rift zone exceed the ratios found
in distal metalliferous sediments from the Southeast Pacific (Table 2.13),
in which ocean water is the main source of the Zn (Sect. 1.1.7). But they
are lower than the Zn/Fe ratios in proximal metalliferous sediments from
the TAG hydrothermal field where the Zn is mainly of hydrothermal ori-
gin. Only in the sediments from the AM, SU,, SU;, and DOP Zones of the
Atlantis Il Deep and in the sediments from the Discovery Deep do the
Zn/Fe ratios exceed those in the TAG proximal metalliferous sediments.
This evidence indicates that the Zn in the metal-bearing matter of the me-
talliferous sediments from these deeps is mainly from hydrothermal sour-
ces. If it is assumed that Ni is a representative proxy for indicating the con-
tribution of elements from seawater, the Zn/Ni ratios will (Table 2.13) re-
flect the relative contribution of Zn from hydrothermal solutions to the me-
tal-bearing matter of the sediments. The maximum Zn/Ni ratios occur in
the sediments from the Atlantis Il Deep. The Zn/Ni ratios are lower in the
sediments from the Discovery, Gypsum, and Thetis Deeps and are compa-
rable to those in the sediments from the TAG field, but essentially they ex-
ceed the ratios in the metalliferous sediments from other deeps and especi-
ally in the metalliferous sediments from the Southeast Pacific where there
is @ minimum role of hydrothermal Zn in the excessive accumulation of
the element.

The highest Cu/Fe ratios also occur in the sediments of the AM, SU,,
SU; and DOP Zones from the Atlantis Il Deep and in the sediments from
the Discovery Deep. However, unlike the Zn/Fe ratios, they are lower than
the Zn/Fe ratio in the metalliferous sediments from the TAG hydrothermal
field (Table 2.13). Obviously this results from specific metallogenic diffe-
rences in the hydrothermal sources. In the TAG hydrothermal field they
are rich in copper where the concentration of Cu is three times higher than
the concentration of Zn (Charlou et al. 2002) and in the deeps of the Red
Sea rift zone they are most likely to be rich in zinc (Table 2.2). In the me-
tal-bearing matter of metalliferous sediments from all of the deeps, except
for the Hatiba, the contents of the Zn exceed the contents of the Cu. In the
metalliferous sediments in almost all of the deeps, and especially those
where there is a high content of metals in the sediments as in the Atlantis
I1, Discovery, Thetis, and Gypsum Deeps, the Cu/Ni ratio is higher than in
the distal metalliferous sediments from the Southeast Pacific where the
contribution of Cu from ocean water is the most pronounced. And only in
the sediments from the Atlantis 1l and Gypsum Deeps are the Cu/Ni ratios
similar to those in the metalliferous sediments in the TAG hydrothermal
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field where the Cu is mainly of hydrothermal origin. In general, based on
the Cu/Ni and Zn/Ni ratios in the metal-bearing matter of the metalliferous
sediments from the Red Sea deeps, a hydrothermal source for the excessi-
ve accumulation of the Cu and Zn is prevalent and seawater is of minor
importance.

The Pb/Fe ratios in the metal-bearing matter of the metalliferous sedi-
ments from the Southeast Pacific and TAG hydrothermal field are similar.
However, in the metal-bearing matter of the metalliferous sediments from
the Southeast Pacific, seawater is the main source of Pb, and in the metal-
bearing matter of the metalliferous sediments from the TAG hydrothermal
field hydrothermal sources are prevalent (Godfrey et al. 1994). This is also
evident from the much higher Pb/Ni ratios in the metalliferous sediments
from the TAG hydrothermal field. Only in the metalliferous sediments
from the Atlantis 1l and Discovery Deeps the ratios of Pb/Fe are close to or
exceed those in the ocean metalliferous sediments. The ratios Pb/Ni in the
metalliferous sediments from most of the Red Sea deeps are higher, and
usually much higher, than the Pb/Ni ratio in the metalliferous sediments
from the Southeast Pacific. The Pb/Ni ratios are higher in the sediments
from the Atlantis Il Deep than in the metalliferous sediments from the
TAG hydrothermal field, and in the metalliferous sediments from the Dis-
covery Deep the ratio is comparable to that in the metalliferous sediments
from the TAG field. Obviously this evidence indicates mainly a hydrother-
mal source for the Pb in the metal-bearing matter of the metalliferous sedi-
ments in the Red Sea deeps.

The Sb/Fe ratios in the metal-bearing matter of the metalliferous sedi-
ments from the Red Sea deeps are both higher and lower than the ratio in
the metalliferous sediments from the Southeast Pacific, in which ocean wa-
ter is the main source of the excessive Sb in the metal-bearing matter
(Sect. 1.1.7). The process of scavenging of chemical elements from seawa-
ter is most pronounced in the Southeast Pacific. Therefore, it can be con-
cluded that in the metal-bearing matter of the metalliferous sediments from
the Red Sea deeps where the Sh/Fe ratios exceed or are close to those in
the metalliferous sediments from the Southeast Pacific, hydrothermal solu-
tions are the main source of the excessive Sbh. Low Sb/Fe ratios in sedi-
ments in some of the deeps apparently is evidence that indicates the remo-
val of hydrothermal Sh. Presumably, some part of the excessive Sb is con-
tributed to these sediments from seawater. However, this process is of mi-
nor importance, because in some deeps low Sb/Fe ratios occur in the me-
talliferous sediments with relatively low accumulation rates of the hydro-
thermal Fe (Table 2.13).

The Co/Fe ratios in the metal-bearing matter of the metalliferous sedi-
ments from the Red Sea deeps vary over a wide range (Table 2.13). All
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these ratios are lower than those in the metalliferous sediments from the
Southeast Pacific. The Co/Fe ratios in the metalliferous sediments from so-
me of the deeps are similar to those in the metalliferous sediments from the
TAG hydrothermal field and in the others they are much lower. Similar va-
lues occur in the sediments from the deeps where there are both high and
low temperature brines. The highest Co/Ni ratios occur in the sediments
from the Atlantis 11, Discovery, and Thetis Deeps. They are similar to the
ratios in the metalliferous sediments from the TAG hydrothermal field. In
sediments from the other deeps the Co/Ni ratios are a little lower, compa-
rable, or a little higher than the Co/Ni ratio in the metalliferous sediments
from the Southeast Pacific (Table 2.13), in which ocean water is the main
source of the excessive Co. Apparently this is evidence of the dual nature
of the Co in the metal-bearing matter of the metalliferous sediments from
the Red Sea deeps. In the sediments that have high Co/Fe and Co/Ni ratios
the excessive Co is mainly of hydrothermal origin. In the sediments that
have high Co/Fe ratios and low Co/Ni ratios the excessive Co is derived
mainly from seawater.

The Ba/Fe ratios in the metal-bearing matter of the metalliferous sedi-
ments from the Red Sea deeps are much lower than in the metalliferous se-
diments from the Southeast Pacific and comparable to the ratios in the me-
talliferous sediments from the TAG hydrothermal field. In the metallifero-
us sediments from the southeast Pacific the major part of the Ba accumu-
lates as a component in the mineral barite (Fig. 1.23) during sedimentation
that is related to biological processes (Gurvich et al. 1979). In the metalli-
ferous sediments from the TAG hydrothermal field Ba is associated mainly
with material that sinks from the nonbuoyant plume (Sect. 1.6.1). If any of
the Ba in the metalliferous sediments from the Red Sea deeps accumulates
as a component of barite by biological processes it is in insignificant minor
amount. However hydrothermal barite occurs in these sediments in small
amounts (Sect. 2.4). The concentration of dissolved Ba in the brines of the
Atlantis Il Deep is 50 times greater than in seawater (Table 2.2). It is evi-
dent that Ba is contributed to the brines both from hydrothermal sources
and from seawater by the scavenging of the Mn-oxyhydroxides that form
in the transition zone between the brines and seawater. During sedimenta-
tion the Mn-oxyhydroxides are dissolved as they settle through the brines
and the Ba, like many other trace elements that are scavenged in the transi-
tion zone, enters the brines. Probably, in the Atlantis Il and Discovery
Deeps, both mechanisms lead to the enrichment of the brines in Ba, which
enters the sediments from the brines. In the metalliferous sediments in the
deeps where there is less intensive hydrothermal activity as in the Erba,
Shagara, and Nereus Deeps, the Ba/Fe ratios are comparable to those in the
metalliferous sediments from the Atlantis 1l and Discovery Deeps, but the
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Ba/Ni ratios in these sediments are much lower (Fig. 2.13). This indicates
that hydrothermal fluids are much less significant as a source of Ba in the
metal-bearing matter of the metalliferous sediments from these deeps.

The assumptions made about the sources of the chemical elements in the
metal-bearing matter of the metalliferous sediments from the Red Sea
deeps are also evident in the factor analysis of the Element/Fe ratios, ex-
cept for the Ba/Fe ratios because of the few data available. Three reason-
able factors that account for 98.1% of the variance have been revealed
(Fig. 2.32).

Factor 1 (73.9%)
1.0
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Fig. 2.32 Factor loadings of three varimax rotated factors for the Element/Fe ratios
in the metal-bearing matter of metalliferous sediments from the deeps of the Red
Sea rift zone.

The first factor accounts for 73.9% of the variance. The association of
Zn, Cu, Pb, and Sb that have high positive loadings is unequivocally evi-
dence of their hydrothermal nature. Co has a significant positive loading.
However, it also has a high positive loading in the second factor.

The second factor accounts for 17.6% of the variance. Co, Cr, and La
have high positive loadings and the loading for Ni is significant. This asso-
ciation of the elements in the metal-bearing matter of the metalliferous se-
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diments is evidence of their source in seawater. The loadings of Co in both
the first and the second factors demonstrate its dual nature. In the sedi-
ments that accumulated during intensive hydrothermal activity hydrother-
mal Co prevails in the metal-bearing matter, and in the sediments that ac-
cumulated during less intensive hydrothermal activity Co derived from
seawater is prevalent.

The third factor accounts for 6.6% of the variance. Mn and Ni have high
positive loadings. Apparently this is evidence that indicates that the Ni that
enters the metal-bearing matter of the metalliferous sediments from seawa-
ter is associated mainly with Mn-minerals.

Comparison of the formation of metalliferous sediments that accumula-
ted in rift zones of the open ocean and of the Red Sea shows that there are
certain features that are similar and some that are different. The similarities
probably resulted because of similarities in the composition of the metal-
bearing hydrothermal fluids from which they were derived. This is demon-
strated by the similarity in the compositions of the hydrothermal accumu-
lations in the vicinity of the orifices of high-temperature springs in zones
where hydrothermal fluids are intermixed with bottom water or brines. As
for the metalliferous sediments that formed at some distance from the ori-
fices, their compositions in the Red Sea and in the open ocean are consi-
derably different. These differences result from different conditions for the
sedimentation of elements contributed from hydrothermal sources in the
highly mineralized brines confined in the Red Sea deeps and in ocean wa-
ter, and the various factors affecting their differentiation in environmental
conditions that are very dissimilar.



CHAPTER 3 ANCIENT METALLIFEROUS
SEDIMENTS IN THE OCEANS

Exploration of the recent metalliferous sediments has shown that accumu-
lation of metalliferous strata begins near the axes of the spreading ridges on
the young basalt ocean crust. As a rule the metalliferous strata in the places
where they accumulated occupy the lowermost part of the sedimentary cover
of the oceans and are a part of the basal sedimentary layer and should be
considered as a separate basal metalliferous formation. Recognizing that the
ancient metalliferous sediments occur in the lower part of the sequence of
sedimentary strata and are overlain by strata of younger non-metalliferous
sediments has required a special strategy in the search for ancient metalli-
ferous sediments in the oceans. In the first legs of the drill ship Glomar
Challenger metalliferous sediments were found in the lowermost part of the
sedimentary sections in some of the holes that reached basalts (Von der
Borch and Rex 1970; Von der Borch et al. 1971; Bostrom 1973; Dymond et
al. 1973; Lange 1974; Horowitz and Cronan 1976 et al.). In the ensuing
years the basal metalliferous sediments were sampled repeatedly in the Paci-
fic, Indian and Atlantic Oceans. However, methodical investigations were
not carried out®. In many cases the studies included only descriptions of the
lithology, and the metalliferous sediments were not recognized. In other ca-
ses sediments were considered to be metalliferous that contained a very
small admixture of hydrothermal matter and less than 10% of Fe in their
abiogenic part; they were transitional to metalliferous sediments.

Many publications provide information on the composition of bottom
sediments, including the metalliferous sediments that were sampled in the
deep-sea drilling programs in the Pacific, Indian and Atlantic Oceans. The
information was published mainly in Initial Reports of the Deep-Sea Dril-
ling Project (1970-1987) and in Proceedings of the Ocean Drilling Pro-
gram (1988-2004), and only a small part of it was published in journals
and books. Many samples of metalliferous and transitional sediments pro-

% | evin et al. (1985, 1987) have investigated the buried metal-bearing material in
the ancient sediments of the Pacific Ocean. However separate consideration of
the metalliferous sediments is not given in their work.
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vided by the DSDP Directory on our request have been studied in the P.P.
Shirshov Institute of Oceanology.

3.1. Occurrence of ancient metalliferous sediments,
thickness of metalliferous strata

There is considerable variation in the occurrence of metalliferous sedi-
ments in the sedimentary cover of the oceans. Metalliferous sediments
were found in the basal parts of the sedimentary layer in many of the holes
of the deep-sea drilling program that reached the basaltic crust. Metallife-
rous sediments were found in 18% of the holes drilled that reached the ba-
saltic crust in the Atlantic Ocean, in 33% in the Indian Ocean, and in 48%
in the Pacific Ocean. Even these approximate data indicate that occurrence
of basal metalliferous sediments increase in number in relative order from
the Atlantic to the Indian to the Pacific Ocean and the occurrence of recent
metalliferous sediments increases likewise. Considering that in the South
Pacific where the largest field of recent metalliferous sediments is located
but there are very few drilling stations, one can say with good reason, that
the occurrence of basal metalliferous sediments in the Pacific Ocean is un-
derestimated.

The thickness of the basal metalliferous sediments recovered during the
deep-sea drilling program varies from zero to some tens of meters, and in
some cases up to a little more than one hundred meters. The distribution of
basal metalliferous sediments and thickness of the basal metalliferous stra-
ta in the World Ocean are shown in Fig. 3.1. The largest areas of metalli-
ferous strata occur in the basal layer of the sedimentary cover of the Paci-
fic Ocean. They occur to a lesser extent in the basal layer of the sedimen-
tary cover of the Indian Ocean, and to a considerably lesser extent in the
basal layer of sedimentary cover in the Atlantic Ocean.

The greatest variation in the thickness of the metalliferous strata, from mi-
nimum to maximum values, occurs in the Pacific Ocean. The thickest (>50
m) strata are located in the Pacific Ocean south of the equator within a sub-
latitudinal belt from ~10°S to ~40°S. A similar sublatitudinal belt also exists
north of the equator from ~5°N to 30°-40°N. However, within this belt the
thickness of the metalliferous strata is not as great as that within the southern
belt and in rare cases it exceeds 30 m. A belt of metalliferous strata of redu-
ced thickness occurs between these two belts. In the east it begins in the
equatorial part of the ocean and extends in a latitudinal direction approxima-
tely to where it crosses the East Pacific Rise. Further on it alters in direction
to the northwest along the motion of the Pacific lithosphere plate (Winterer
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1973). The northern and southern boundaries of the belts of sediments of
greatest thickness also follow this direction.

A distinctive feature in the Southeast Pacific is that the accumulation of
the basal metalliferous strata in large areas is not as yet complete. In these
areas metalliferous sediments compose the entire sediment layer and they
are not covered by non-metalliferous sediments and are exposed on the bot-
tom surface. The areas where the metalliferous strata are exposed on the
bottom surface coincide with the areas of modern metalliferous sediments®.
To the north of the equator in the Pacific Ocean the metalliferous strata are
exposed on the bottom surface only in the proximity, within some tens of
kilometers and rarely within 100 to 200 km, of the axes of the spreading
ridges, as for example in the northern part of the East Pacific Rise.

A typical feature in the distribution of thickness of the metalliferous
strata in the Pacific Ocean is their distinct symmetry in relation to the axes
of the spreading ridges. As a rule the thickness of the strata gradually in-
creases with distance from the axes.

An important feature in the distribution of the metalliferous strata is that
on the eastern side of the Pacific Ocean along the western coast of North
America they are relatively thin and as the continent coast is approached
the strata disappear. Along the western coast of Central and South America
the thickness of the strata, even in the proximity of the continent and of the
deep trenches, is significant and is some tens of meters or even more.

The greatest thickness of metalliferous strata occurs in the belt that is
south of the equator, where there is a combination of the highest spreading
rates and the most intensive hydrothermal activity in the East Pacific Rise
and the low accumulation rates of abiogenic material, <100 mg cm? ka?,
and a high content of biogenic matter in the sediments (Donnelly 1980g;
Dymond et al. 1976; Bostrom et al. 1976; Lisitzin 1980; Heath and Dy-
mond 1981; Lyle et al. 1986; Lisitzin et al. 1990). Low accumulation rates
of the abiogenic material in the Southeast Pacific existed at least through-
out the Cenozoic (Lisitzin 1980). The thinner strata in the belt to the north
of the equator accumulated where there was a lower spreading rate (and
apparently less intensive hydrothermal activity) and a lower content of bio-
genic matter in the sediments (Donnelly 1980a; Lisitzin et al. 1990).

The existence of the belt of metalliferous strata of reduced thickness re-
sulted from the deposition of metalliferous sediments in the equatorial and
subequatorial parts of the Pacific Ocean. After their deposition these sedi-
ments were moved to the northwest with the Pacific plate and the belt tra-

2 Ancient metalliferous sediments may be exposed where hiatuses are present. For
example, such sediments occur in some parts of the Bauer Depression (Lisitzin
et al. 1976).
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ces the direction of this movement. The thinner metalliferous strata in the
equatorial and subequatorial parts of the ocean were deposited due to rela-
tively high accumulation rates of diluting abiogenic material as happens
now and in the past (Lisitzin 1978, 1980; Bogdanov et al. 1979c).

Metalliferous strata are essentially absent in the axial parts of the sprea-
ding ridges where the most recent basement rocks occur. With an increase
in the age of the basement rocks on either side of the axes the time increa-
sed during which the metalliferous sediments could accumulate on the bot-
tom and there was an increase in the thickness of the metalliferous strata
up to the end of the period of their accumulation.

In general the metalliferous strata in the Indian Ocean are thinner than in
the Pacific Ocean and only in one hole does the thickness exceed 20 m,
whereas in the Pacific Ocean strata of this thickness are common. In the
Indian Ocean the areas where the metalliferous strata are the thickest occur
in the belts located from 5°-10°S to 35°-40°S latitude. Most of the areas
where the basal metalliferous strata have been found are around the Rodri-
guez Triple Junction (Fig. 3.1).

In the area of the Rodriguez Triple Junction basal metalliferous strata
are exposed on the ocean floor. As in the Pacific Ocean the thickest basal
metalliferous strata in the Indian Ocean are distributed symmetrically to
the axes of the spreading ridges. There is a comparatively small area in the
West Australian Basin that has basal metalliferous strata that are up to 8 m
thick. Obviously they formed along a spreading ridge that existed between
the Indian and Australian continents during Late Cretaceous to Early Pa-
leogene time (Kennett 1982).

As mentioned previously basal metalliferous strata have been found in
only a relatively small number of holes in the Atlantic Ocean in the deep-
sea drilling program. Most of them are located in the southern part of the
ocean from ~25° to 30°S latitude near the axis of the Mid-Atlantic Ridge.
Basal metalliferous strata have also been found north of the equator from
~10°N to 35°N latitude. The metalliferous strata in the Atlantic Ocean are
up to tens of meters thick. Like those in the Pacific and Indian Oceans, the
thickness of the basal metalliferous strata in the Atlantic Ocean is distribu-
ted symmetrically to the axis of the spreading ridge (Fig 3.1).

3.2. Age and duration of accumulation of metalliferous
strata

The age of the metalliferous strata and duration of period of time when
they formed (duration of accumulation) are their major parameters. The
ages of the metalliferous strata studied have been obtained from the pub-
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lished results of studies of the sediment cores that were collected during
the deep-sea drilling program (Initial Reports ... 1970-1987; Proceedings
... 1988-2004) and also from some other publications. An overwhelming
majority of the data for the sediment ages has been obtained by biostrati-
graphy methods. In many cases the age data have enabled the estimation of
sedimentation rates. Use of the data on the thicknesses of the metalliferous
strata and on the sedimentation rates has enabled calculation of the durati-
on of accumulation of these strata.

The age of the basal part of a metalliferous stratum has been used to re-
present its age, which is the time when the accumulation of the stratum be-
gan. This time, within the limits of accuracy of the age determination me-
thods used, usually coincides or is somewhat less than the age of the basalt
basement that underlies the metalliferous stratum.

The most ancient metalliferous sediments recovered in the modern oce-
an accumulated in Upper Jurassic time, about 150 Ma BP, and the young-
est are accumulating at the present time. In all of the oceans the age of the
metalliferous strata increases with distances from the axes of the spreading
ridges due to the increase in the age of the basalt basement.

Occurrence of basal metalliferous sediments of different age is shown in
Fig. 3.2. In the open part of the Pacific Ocean, mainly west of the East Pa-
cific Rise, the occurrence of the metalliferous sediments within the basal
layer of the sedimentary cover demonstrates determinate temporal variati-
ons. Even without consideration of the Upper Jurassic basal metalliferous
sediments?, one can say that the occurrence of the metalliferous sediments
decreased at least from Early Cretaceous, 140-120 Ma BP, until Middle
Cretaceous time, 100-80 Ma BP. There was an increase in the occurrence
of basal metalliferous sediments in Middle-Late Paleogene time, 50-30
Ma BP, when it reached a maximum. Later, until 20-10 Ma BP, the occur-
rence decreased again. The time period from 10 to 0 Ma BP is characteri-
zed by some increase in the occurrence of metalliferous sediments in com-
parison with the period from 20 to 10 Ma BP. These variations in the oc-
currence of the basal metalliferous sediments in time cannot be considered
as a quantitative criterion of the influence of hydrothermal process in the
sedimentation that took place in the open part of the Pacific Ocean. How-
ever, the monotonous variations in the occurrence as determined during the
time intervals referred to obviously may reflect temporal variations in the
influence of the hydrothermal process.

The most ancient metalliferous sediments recovered in the Indian Ocean
during the deep-sea drilling program in DSDP Hole 260 are Albian in age,
according to biostratigraphic dating. However, the metal-bearing hydro-

27| have information only on one hole.
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thermal matter entered these sediments owing to a basalt sill that was in-
truded into the sediment layer at a later time (Gurvich et al. 1988). There-
fore the age of the metal-bearing matter in this hole is uncertain and cannot
be confirmed as Albian. The most ancient basal metalliferous sediments
recovered during the deep-sea drilling program in the Indian Ocean cer-
tainly are of Maastrichtian age. According to the available data (Fig. 3.2),
the basal metalliferous sediments that occur in the Indian Ocean are mainly
of Maastrichtian to Early Eocene in age and there is a minor maximum in-
dicated in their occurrence in the interval from 60 to 70 Ma.

F [%] Pacific Ocean
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20

0 1 T T
80 Indian Ocean
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80 Atlantic Ocean
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0 1 1
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Fig. 3.2. Occurrence of metalliferous sediments of different age in the basal layer
of the sedimentary cover of the oceans.

Despite the absence of information from samples obtained in the Indian
Ocean during the deep-sea drilling program for basal metalliferous sedi-
ments younger than 10 Ma, some estimation can be based on samples from
the Cruise 25 of R/V Dmitry Mendeleev (Metalliferous sediments... 1987)
and from Cruise 92 of R/V Sonne and Cruise 33/2 of R/V Meteor (Kuhn
et al. 2000). Metalliferous sediments collected in these expeditions in the
area of the Rodriguez Triple Junction have ages ranging from recent to
>2.5 Ma. Recognizing that the sediment cores did not extend to the basalt
basement it is most likely that, at least in the area of the Rodriguez Triple
Junction and in the adjoining areas, the Early Pliocene and probably Mio-
cene basal metalliferous sediments occur on the basement. It is seen from
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Fig 3.2 that there was no significant accumulation of metalliferous sedi-
ments in the past 160 Ma in the Indian Ocean. There was more intensive
accumulation of these sediments in the time period from 80 to 50 Ma BP
and the maximum accumulation corresponds to the time period from 70 to
60 Ma BP. Basal metalliferous sediments have accumulated during the last
20 Ma, but apparently during this time there were fewer occurrences than
in the time period from 80 to 50 Ma BP.

Occurrence of basal metalliferous sediments in the Atlantic Ocean du-
ring most of its geologic history did not exceed 10-20%, if any. Only in
the period of time from 20 to 10 Ma BP has there been an increase in their
accumulation (Fig. 3.2), but these data require further confirmation.

The distribution of duration of accumulation of the basal metalliferous
strata in the World Ocean, calculated on the data from the analyses of core
samples from the deep-sea drilling program, are shown in Fig. 3.3. The
specific duration of time that was calculated varied from several tens of
thousands of years to tens of millions of years and the maximum was 28
Ma. Theoretically the minimum duration of time of accumulation may be
shorter than the time calculated but a zero means that basal metalliferous
sediments have not accumulated or that the sediment strata were non-me-
talliferous or there was no sedimentary cover on the basement rock.

In the Pacific Ocean the duration of accumulation of basal metalliferous
strata varied greatly and was from zero to more than 20 Ma. The pattern of
the distribution of duration of accumulation of basal metalliferous strata in
the Pacific Ocean is very similar to that for the distribution of their thick-
ness (compare Fig. 3.3 and Fig. 3.1). Also there are two belts to the south
and to the north of the equator where there was a greater length of time in-
dicated of the accumulation of the basal metalliferous strata. Between
these two belts there is a belt where there was a shorter duration of accu-
mulation. This belt extends from the equatorial part of the East Pacific in a
latitudinal direction to the intersection with the East Pacific Rise, and ex-
tends further in a northwestern direction. The distribution of the duration
of accumulation of the basal metalliferous strata is also symmetrical to the
axes of the spreading ridges and in the axial zones they are zero or near ze-
ro and increase away from the axes. A short duration of accumulation is
characteristic for the thin metalliferous strata in the northeast part of the
ocean, along the western coast of North America north of 22°N, where
there is no subduction zone, and a long duration of accumulation is charac-
teristic for the thick basal metalliferous strata that formed in the pelagic
zone and now are located in the eastern part of the ocean along the western
coast of Central and South America, where subduction zones exist. In the
back-arc basins of the Pacific Ocean the duration of accumulation of the
basal metalliferous strata that have thickness from 10 to 15 m was up to se-
veral millions of years.
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The duration of accumulation of the basal metalliferous strata sampled
during the deep-sea drilling program in the Indian Ocean was much shorter
than for the metalliferous strata in the Pacific Ocean. Strata that accumula-
ted in a period longer than 5 Ma have been sampled in only one of the ho-
les drilled in the West Australian Basin. Probably a long period of time,
several millions of years, was required for the accumulation of the strata
that are associated with the recent metalliferous sediments in the area of
the Rodriguez Triple Junction and some distance from it. These strata may
have accumulated during a period longer than 2—-3 Ma because within the
field of the recent metalliferous sediments, where the accumulation of the
metalliferous strata is not as yet complete, sediment cores provided sam-
ples of metalliferous sediments that are up to >2.5 Ma in age and did not
extend to the basalt basement.

The area where basal metalliferous strata have accumulated for more
than 1 Ma and are accumulating at the present time is located within a belt
that extends from 5°-10°S to 35°-40°S latitude. The pattern of the distri-
bution of duration of accumulation of the basal metalliferous strata is very
similar to the pattern of the distribution of thickness (compare Fig. 3.3 and
Fig. 3.1).

According to the data available, the duration of accumulation of the ba-
sal metalliferous strata in the Atlantic Ocean is somewhat longer than in
the Indian Ocean and much shorter than in the Pacific Ocean. The maxi-
mum duration of accumulation of the basal metalliferous strata is 10 Ma
and the duration most frequently occurred is several millions of years. The
locations of the metalliferous strata that accumulated over a long period of
time correspond to the latitudinal belts where the thickest strata occur. In
general the pattern of the distribution of the duration of accumulation of
the basal metalliferous strata in the Atlantic Ocean is very similar to the
pattern of distribution of their thickness (compare Fig. 3.3 and Fig. 3.1).

The main factors influencing on the duration of the accumulation and on
the thickness of the metalliferous strata will be considered in Chap. 4. The
rates of accumulation of the hydrothermal metal-bearing matter in the anci-
ent metalliferous sediments will be considered in Chap. 5.

3.3. Chemical composition of ancient metalliferous
sediments

The average chemical compositions of basal metalliferous sediments
from the Pacific, Atlantic and Indian Oceans are shown in Table 3.1. For
the Pacific and Atlantic Oceans the average values reflect practically the
whole age range, from 140-120 Ma and from 150-140 Ma respectively.
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The average composition of the basal metalliferous sediments from the In-
dian Ocean represents mainly the age interval 75 to 50 Ma; the basal sedi-
ments accumulated outside of this period of time have been studied from
only one hole. The average composition of the basal metalliferous sedi-
ments in the back-arc basins of the Pacific Ocean is only approximate be-
cause of the paucity of data. The age range for these sediments is from 55 to
0.1 Ma. However, the composition of the basal metalliferous sediments has
not been studied in sediments from all of the intervals in this age range.

Comparisons of the average compositions of ancient metalliferous sedi-
ments from different parts of the World Ocean with the average compositi-
on of the most thoroughly studied recent metalliferous sediments from the
Southeast Pacific are shown in Fig. 3.4. The average composition of the
ancient metalliferous sediments from the Pacific Ocean has features that
are both similar and dissimilar to the average composition of recent metal-
liferous sediments. The average contents of the main hydrothermal ele-
ment Fe, and of others including Al, Ti, Mo, Th, and La in the ancient and
recent metalliferous sediments are similar. The contents of Zn and B are a
little higher, and the contents of Cr, Li and Rb are approximately twice as
high in the ancient metalliferous sediments as in the recent metalliferous
sediments. The average contents of other elements in the ancient metalli-
ferous sediments from the Pacific Ocean shown in Table 3.1 are lower than
their contents in the recent metalliferous sediments from the Southeast Pa-
cific. The contents of Mn, Cu, Ni, V, Y, Ce and Sc in the ancient metalli-
ferous sediments are nearly twice as low, and the contents of Pb, Sh, Zr,
Hf, Co and Ba are 2 to 3 times lower than in the recent metalliferous sedi-
ments from the Southeast Pacific.

The elements with Type 1 distribution in the recent metalliferous sedi-
ments of the Southeast Pacific (Sect. 1.1.4), Fe, Mn, Zn, V, and Mo, have
average contents in the ancient metalliferous sediments of the Pacific Oce-
an that are close to or exceed their average contents in the recent metallife-
rous sediments of the Southeast Pacific. And the average contents of Fe,
Mn, Zn, and Mo in the ancient metalliferous sediments from the southern
part of the Pacific Ocean are higher than in the recent metalliferous sedi-
ments of the Southeast Pacific.

The average contents of the elements with Type 2 and Type 3 distribu-
tion in the recent metalliferous sediments of the Southeast Pacific, Cu, Ni,
Zr, Y, Co, Ce, Sc, Sh, Hf, and Ba, have average contents in the ancient me-
talliferous sediments from the southern and northern parts of the Pacific
Ocean lower than in the recent metalliferous sediments from the Southeast
Pacific. The differences in composition as determined can be attributed to
natural factors and to differences in sampling methods used in the inve-
stigation of the recent and ancient metalliferous sediments. Apparently the
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Table 3.1. Average contents of chemical elements in abiogenic matter of basal
metalliferous sediments from holes drilled in the deep-sea drilling program. Com-
piled from original data and data from Initial Reports ... (1970-1987), Dymond et
al. (1973, 1976), Bostrom et al. (1974), Lange (1974), Horowitz and Cronan
(1976), Bloch (1978), Stoffers et al. (1983), Adachi et al. (1986), Ruhlin and
Owen (1986), Barrett et al. (1987), Barrett and Jarvis (1988), Gurvich et al. (1988,
1995b), Proceedings ... (1988-2002), Cronan and Hodkinson (1997).

Pacific Ocean  Atlantic Ocean Indian Ocean** Back—ar_c _basms of
the Pacific Ocean

Element (L. Jurassic (L. Jurassic  (Maastrichtian
. . - (E. Paleogene —
— Pleistocene) - Pleistocene) - E. Miocene) :
Pleistocene)

Fe % 19.2(16.7; 23.0)* 12.8 11.8 12.3
Mn 4.0 (3.1;5.9) 23 16 36
Al 4.0 (4.6; 3.0) 6.7 6.2 55
Ti 0.28 (0.35; 0.21) 0.48 0.40 0.30
Mg 25 2.9 2.1 2.9
K 16 2.0 17 13
P 0.71 0.4 0.43 0.27
Ba 0.53 (0.52; 0.62) 0.14 0.37
Cu ppm 820 (690; 1120) 270 230 420
Zn 560 (470; 730) 330 330 450
Pb 85 140 120 120
Ni 520 (350; 790) 320 270 360
Co 80 (59; 120) 86 55 76
Cr 67 88 100 38
v 410 310 240 280
Mo 82 (70; 135)

Li 69 59 41 62
Rb 65 86 110
Sr 510 1100 850 820
Hg 05 0.15 1.2
Sh 5.2 4.4 >0.5
La 140 150 83
Ce 62 120 35
Y 230

sc 17 15 75
Th 4.4 9.7 45
zr 190 380
Hf 2.2 3.0 53
Ta 08 14 03
B 320 190

* — average content for the whole ocean (average content for the northern part;
average content for the southern part of the ocean); ** — without sediments from
the holes that penetrated sills. Contents of Sr in natural dry sediments are shown.
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Fig. 3.4. Comparison of the average composition of ancient metalliferous sedi-
ments with the average composition of recent metalliferous sediments from the
Southeast Pacific.

most important natural factor affecting the enrichment of the ancient me-
talliferous sediments in hydrothermal components is that in the Pacific
Ocean the average spreading rate in recent time is considerably slower
than the average spreading rate for the last 150 Ma. According to Zonen-
shain and Khain (1989), the recent crustal accretion rate in the Pacific
Ocean is 1.5 times lower than the average rate for the last 150 Ma and al-
most twice as low as in Cretaceous time.

The higher contents of elements with Type 1 distribution (Sect. 1.1.4)
and the lower contents of elements with Types 2 and 3 distribution (Sect.
1.1.4) in the ancient metalliferous sediments than in recent metalliferous
sediments can be attributed also to the sampling. During the sampling of
the ancient metalliferous sediments the parts of the samples of sediments
that had accumulated close to ridge axes were usually greater than during
the sampling of the recent metalliferous sediments. Very often only the
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samples of the ancient metalliferous sediments from the lowermost parts of
the metalliferous strata accumulated in axial and near-axial parts of the
spreading ridges were of greatest interest to the researchers. During the co-
ring of the recent metalliferous sediments the researchers had their greatest
difficulties in the axial and near-axial parts of the spreading ridges® becau-
se the sediment cover in these areas is very thin or completely absent. As a
result the relative proportions of sample material from the axial and near-
axial parts of the ridges were decreased while the amounts of sample mate-
rial from the flanks of the ridges were considerably increased.

The average compositions of the ancient metalliferous sediments from
the Atlantic and Indian Oceans and from the back-arc basins of the Pacific
Ocean are considerably different (Fig. 3.4). These metalliferous sediments
contain much less metal-bearing matter including Fe and Mn compared to
the metalliferous sediments from the Pacific Ocean and they have lower
average contents of Cu, Ni, V, Co, Sc, and Ba. The contents of Zn in anci-
ent metalliferous sediments from the Atlantic and Indian Oceans are also
lower, but in the ancient metalliferous sediments from the back-arc basins
the average content of Zn is close to that in the ancient metalliferous sedi-
ments from the Pacific Ocean. The average contents of Zr and Hf in the
ancient metalliferous sediments from the back-arc basins are much higher
than in the ancient metalliferous sediments from the Pacific Ocean. The
average contents of Al, Rb, and Th, that occur mainly in lithogenic matter,
in the ancient metalliferous sediments from the Atlantic and Indian Oceans
and from the back-arc basins are higher than in the ancient metalliferous
sediments from the Pacific Ocean that have a higher content of hydrother-
mal metal-bearing matter. The same is true for the average contents of Cr
and Ti in the ancient metalliferous sediments of from Atlantic and Indian
Oceans. Because of the lower amount of basic material in the lithogenic
matter of the metalliferous sediments from the back-arc basins located in
the vicinity of continents and islands these sediments have lower average
contents of Ti, Cr, and Sc.

Comparison of the chemical composition of the ancient and recent me-
talliferous sediments shows that the differences observed in them are ex-
plainable in terms of the factors or processes recognized that control the
distribution and accumulation of the elements in the recent metalliferous
sediments. This means that the recent and ancient metalliferous sediments
have similar origin.

28 Lisitzin at al. (1976) gave a full description of the coring difficulties in the axial
part of the East Pacific Rise.
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3.4. Evolution of chemical composition of ancient
metalliferous sediments

Chemical composition of metalliferous sediments is related to and influ-
enced by many factors, such as: the spreading rate, intensity of hydrother-
mal activity, distance from a spreading axis, the bottom relief, deep and
bottom currents, redeposition of sediment matter, accumulation rate of di-
luting abiogenic matter and its composition, composition of ocean water,
physical and chemical conditions in the environment of the deep waters,
bottom waters, and interstitial waters, and others. The nature and influence
of some of the factors is known or interpreted but nothing or almost no-
thing is known about other factors. Some of the factors are of global signi-
ficance while others are of regional or local character and significance.

Investigation of the evolution of the chemical composition of the metalli-
ferous sediments is an extremely painstaking task. Many hundreds or even
thousands of surface and near-surface samples have been used in the study
of recent metalliferous sediments, and an adequate study of the ancient me-
talliferous sediments requires at least the same number of samples to be ob-
tained by deep-sea drilling for the investigation of each isochronal layer or
stratigraphic unit. There is no opportunity for study of ancient metalliferous
sediments submerged in subduction zones as nature has made this impossi-
ble. The data available from the analysis of a significant number of samples
of the ancient metalliferous sediments, some thousands, are obviously in-
sufficient for dealing with the questions that arise in the course of this re-
search work. The data available have enabled calculations to be made of the
average contents of chemical elements in metalliferous sediments that were
deposited in time intervals of 5 Ma to 20 Ma (Tables 3.2-3.4). The average
contents listed in the tables should be considered as preliminary data.

The average contents of elements in the ancient metalliferous sediments
from the Pacific Ocean (Table 3.2) with 5 Ma intervals cover only the ran-
ge of time from 45 to 0 Ma BP. The average data on metalliferous sedi-
ments that accumulated earlier have been calculated for the time intervals
with the duration from 10 Ma to 20 Ma. These are mainly data for the sedi-
ments from the northern part of the Pacific Ocean. There are only a few
data for the Atlantic and Indian Oceans because of the small number of oc-
currences of ancient metalliferous sediments. The average contents of ele-
ments in the ancient metalliferous sediments of the Atlantic Ocean (Table
3.3) have been calculated for the time intervals from 5 Ma to 20 Ma. There
are no data for sediments in the periods of time from 20 to 15, 75 to 50,
100 to 85, 140 to 120 Ma BP. The average chemical composition has been
calculated for the ancient metalliferous sediments from the Indian Ocean
in the time intervals from 5 Ma to 10 Ma (Table 3.4).
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Table 3.2. Average chemical composition of abiogenic matter of ancient metalli-
ferous sediments from the Pacific Ocean.

Age of sediments, Ma

Element

5-0 10-5 15-10 20-15 25-20 30-25 35-30 40-35
Fe % 21.9 200 206 206 21.0 21.7 18.4 18.9
Mn 5.4 4.6 45 4.5 4.8 5.8 5.0 5.1
Al 3.9 3.0 3.7 3.3 35 3.6 4.0 3.8
Ti 0.27 023 029 021 0.24 0.25 0.12s 0.34n
Mg 2.9 2.7 3.0 265 24 2.1s 2.1 4.6s
K 11 0.76 098 1.6 14 0.88s 1.7s
P 0.72 058 072 0.62 0.58 1.0s 1.4s 1.2s
Ba 0.89s 064 052 036 0.74 0.48 0.30 0.76
Cu ppm 1080 970 870 935 1100 720 1150
Zn 610 850 640 570 640 710 550 600
Pb 175s 110n 110n  40n 125n 86n 65n 71n
Ni 730 820 750 730 570 520 440 650
Co 160 110 105 85 92
Cr 50n 52n  75n  56n 45 43 69 46
\Y 600n 280n 320n 330 340n  430n 420n
Mo 140 84n  60n
Li 40n 73n 72n 40n 96n 84n 42n 110n
Rb 49n 130n 62n 45n 49n 35n
Hg 1.2n 0.8n 0.4s 0.4s 0.1s 0.3s
Sh 43s 4.0s 2.1s 5.7 4.8 8.6
La 120 120 160s 145s 120s 160 91 160
Ce 40 36 96s 66s 63 63 55
Y 270 320 280 240s 170 200
Sc 20s 17s 17s 12s 12s 19s 19 23
Th 4.1 3.4s 5.4 5.6 3.8
Zr 125s 150 120s 210 280 250 210
Hf 19s 1.6s 2.7 2.6 2.0
Ta 0.65s
B 530 120s

n — data for sediments north of the equator; s — data for sediments south of the

equator; no mark — data for the whole ocean.

The evolution through time of proportions of contents of Fe, Al, and Mn
in metalliferous sediments from the Pacific, Atlantic, and Indian Oceans as
well as from the back-arc basins of the Pacific Ocean is shown in Fig. 3.5.

The high content of the metal-bearing matter in the metalliferous sedi-
ments from the Pacific Ocean and the minimum of variation in their compo-
sition since Eocene time are conspicuous. The composition of the Cretace-
ous metalliferous sediments in the Pacific Ocean, unlike that of sediments of
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Table 3.2. (continued)

Age of sediments, Ma

Element

45-40 55-45n 75-65 85-75n 100-85n 120-100n 140-120n
Fe % 21.1 22.3 11.0 21.1 11.8 13.3 245
Mn 5.1 6.4 0.39 45 0.62 2.2 1.2
Al 3.1 3.0 7.0 3.9 6.2 4.4 34
Ti 0.16 0.54 0.48 0.40 0.23
Mg 3.2 14 24 1.0
K 2.3 2.1 2.8
P 0.25 0.46 0.51 0.45
Ba 0.40 0.22 1.08 0.22 0.53 0.46 0.35
Cu ppm 1040 1040 230 830 110 300 1280
Zn 560 550 260 610 450 370 490
Pb 86 83 31 53 80 66
Ni 650 715 90 335 200 265 305
Co 72 100 39 81 33 58 83
Cr 27 25 63 97 75 98 190
\Y 420 n 650 240 460
Mo 105
Li 70 48 63 n 33 110 90
Rb 42s 60 59 38 120 100
Hg 05s 0.1
Sh 5.7 10 1.8
La 150 160 150
Ce 60 63 72
Y 260 s 210 145
Sc 13 11 30s 11
Th 25 2.6 765 4.3
Zr 260 250 100 170
Hf 2.2 2.1 2.4
Ta 1.2 0.4 0.9
B

other ages, is highly variable and the contents of the metal-bearing matter in
these sediments are less than in the Cenozoic metalliferous sediments.

In general the content of Mn in the metal-bearing matter of the Cretace-
ous metalliferous sediments in the Pacific Ocean is considerably lower
compared to that in the younger sediments. The lower content of the metal-
bearing matter in the Cretaceous metalliferous sediments probably was
caused by different conditions for the dispersion of the hydrothermal me-
tal-bearing matter during the Cretaceous and especially in Middle Cretace-
ous time. According to the calculations made by Vogt (1989), because of
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Table 3.3. Average chemical composition of abiogenic matter of ancient metalli-
ferous sediments from the Atlantic Ocean.

Age of sediments, Ma

Element

10-5s 15-10 30-20s 40-30s 50-40s 85-75n 120-100n 150-140n
Fe % 11.8 10.9 15.8 124 156 10.6 14.4 11.3
Mn 14 1.3 6.6 3.3 24 0.9 1.9 0.6
Al 7.7 8.0 5.0 6.0 6.0 6.7 6.7 74
Ti 055 047 0.39 0.64 032 050 0.36 0.65
Mg 3.0 2.6 2.4 3.2 3.4 3.4 2.6
K 0.4 1.6 1.8 0.3 2.6 34 3.8
p 0.2 0.8 0.4 0.4 0.5 0.1
Ba ppm 480 620 1960 3840 970 330
Cu 275 205 360 420 420 50 240 150
Zn 130 210 700 440 540 100 360 130
Pb 120 210 170 170 80 130 60
Ni 200 250 560 460 360 320 120
Co 110 90 100 90 65 72 94 55
Cr 36 82 115 80 84 90 120 100
\Y/ 300 280 250 210 520
Li 145 105 41 45
Rb 90 58 110
Hg 0.2 0.1
Sh 5.8 3.6 3.8
La 180 120 160
Ce 96 120 150
Sc 14 15 15
Th 8.0 10 11
Hf 2.8 2.9 34
Ta 1.6 1.3
B 240 280s 57

n — data for sediments north of the equator; s — data for sediments south of the equa-
tor; no mark — data for the whole ocean.

the lower vertical gradients of temperature and salinity in the ocean water
at that time, the buoyant hydrothermal plumes could rise much higher abo-
ve the ocean bottom than at present and even reach the ocean surface. This
could result in much wider dispersion of the hydrothermal metal-bearing
matter and, accordingly, to a decrease in the average contents of chemical
elements in the metalliferous sediments. The depletion of metal-bearing
matter of the Cretaceous metalliferous sediments in Mn obviously was
caused by weak vertical circulation and weak aeration of ocean water du-
ring Cretaceous time (Lisitzin 1980). At this time the average concentrati-
on of dissolved oxygen in the bottom water of the Pacific Ocean decreased
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Fig. 3.5. The proportions of contents of Fe, Mn, and Al in recent and ancient
metalliferous sediments.

to <0.15 ml I (Vogt 1989), and was more than 20 times lower than its
concentration at the present time.

The proportions of contents of Fe, Mn, and Al in the metalliferous sedi-
ments from the Atlantic Ocean have varied essentially through time. The
Cretaceous and especially the Upper Jurassic metalliferous sediments have
a minimum content of the metal-bearing matter, and the amount of Mn in
this matter is minimal. The minimum content of the metal-bearing matter
obviously was attributable to the high amount of diluting abiogenic matter
that accumulated during that time at an increasing rate in the central part of
the young narrow ocean and the low amount of Mn obviously was related
to the stagnant conditions in the bottom water (Lisitzin et al. 1980a). There
is no information on the Paleocene metalliferous sediments, and later du-
ring Eocene and Oligocene time the content of the metal-bearing matter
and the amount of Mn in this matter in the metalliferous sediments increa-
sed gradually. The amount of diluting abiogenic material increased again in
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Table 3.4. Average chemical composition of abiogenic matter of ancient metalli-
ferous sediments from the Indian Ocean.

Age of sediments, Ma
20-15 40-35 55-50* 60-55 65-60 75-65 110-100*
Fe % 11.8 136 104 13.0 12.3 115 16.7

Element

Mn 059 46 1.2 14 4.0 0.62 0.30
Al 55 3.9 7.15 595 56 6.65 4.8
Ti 025 0.30 0.33 0.34 0.50 0.56 0.35
Mg 1.9 4.4 24 2.0 2.8
P 030 052 0.34 0.33
K 0.7 2.1 1.9 2.5 52
Cu ppm 110 140 310 360 230 380
Zn 100 480 375 430 270 250
Pb 80 190 105 37

Ni 99 280 405 460 130 165
Co 30 65 63 84 34 28
Cr 38 90 100 86 200 70
\% 100 420 200 250 185
Li 56 34 32 59 25 50
Ba 190 400

* — sediments near basalt sills.

the Miocene metalliferous sediments of the Atlantic Ocean. Probably this
was caused by an increase of the rate of terrigenous sedimentation (Lisi-
tzin et al. 1980a) but on the other hand it could have been caused by a de-
crease in the crustal accretion rate since in Early-Middle Miocene time
this was at a minimum for all Cenozoic time in the Atlantic Ocean (Zo-
nenshain and Khain 1989). The amount of Mn was lower in the metal-
bearing matter of the Miocene metalliferous sediments in comparison
with that of the Oligocene sediments and was similar to that of the Eocene
metalliferous sediments.

In the Oligocene and Miocene metalliferous sediments from the back-
arc basins of the Pacific Ocean that were studied, the contents of major
elements are similar to those in the contemporaneous metalliferous sedi-
ments from the Atlantic Ocean. But the accumulation rates of these ele-
ments in the sediments from the back-arc basins are several times higher.

The contents of major elements in the Cretaceous or Late Cretaceous
metalliferous sediments from the Indian Ocean are very similar to those in
the Cretaceous metalliferous sediments from the Atlantic Ocean. In the
Cretaceous metalliferous sediments from the Indian Ocean the average
content of the metal-bearing matter and the amount of Mn in this matter
are minimal. In the Paleocene and recent metalliferous sediments the
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content of the metal-bearing matter and the amount of Mn in this matter is
greater. The extensive occurrences of Late Cretaceous, Paleocene, and re-
cent metalliferous sediments obviously developed during periods of time
when the highest crustal accretion rates prevailed in the Indian Ocean (Zo-
nenshain and Khain 1989).

The variations in the contents of major elements in the metalliferous se-
diments are reflected in the contents of the trace elements, which are sub-
divided into three groups: 1) the elements bound mainly in the metal-bea-
ring matter, 2) elements bound mainly in the lithogenic matter, and 3) ele-
ments bound approximately in equal amounts in both the metal-bearing
and lithogenic matter. In the study of the metalliferous sediments the trace
elements that are bound mainly in the metal-bearing matter are of greatest
interest.

Because of the paucity of data it is not possible to consider the evolution
through time in the chemical composition of the metalliferous sediments in
all of the oceans. This can be done, to some extent only, for a few of the
elements in the Pacific Ocean during the last ~50 Ma period (Table 3.2).
The graphs showing the variations in the average contents of chemical ele-
ments in the metalliferous sediments from the Pacific Ocean during this
period of time are shown in Fig. 3.6.
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18 20 22 6§ 8 10 400 800 100 300
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Fig. 3.6. Variation through time in the average chemical composition of abiogenic
matter of metalliferous sediments from the Pacific Ocean. CAR — crustal accretion
rate in the Pacific Ocean from Zonenshain and Khain (1989).

It is evident from these graphs that the average composition of the metal-
liferous sediments in the Pacific Ocean from the Early Eocene to the present
has not changed significantly. The Pliocene-Pleistocene-, Early Oligocene-,
and Early-Middle Eocene sediments have somewhat higher contents of Fe,
Mn, and Cu. Cronan (1976) commented on the maximum contents in the
Early Oligocene and Early-Middle Eocene in the East Pacific metalliferous
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Fig. 3.7. Variations through time in the shale normalized contents and patterns of
the REE in abiogenic matter of metalliferous sediments from the Pacific Ocean.

sediments and he assumed that they corresponded to stages of maximum
contribution of endogenic matter. The (Fe+Mn)/Al ratios show only the
maximum in the Early-Middle Eocene sediments which coincides with the
period when there was a maximum rate of crustal accretion in the Pacific
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Ocean in Cenozoic time. The maxima as mentioned cannot be considered
to correspond specifically to stages of maximum hydrothermal contributi-
on to the ocean since the contents of the metal-bearing matter in metallife-
rous sediments depend not only on the contribution from hydrothermal
sources but also on the rate of accumulation of diluting abiogenic matter.
Therefore satisfactory conclusions could be based only on the analysis of
the accumulation rates of the hydrothermal metal-bearing matter.

The evolution through time in contents and patterns of the rare earth ele-
ments in metalliferous sediments from the Pacific Ocean can be determined
from the data available (Fig. 3.7). It was shown in numerous publications
that the patterns of the REE in the recent metalliferous sediments from the
Pacific Ocean are similar to the patterns of the REE dissolved in ocean wa-
ter. This evidence indicates that ocean water is the main source of these
elements in the recent metalliferous sediments (see Sect. 1.1.7). This simi-
larity is more evident in the metalliferous sediments sampled in the vicinity
of the axes of the spreading ridges but not within hydrothermal fields. For
example, the content of the REE in the recent metalliferous sediments
from the East Pacific Rise at 39°S (Piper and Graef 1974) is shown on Fig.
3.7. In the metalliferous sediments in the axial zone the negative cerium
anomaly and enrichment in heavy REE is more pronounced. These featu-
res, and especially the negative cerium anomaly, are characteristic of the
pattern of the REE dissolved in ocean water.

The negative cerium anomaly was detected in the initial study of the
REE in the Oligocene and Eocene metalliferous sediments from the north
Pacific (Dymond et al. 1973). The similarities in the pattern of the REE in
the Eocene to Pleistocene and in recent metalliferous sediments from the
Pacific Ocean were confirmed in the subsequent publications and reports
by Dymond et al. (1976, 1977), Jarvis (1985), Ruhlin and Owen (1986), et
al. Variations in the pattern of the REE in the metalliferous sediments from
the South- and North Pacific from Lower Eocene time until the present can
be traced from the original and available published data (Fig. 3.7). The pat-
tern has not changed essentially in the last 50 Ma. Some of the variations
during this time do not exceed the variations observed in the contents and
patterns of the REE in the recent metalliferous sediments. Therefore, it can
be concluded with confidence that the pattern of the REE dissolved in the
Pacific Ocean water has not changed in the last 50 Ma.



CHAPTER 4 FORMATION OF COMPOSITION OF
METALLIFEROUS SEDIMENTS, FORMATION OF
METALLIFEROUS STRATA

Metalliferous sediments are formed in the deep ocean by the submarine
discharge of high-temperature hydrothermal fluids and the interaction of
these fluids and of the products of the interaction with bottom ocean water.
In order to understand the composition of the metalliferous sediments it is
important to trace the processes involved in their formation from the influx
of the hydrothermal fluids into the ocean to the accumulation of the metal-
liferous sediments on the ocean floor.

4.1. Sources of metal-bearing matter in metalliferous
sediments

Most of known accumulations of hydrothermal and hydrothermal-sedi-
mentary materials, including the metalliferous sediments, are confined to
the mid-ocean rift system and back-arc spreading areas of the World Oce-
an. The mid-ocean rift system is more than 60 thousand kilometers long
and extends through all of the oceans. Sources of the metal-bearing matter
in the metalliferous sediments are associated with volcanic rocks in the
ocean crust. The hydrothermal fluids originate as a product of the circula-
tion of ocean water within the spreading ridges. According to the estimates
of Wolery and Sleep (1976), (0.13+0.9)-10" tons of ocean water are invol-
ved annually in the spreading ridges in the hydrothermal circulation. Later
estimates by Elderfield and Schultz (1996) of the annual hydrothermal flux
in the axial zones of the spreading ridges indicated that it was 4.2:10* m?,
and in the estimates of Johnson and Pruis (2003) it was 2.3-10" m®. The
annual flow of hydrothermal high-temperature fluids is much less. Holland
(1987) estimated that it was (4+2)-10™ tons. According to the estimates of
Mortlock et al. (1993) and of Chan et al. (1992, 1993), the annual on-axis
hydrothermal contribution is (0.6+2)-10™ tons and (1.1+1.7)-10" tons re-
spectively. The annual flow of high-temperature fluids within +1 km of the
spreading axes, according to the estimates of Pelayo et al. (1994) and of
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Baker et al. (1996), is 0.4-10" tons and 1.8-10" tons respectively. The
amount of fluids from magmatic sources is considerably less. The amount
of magmatic fluid released annually within the mid-ocean ridges is estima-
ted to be (1.1+0.3)-10° tons (Ito et al. 1983).

High-temperature hydrothermal fluids are the main source of the metal-
bearing matter in the metalliferous sediments. The low-temperature diffu-
sive flows of hydrothermal matter are insignificant. In spite of the fact that
within the hydrothermal fields the low-temperature diffusive flows contri-
bute 65 to 90% of the heat (Rona and Trivett 1992; Schultz et al. 1992; El-
derfield et al. 1993b; Massoth et al. 1994), and about 97% of the water,
their contribution of hydrothermal Fe and Mn is estimated to be less than
10%, and less than 40% of total contribution of these metals from hydro-
thermal sources. An overwhelming amount of the hydrothermal Fe (>90%)
and most of the hydrothermal Mn (>60%) are contributed to the ocean
from high-temperature vents (Massoth et al. 1994).

The occurrence of hydrothermal activity in the ocean is not uniform and
in general it is related to the volcanism, which is reflected by the spreading
rate of the crust at the ridges. A direct relationship exists between the high-
temperature venting and the incidence of hydrothermal plumes and the
spreading rate. This relationship between the probability of venting and the
spreading rate as confirmed by Baker and Hammond (1992) is shown in
the equation: y = x/30, where y — venting probability, x — full spreading
rate in cm a™*. A close relationship in the incidence of hydrothermal plu-
mes and the spreading rate is illustrated by a least squares regression fit:
Y = 0.032 + 0.036X, where Y represents plume incidence, and X repre-
sents the full spreading rate in cm a*; R? = 0.93 (Baker et al 2004)2. The
faster the spreading rate, the more frequent is the occurrence of hydrother-
mal activity and the greater incidence of plumes. Apparently this depen-
dent relationship can be considered both in space and in time. The intensity
of hydrothermal activity in individual hydrothermal fields from rifts, which
have different spreading rates, may be similar or different.

There are many publications that are devoted to the formation and gene-
sis of high-temperature hydrothermal fluids in the spreading centers in the
oceans. Comprehensive reviews of the formation of high-temperature hyd-
rothermal fluids have been published by Von Damm (1995) and German
and Von Damm (2004). Only a general description of this process is given
here, as it is not a part of the main problems that are considered in this book.

Axial high-temperature basalt hosted hydrothermal circulation systems
occur in the axial parts of spreading ridges in areas that lie above magma-

29 Data on the hot spots affected Reykjanes and Southeast Indian Ocean Ridges
and data on the Gakkel Ridge have not been included in the calculation.
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tic chambers and the following processes are active in the systems. In the
rift zone areas there is interaction between the hot volcanic rocks and the
cold ocean water and with the brines in the Red Sea rift zone. In the margi-
nal areas of the rift valleys and in their marginal scarps ocean water perco-
lates downward through fractures in the ocean crust to depths of 1.5 to 3
km below the surface of the ocean bottom where the roofs of the magmatic
chambers are located. In this part of the crust the circulating water that has
descended from the ocean is heated to temperatures of ~400°C and beco-
mes reduced because of its interactions with minerals in the extrusive ba-
salt or dolerite rocks of the dike series. With the changes in pressure and
temperature (PT-conditions) Mg, SO,*~ and OH" ions are extracted from
the water and H* ions are formed. A part of the sulfate sulfur of the ocean
water is reduced to sulfide sulfur. This alteration of the ocean water and
the high temperatures cause the intensive leaching of many chemical ele-
ments from the basalt rocks including Fe, Mn, Cu, Zn, Ca, Ba, Li, K, Rb,
Si etc. The hydrothermal fluids formed at high temperatures become high-
ly buoyant and ascend in the hydrothermal circulation systems, rising ra-
pidly to the ocean floor, and eject into the deep ocean water.

The basalt rocks lose from 8 to 16% of their weight in this leaching pro-
cess. The loss of Si accounts for about a half of the total loss in the basalt
rocks, the loss of Ca accounts for about one fifth of the loss and the loss of
all other elements severally does not exceed 10%. The total loss of trace
elements is 1 to 2 orders of magnitude less than that of the major elements.
However, this loss is significantly large in comparison to the initial amo-
unts of trace elements in the basalt rocks, and under favorable conditions it
can be as high as one third to a half of their original contents (Lisitzin
1993). Not all of the leached material is removed by the ascending fluids
in the hydrothermal circulation systems and transferred to the deep ocean.
Some part of it is precipitated in the ocean crust by the following proces-
ses. The metals are present as components in the chloride complexes in the
hydrothermal fluids (Shanks and Bischoff 1977). Experimental studies ha-
ve confirmed the possibility of joint transport of the chloride complexes of
the metals and sulfur in their reduced form in the hydrothermal fluids (Ov-
chinnikov and Masalovich 1981).

The changes in the PT-conditions during the migration of the hydrother-
mal fluids from the zone of leaching or mobilization of the chemical ele-
ments to the surface of the ocean floor are insufficient to cause the destruc-
tion of the chloride complexes of the metals and their precipitation in sulfi-
de minerals. The hydrothermal fluids have temperatures close to those at
which the mobilization of the chemical elements took place when they
reach the orifices of the hydrothermal vents in the ocean floor, if they do
not mix with cold ocean water during their migration to the surface of the
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ocean floor. A decrease in the acidity (an increase in pH) of the fluids is
necessary for the precipitation of the metals. Such conditions can exist in
the ocean crust by the interaction of the hot fluids with the surrounding
rocks in separate fracture systems and cavities that are separate from but
connected to the main upward flow of fluids. Under these conditions
disseminated and vein mineral occurrences form in the ocean crust.

Most of the metal content is precipitated in the zone where the hydrothe-
rmal fluids meet and mix with the cold bottom ocean water that is enriched
in oxygen. Under these circumstances the two conditions necessary for the
destruction of the chloride complexes of the metals and the formation of
their solid phases are satisfied by the cooling and decrease in acidity of the
solutions. If the mixing of the hydrothermal fluids and ocean water takes
place at the orifices of the hydrothermal vents at the surface of the ocean
floor, deposition of massive hydrothermal sulfides takes place. The mine-
ral and chemical composition of the metalliferous sediments that are depo-
sited at a distance from the hydrothermal vents is controlled by the envi-
ronmental conditions in bottom waters.

If the mixing of the hydrothermal fluids and the ocean water takes place
in subsurface conditions a major part of their metal and sulfide sulfur con-
tent is precipitated in the cavities and fractures in the crust as the sulfide
minerals. The solutions, following their depletion in the Fe, Cu, Zn, and
other metals that were precipitated in the subsurface fracture zones, enter
the ocean and form Fe-Mn and Mn hydrothermal crusts at and in the vici-
nity of the orifices of the hydrothermal vents (Gurvich et al. 1984). In ca-
ses where the hydrothermal solutions migrate through sulfide minerals,
that had accumulated in subsurface rocks, cavities, and fracture zones, they
remobilize metals that were deposited in them and become enriched in ele-
ments such as Zn, Ag, Au, etc.; when they enter the ocean they deposit the
sulfide minerals that are enriched in these elements in the vicinity of the
orifices of the hydrothermal vents (Bogdanov 1996).

The ocean water penetrates much deeper, probably to the lower part of
the ocean crust or to the upper mantle zone, in the high-temperature hydro-
thermal circulation systems that are hosted in ultramafic rocks in the slow
spreading rift zones, than in the axial circulation systems hosted in basalt
rocks, and may be involved in the serpentinization of the ultramafic rocks.
The serpentinite rocks formed are less dense (~2.6 g cm™) than the sur-
rounding basalt (~3.0 g cm™) or peridotite (~3.3 g cm™) rocks. Uplift of a
serpentinized block of rock takes place if a very large mass of rock is alte-
red and serpentinized (Zonenshain et al. 1989). Uplifted blocks occur with-
in the abnormal marginal scarps of rift valleys such as the eastern marginal
scarps in the areas of TAG and Logachev hydrothermal fields or along an
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axial fracture in a rift zone, like that in the area of the Rainbow hydrother-
mal field (Rainbow ridge).

Hydrothermal fluids in the deep circulation systems hosted in ultramafic
rocks differ from the axial circulation systems hosted in basalt rock. Signi-
ficant changes in the hydrostatic pressure during the migration of the fluids
through the Earth’s crust to the surface of the ocean floor cause repeated
phase separation of the fluids. As a result, when hydrothermal fluids that
are derived from the circulation systems hosted in ultramafic rocks enter
the ocean their salinity and the concentrations of many chemical elements
vary greatly. Leaching of chemical elements from the ultramafic rocks
results in the enrichment of the fluids in some of the elements that are pre-
sent in these rocks in high concentrations such as Co, Ni, etc.

4.2. Chemical composition of hydrothermal fluids

High-temperature hydrothermal fluids have been investigated from ma-
ny of the hydrothermal fields in rift zones in the mid-ocean ridges as well
as in the spreading areas of the back-arc basins in the southwestern and
western parts of the Pacific Ocean. Most of them have temperatures higher
than 200°C and the maximum temperature measured was 405°C (German
and Von Damm 2004). Unlike the ocean water, all primary high-tempera-
ture hydrothermal fluids, in which there was no mixing of cold ocean wa-
ter, have a low pH (2.0+5.9) and are reducing. Mg®* and SO,* ions, and
dissolved O,, i.e. components characteristic of ocean water, as well as U
and Mo are practically absent in the primary hydrothermal fluids. Frequen-
tly they have high concentrations of H,S, which is absent in the ocean wa-
ter. Sampling of the primary high-temperature hydrothermal fluid is a very
delicate and difficult procedure and usually there is some admixture of
ocean water present in the samples. In the calculation of the chemical com-
position of the primary hydrothermal fluids based on the composition of
the sampled hydrothermal solutions it is assumed that Mg was absent in
the primary hydrothermal fluids. The chemical compositions of primary
hydrothermal fluids from many hydrothermal fields including recent data
for the range in content of the chemical components in all of the known
primary hydrothermal fluids have been summarized by Von Damm (1995)
and German and VVon Damm (2004).

The average chemical compositions of primary high-temperature hydro-
thermal fluids from basalt hosted hydrothermal systems of the East Pacific
Rise, Mid-Atlantic Ridge, Indian Ocean, and back-arc basins of the South-
west and West Pacific as well as from ultramafic hosted hydrothermal sys-
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tems of the Mid-Atlantic Ridge, normalized to the average chemical com-
position of the ocean water, are shown in Fig. 4.1.

The lines plotted showing the enrichment of the hydrothermal fluids re-
lative to the ocean water are similar for the general features. But the hydro-
thermal fluids from the basalt hosted hydrothermal systems of the back-arc
basins and from the hydrothermal systems hosted in the ultramafic rocks in
the Mid-Atlantic Ridge have some significant differences.

In the hydrothermal fluids from the basalt hosted systems of the mid-
ocean ridges the enrichment in Mn and Fe relative to that in the ocean wa-
ter is much greater than the enrichment in other elements, and the enrich-
ment ratios are 2-10%+6-10°. For Pb, Zn, Cu, and Co the enrichment ratios
are considerably less, 8:10°+20-10°, and the ratios for Ga, In, Ag, and Be
are 1.10° +4-10° The enrichment ratios for TI, Ba, Al, Ni, Cd, and Si are
100+800. The average concentrations of the rare earth elements in the hyd-
rothermal fluids exceed those in the ocean water by a wide range, from
~10 to ~3000. Ce and Eu have the highest enrichment ratios, 1000+3000.
The enrichment in Ce reflects its strong negative anomaly in the ocean wa-
ter (Ce/Ce*NAsc ~0.1), and the enrichment in Eu results from its strong po-
sitive anomaly in the high-temperature hydrothermal fluids (Eu/Eu"yasc ~
15). The enrichment ratios for Li and Rb are 10+30, and for As, Sb, and W
they are 2+8. Average concentrations of Ca and K in the hydrothermal flu-
ids exceed those in the ocean water by 1.5+3 times. The average concen-
trations of Sr, Br, Cl and Na in the hydrothermal fluids and in ocean water
are similar and their ratios vary from 0.9 to 1.2. Mo, U, SOy, and Mg are
absent (or practically absent) in the hydrothermal fluids and their enrich-
ment ratios are zero.

The concentrations of many chemical elements in the high-temperature
hydrothermal fluids in the basalt hosted hydrothermal systems of the back-
arc basins and in the ultramafic hosted hydrothermal systems of the Mid-
Atlantic Ridge are similar to those in the high-temperature hydrothermal
fluids in the basalt hosted hydrothermal systems of the East Pacific Rise,
Mid-Atlantic Ridge, and Indian Ocean; they are within the ranges menti-
oned. However, the hydrothermal fluids in the back-arc basins have 10 to
20 times higher concentrations of Pb, Zn, Cd, and Sh, ~50 times higher
concentration of As, and ~200 times higher concentration of W, and they
have the highest concentrations of Mn, B, K, and Rb. Besides, the hydro-
thermal fluids in the back-arc basins have average concentrations of Fe and
Cu that are 2 to 4 times lower than those in other hydrothermal fluids.

Much higher concentrations of Co, light rare earth elements, and Eu, are
the most prominent features in the chemical composition of the high-tem-
perature hydrothermal fluids from the ultramafic hosted systems, relative to
those from the basalt hosted systems. The average concentration of Co is
~40 times higher, of La — 20 to 40 times higher, of Ce — 3 to 6 times higher,
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and of Eu — 6 to 10 times higher. These hydrothermal fluids also have the
highest concentrations of Fe, Ni, other rare earth elements, Ca, and Sr.
Besides, they have the lowest average concentrations of Al, Si, Li, TI, Pb,
and Sb.

4.3. Hydrothermal plumes

The velocity of hydrothermal solutions as measured ranges from 30 to
240 cm s~ where they are ejected from the orifices of the high-temperature
hydrothermal vents into the ocean (Spiess et al. 1980; Converse et al.
1984; McConachy et al. 1986; Rona et al. 1986, 1990; Little et al. 1987;
Backer et al. 1990; Edmond et al. 1990; Delaney et al. 1992; Rona and Tri-
vett 1992; Thompson et al. 1992; Bemis et al. 1993; Elderfield et al. 1993;
Backer 1994; Butterfield and Massoth 1994; Massoth et al. 1994). These
high-temperature solutions generally have a lower density than the cold
ocean water and are buoyant in it. As they rise they mix with the ocean
water and form buoyant hydrothermal plumes. As the plumes rise, the di-
lution of the hydrothermal solutions with the ocean water continues, they
become less buoyant, their velocity in rising decreases progressively (Fig.
4.2), and the plume area increases (Fig. 4.3).

The amount of dilution of the hydrothermal solutions by ocean water in-
creases with their height above the ocean bottom and differs from one hy-
drothermal field to another. Fifty meters above the active hydrothermal
mounds in the TAG field the dilution factor is about 500, and 50 meters
above the Monolith vent in the North Cleft segment of the Juan de Fuca
Ridge it is about 10000 (Fig. 4.4). Differences such as this are caused by
different heat flow from the vent sites, and at the same height above the
ocean bottom higher heat flow from the vents results in smaller dilution
factors (Little et al. 1987).

Eventually, at some maximum height above the ocean floor, the densi-
ties of the water mass in the buoyant plume and in the surrounding ocean
water become equal and the plume ceases to rise and the mass of water in
it begins to spread laterally. The height of plume rise above a typical high-
temperature vent is from ~150 m to ~400 m, and the higher the heat flux at
the vent the higher will the plume rise (Lupton 1995). A hydrothermal plu-
me that spreads laterally is referred to as a nonbuoyant plume or a neutral-
ly buoyant plume. Usually they are about 200 m in thickness.

Dilution of the hydrothermal solutions with ocean water continues to
take place in the nonbuoyant plumes. The dilution factor at the beginning
of the lateral outspreading of a plume is reported to be many thousands, and
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Fig. 4.2. Rising velocity of buoyant plume versus the height above the orifice and
the maximum size of the floating pyrite, pyrrhotite, and sphalerite particles (speci-
fic gravity >2.8 g cm™). Based on data from Converse at al. (1984), Little et al.
(1987), and Dymond and Roth (1988).
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Fig. 4.3. The age and area of the buoyant hydrothermal plume versus the height
above the TAG vent field. Composed from Rudnicki and Elderfield (1993).
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Fig. 4.4. Dilution factors in the buoyant plumes above the TAG hydrothermal
field and Monolith vent versus their height. Based on data from Rudnicki and EI-
derfield (1993) and Feely et al. (1994) with additions.

in the peripheral parts of a plume where in-situ measurements indicate a
mixing of hydrothermal fluids with the ocean water, the dilution factor is
found to be millions, as it is in the plume above the TAG field.

In the TAG hydrothermal field the rise of the buoyant plume, from the
hydrothermal vent to when it ceases to rise, takes about 40 minutes (Rud-
nicki 1990). At the beginning of the formation of the nonbuoyant plume,
with its lower boundary at ~240 m above the vent and the upper boundary
at ~420 m above the vent, the dilution factor is about 6000 to 10000 (Rud-
nicki 1990; Rudnicki and Elderfield 1992, 1993). In the North Cleft seg-
ment of the Juan de Fuca Ridge the lower boundary of the nonbuoyant plu-
me is ~100 m and the upper boundary is ~250 m above the ocean bottom
(Feely et al. 1994). In the rift zone in the northern part of the Mohns Ridge,
Norwegian Sea, the lower boundary of the nonbuoyant plume is ~750 m
above the ocean bottom (Bogdanov et al. 1997¢). The nonbuoyant plumes
found along the Gakkel Ridge in the Arctic Ocean are located extremely
high above the inferred vent sites and the thickness of these plumes is up to
~500 m (Edmonds et al. 2003; Baker et al. 2004). Such unusual parameters
for the plumes apparently result from the extraordinarily weak vertical den-
sity gradient in the deep Arctic Ocean (Baker et al. 2004).
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Fig. 4.5. Possible outspread of nonbuoyant plumes in different rift zones.

Nonbuoyant plumes spread out and diverge from the vent fields in the
prevailing direction of the bottom currents and are affected greatly by their
directions and velocities. The morphology of the ocean bottom in the rift
zones has an important influence on the spreading and migration of the
nonbuoyant plumes. Slow spreading rift zones where the full spreading ra-
te is <4 cm a™*, usually have axial valleys that are 500 m or more deep and
several kilometers to several tens of kilometers wide and extend along the
spreading axes (Fig. 4.5). Under these conditions the nonbuoyant plumes
rarely extend beyond the rift valleys, and if the direction of flow of the bot-
tom currents is favorable they may spread only along the valleys. As a re-
sult, when the spreading rates are slow almost all of the hydrothermal mat-
ter carried in the nonbuoyant plumes eventually settles on the floor of the
rift valleys. The nonbuoyant plumes of the slow-spreading Mohns Ridge
and Gakkel Ridge are the only known exceptions to this in the modern
ocean. During the Cretaceous and especially in Middle Cretaceous time
because of the lower vertical gradients of temperature and salinity in the
ocean water, the buoyant hydrothermal plumes could rise much higher
above the ocean bottom than at present (Vogt 1989) and the nonbuoyant
plumes could extend beyond the rift valleys of slow-spreading ridges.
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Medium and fast spreading rift zones with full spreading rates >4 cm a™
have no deep axial valleys (Fig. 4.5) and the nonbuoyant plumes or their
parts may spread latterly and unhindered for long distances, hundreds and
several thousands of kilometers, from the hydrothermal fields (Lupton and
Craig 1981; Klinkhammer and Hudson 1986; Lupton 1995; Lupton et al.
2004). As a result, the hydrothermal matter carried by the nonbuoyant plu-
mes may be dispersed over vast areas.
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Fig. 4.6. Section in the bottom water layer in the vicinity and above the Logachev
hydrothermal field showing particle concentrations measured by nephelometry.

In 1995 hydrothermal plumes were found in the Logachev hydrothermal
field, in which the buoyancy of some parts was very low, several meters or
less, or absent (Bogdanov et al. 1995¢, 1997a,b; Sect. 1.6.3). They have
been referred to as ground plumes. The nephelometry measured for a sec-
tion above the Logachev field is shown in Fig. 4.6. The measurements
showed a maximum concentration of particles in the deepest water and
evidence of ground plumes derived from the hydrothermal vents at depths
of 3005 and 2960 m (Sect. 1.6.3). These plumes result from the injection
of high-temperature hydrothermal fluids that are denser than the ocean bot-
tom water. A typical nonbuoyant plume is present in the eastern part of the
section. It is derived from typical black smoker vents at a depth of 2940 m
and the lower boundary of this plume is ~120 m above this depth (Sect.
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1.6.3). The ground plumes only play a significant role in the formation of
metalliferous sediments in the vicinity of hydrothermal vents.

Many of the hydrophysical and geochemical parameters of hydrother-
mal plumes are different than those of ambient ocean water. The plume
acts as a barrier and hydrothermal material can only penetrate above the le-
vel of this barrier after this specific water mass is dispersed. The migration
of hydrothermal material from the orifice of a hydrothermal vent, its pre-
sence in the plume, and the very existence of a plume, and its subsequent
dispersion or settling to the ocean floor depend to a great extent on hydro-
physical processes. However, chemical, physico-chemical and biological
processes also play an extremely important role in the transformation of
the material from hydrothermal sources.

Only a part of chemical element content carried in the hydrothermal me-
tal-bearing solutions is deposited directly in the massive hydrothermal bo-
dies at the orifices of the hydrothermal vents when these solutions enter
the ocean. According to Rona (1984), about 5% of the hydrothermal metal-
bearing matter that enters the ocean in the hydrothermal solutions accumu-
lates within the massive bodies at the vents, and about 95% is deposited
outside of them, and according to Lisitzin (1993), the relative amounts are
2-5% and 95-98% respectively. About 200 tons of the metal-bearing mat-
ter or about 60 tons of Fe accumulate annually within the Active hydro-
thermal mound of the TAG hydrothermal field, according to the estimates
of Bogdanov (1997). The annual hydrothermal contribution of Fe to the
ocean from the vents in this mound is estimated to be approximately 2200
tons (Rudnicki 1990). That is about 3% of the annual hydrothermal con-
tribution of Fe accumulates in the mound. According to Feely et al. (1994),
more than 99% of the hydrothermal Fe and more than 99.9% of the hydro-
thermal Mn entering the ocean in the hydrothermal fields of the North
Cleft segment of the Juan de Fuca Ridge eventually leave these fields.
More than 90% of the particulate material in the hydrothermal plume abo-
ve the vent field at the Endeavor Ridge is transported more than 2 km
away from the field (Dymond and Roth 1988). A predominant amount of
the hydrothermal matter that enters the ocean is dispersed by the bottom
currents over huge distances and its source cannot be recognized and its
identity is lost as it is assimilated into the ocean (Bogdanov et al. 1983).
Only in the deeps of the Red Sea rift zone that are filled with dense brines
can most of the bulk of the hydrothermal metal-bearing matter be accumu-
lated. On the average about 84% of the hydrothermal Fe contributed annu-
ally in the last 3.6 ka has accumulated in the sediments within the brine
area of the Atlantis Il Deep (Sect. 2.2.4).

Immediately after venting from the ocean crust, and sometimes in the
crust below the ocean floor, acid reducible high-temperature hydrothermal
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solutions begin to mix with the low-alkaline oxidizing cold ocean water.
During the mixing process the chloride complexes decompose and the me-
tal ions released combine with the sulfide ions and form Fe-, Cu-, and Zn-
sulfide minerals. Most of the Cu and Zn and a considerable part of the Fe
passes into a solid phase. When the hydrothermal solutions come into con-
tact with the ocean water, sharp gradients in the temperature and in the Eh
and pH conditions develop, and a number of the chemical elements dissol-
ved in the ocean water are precipitated. Barite and anhydrite are formed
under these conditions. Apparently the Ba and Ca are derived from the
hydrothermal solutions and the S0,% is derived from the ocean water.

Table 4.1. Mineral composition of particles from black smoke, of material that
settles from the black smoke, and of the metalliferous sediments that accumulated
near the hydrothermal vents at the 21°N EPR hydrothermal field. According to
Mottl and McConachy (1990) and Haymon and Kastner (1981).

Settling  Metalliferous

Mineral Ideal formula Smoke . X
material  sediments
Pyrrhotite Fe,xS o+ FH+ +
Pyrite FeS, 44444+ A to 4
Sphalerite ZnS e R = R (o
Chalcopyrite CuFeS, + 10 ++++ ++ +++ to +++++
Fe—S+Si phases +++ ++ +4+
Fe—Si+S phases +H+ ++ o+
Anhydrite CaS0, ++ ++ —to ++
Amorphous silica SiO, ++ ++ +t0 ++
Fe-oxyhydroxides ++ ++ Tt
Goethite FeOOH ++ +to ++ —t0 +++
Sulfur S +10 ++ ++ —to ++
Organic matter +t0 ++ + +
Isocubanite CuFe,S; + ++ +++ 10 +++++
Waurtzite ZnS + ++ + 10 +++
Barite BaSO, + + +10 ++
Covellite CuS + + +
Marcasite FeS; +? + + 10 +++
Melnikovite FeS; - +t0 +++ +to +++
Bornite CusFeS, - + +10 ++
Galena PbS - —to+ —to+
Mg-Ca-silicates + - +
Aluminosilicates + - +

Natrojarosite NaFe;(SO4)2(OH)g - - —t0 +++
— absent; + trace; ++ minor; +++ moderate; ++++ abundant; +++++ very abundant
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Fig. 4.7. Sedimentation of sulfide and sulfate minerals of given grain size from the
nonbuoyant plume above the Monolith vent. After Feely at al. (1994).

Mineral particles form immediately after the venting of the high-tempe-
rature hydrothermal solutions into the ocean water. Their presence makes
the hydrothermal effluents appear smoky. The size of the mineral particles
varies from <10 pm to >500 um (Feely et al. 1987). Pyrrhotite, Fe-rich
sphalerite, pyrite, non-identified Fe-S-Si phases, chalcopyrite, amorphous
Si0O,, native S, Fe-oxyhydroxide minerals including goethite, and anhyd-
rite are the main minerals in the smoke. Barite, isocubanite, wurtzite, co-
vellite, marcasite (?), galena, magnetite, talc, graphite as well as silicate
and aluminosilicate minerals that were not identified may be present in
small amounts and organic matter is commonly present (Jedwab and Bou-
legue 1984; Lewison et al. 1986; Feely et al. 1987, 1990; Capmbell et al.
1988; Trocine and Trefry; 1988; Walker and Baker 1988; Roth and Dy-
mond 1989; Mottl and McConachy 1990; Sudarikov et al. 1992; Table
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4.1). Depending on the color of the predominant mineral particles the smo-
ke effluent may be black if sulfide mineral particles are prevalent, white if
amorphous SiO,, anhydrite and barite particles are prevalent, or gray if
black and white colored particles are present in relatively equal amounts.
The terms black, white, and gray smokers are used for the discharge of
smoke effluent from submarine hydrothermal vents of different color.

Mineral particles form and ascend in the buoyant plumes. The height to
which they ascend depends on the size of the particles, the specific gravity
of the component minerals, and the velocity at which the buoyant plumes
are rising (Fig. 4.2). Particles of smaller size and the mineral particles of
lower density in buoyant plumes that have higher rising velocities will be
transported the greater distances from the hydrothermal vents.

Table 4.2. Dissolution rates and approximate times required for five different si-
zes of sulfide- and sulfate particles to dissolve totally in seawater. According to
Feely et al. (1987).

. Dissolution Time required to totally dissolve
Minerals 1
rate [(ms™] 2pm  10um 30pm 50 um 100 pm
Sulfides
Chalcopyrite* 1.2.10™** 964 days 13years 40years 66 years 132 years
Pyrite*, T 53102 218days 3.0 years 9.0 years 15years 30 years
Pyrite* 1 1.1.10™ 106 days 1.5years 4.4 years 7.3years 14.6 years

Sphalerite* 2410 48days 241day 2.0years 3.3years 6.6 years
Marcasite* 5510  23days 113days 340days 1.5years 3.1years
Pyrrhotite* 1.1.10%° 11days 55days 164 days 273days 1.5 years
Sulfates

Barite* 2010  58days 289days 2.4years 4.0years 7.9 years
Anhydrite* 2510° 11.7hours 2.3days 7.0days 12days 23 days
Anhydrite” 3.2:10° 0.9 hours 4.3 hours 13 hours 21.7 hours 1.8 days
* Based on in situ dissolution studies on the Southern Juan de Fuca Ridge.

T Supplied by C.M. Taylor Inc.

1 Supplied by USGS.

* Based on laboratory dissolution studies at 1 atm pressure and 2°C

The sedimentation is characteristically different for particles consisting
of different minerals and particles of different size that are transported in
buoyant and in nonbuoyant plumes. This has been demonstrated clearly in
calculations by Feely et al. (1987, 1994) for pyrite, chalcopyrite, sphalerite,
and anhydrite particles in the plume from the Monolith vent (Fig. 4.7).
Pyrite particles greater than 50 pum settle out of the plume within a distance
of 1300 m from the vent, chalcopyrite and sphalerite particles with lower
specific gravity settle within 1500 m, and the anhydrite particles of lower



4.3. Hydrothermal plumes 251

specific gravity than that for chalcopyrite and sphalerite within 2000 m.
Coarser particles settle closer to the vent, and finer particles further from it.
The particles of different minerals resist their dissolution in the ocean wa-
ter at different rates and the coarser particles are usually more resistant (Tab-
le 4.2). Of the minerals listed in the table, chalcopyrite and pyrite are the
least readily dissolved and anhydrite is the most readily dissolved. Among
the minerals shown in this table, despite their settling to the bottom, the mo-
re dissolvable minerals are depleted and the less dissolvable minerals are en-
riched in the metalliferous sediments that accumulated near the hydrother-
mal vents in comparison with the material of the black smoke (Table 4.1).

4.3.1. Processes in buoyant hydrothermal plumes

Before considering the behavior of chemical elements in buoyant plu-
mes it is reasonable to consider changes in the role of hydrothermal fluids
and ocean water in the concentration of chemical elements in mixtures of
hydrothermal fluids and ocean water that have different dilution factors,
assuming that there is conservative mixing of them. With an increase in the
dilution factor2 the role of the hydrothermal fluids decreases in the mixtu-
re. The dilution factors at points where the roles of the hydrothermal fluids
and the ocean water become equal, Dsqy, for a number of chemical ele-
ments can be seen in Fig. 4.8, and for iron Dsg, is ~4-10°, for Mn ~5.10°,
for Pb ~2-10*, for Cu and Zn ~1.5:10%, for Co ~1.10% for Eu ~3.10° for Ce
~2:10°, for Be and Ag ~1-10°, for TI ~600, for Ba and Al ~300, for Cd ~150,
for Si and Ni ~100, for La ~60, for Lu ~25, for As ~7, for Sb ~6, and for P
~0.3 (the concentration of P in ocean water is higher than in the hydrother-
mal fluids). Because of the settling and removal of some amount of the che-
mical elements from the plumes the real dilution factors, at which the roles
of hydrothermal fluids and the ocean water become equal, are some lower
for the elements with higher concentrations in hydrothermal fluids, and
some higher for the elements with higher concentrations in ocean water.

Fig. 4.8 shows the role of the ocean water as it becomes prevalent for P,
V, Sh, and As in areas very close to hydrothermal orifices, for REE (ex-
cept for Ce and Eu), Ni, Si, Cd, Al, and Ba in lower parts of the buoyant
plumes, for Tl, Ag, Be, Ce, and Eu in middle parts of the buoyant plumes,
for Co, Zn, Cu, and Pb in upper parts of the buoyant plumes or transition
zones from buoyant to nonbuoyant plumes, and for Fe and Mn in nonbuo-
yant plumes.

% Ratio of amount of the ocean water to amount of the hydrothermal fluid in the
mixture.



252 CHAPTER4 FORMATION OF METALLIFEROUS SEDIMENTS

100

90

80

70

60

50

40

Role of ocean water [%]

30

Role of hydrothermal fluids [%]

20

104

0 T T T T - .
101 10° 101 102 10 104 10° 108 107 108
Dilution factor

Fig. 4.8. The role of hydrothermal fluids and ocean water in the concentration of
chemical elements in mixtures of hydrothermal fluids and ocean water in relation
to the dilution factor at their conservative mixing. Calculations based on the ave-
rage ratios of element concentration in East Pacific Rise and Mid-Atlantic Ridge
basalt hosted primary hydrothermal fluids and ocean water (Fig. 4.1).

Fe-minerals are predominant in the particulate matter in the buoyant
plumes of the high-temperature hydrothermal vents and this element is
considered first. Rapid precipitation of Fe(ll) ions and the formation of
particulate sulfide minerals take place immediately after the venting of the
hydrothermal fluids into the ocean. Rudnicki and Elderfield (1993) have
estimated that in the TAG hydrothermal field this process takes about 15
seconds and occurs in the lower 8 meters of the buoyant plume where the
dilution factors are up to 20-25. Particles of native sulfur and sulfide mine-
rals of Cu, Zn, and Pb form simultaneously, and H,S is almost completely
depleted. About 20% of the H,S derived from the fluids is used in the for-
mation of sulfide minerals and native sulfur and about 80% of it is oxidi-
zed (Mottl and McConachy, 1990). The oxidation of the remaining dissol-
ved Fe(ll) ions and the formation of particles of Fe(lll)-oxyhydroxides
follow in the next stage. Above the Active mound in the TAG hydrother-
mal field about 35% of the Fe(ll) ions that remain in solution after the sul-
fide minerals form are precipitated by oxidation within one minute of ven-
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ting as the plume rises to ~20 m, and the dilution factor reaches 100 to 200
(Rudnicki and Elderfield 1993), while about 38% of the hydrothermal Fe
remains in solution. This is similar to data for a buoyant plume from the
21°N EPR hydrothermal field. According to Mottl and McConachy (1990),
within 22 m of the plume 35+25% of the Fe remains in solution, sulfide
minerals are predominant and small amounts of Fe-oxyhydroxides and
goethite are present in the particulate matter. After this, within 10 minutes
of venting of the fluids, the plume rises to ~120 m and the dilution factor
increases to about 2000, and about 90% of the Fe(ll) ions that remain in
solution after the formation of the sulfide minerals are precipitated by
oxidation. At the TAG hydrothermal field the process of oxidation of
Fe(ll) ions and precipitation of Fe-hydroxides in the buoyant plume is
complete when the plume is about 150 m above the vents and the dilution
factor is about 3000.

The concentration of particulate Fe in buoyant plumes varies over a wi-
de range. In the lower 14 m of the buoyant plume above the 21°N EPR
hydrothermal field it has been measured from 290 to 31000 ug I™* (Mottl
and McConachy 1990), in the lower 50 m of the buoyant plume of the Mo-
nolith vent, North Cleft segment of the Juan de Fuca Ridge — from 3.1 to
675 pg I (Feely et al. 1994), in the buoyant plume above the TAG hydro-
thermal field — from ~20 to ~2700 ug I"* (Rudnicki Elderfield 1993; Mitra
et al. 1994). As the plumes rise the concentration of the particulate Fe de-
creases consistently (Fig. 4.9).

The concentrations of the particulate Fe can be significantly different in
buoyant plumes in different hydrothermal fields where the concentrations
of Fe in the hydrothermal fluids and the dilution factors are similar. As an
example, the concentrations of the particulate Fe in the buoyant plumes
above the TAG field and Monolith vent are shown in Fig. 4.10. With simi-
lar dilution factors the concentration of the particulate Fe in the buoyant
plume above the TAG field is several times to an order of magnitude high-
er than in the buoyant plume above the Monolith vent.

It was mentioned previously that in the TAG hydrothermal field the pro-
cess of oxidation of Fe(ll) ions and precipitation of Fe(lll)-hydroxides is
completed in the buoyant plume within ~150 m above the vents where the
dilution factor is about 3000 (Rudnicki and Elderfield 1993). And accord-
ing to measurements, even in the nonbuoyant plumes above the Juan de
Fuca Ridge, the average concentration of dissolved Fe accounts for 29% of
the total concentration of Fe (Massoth et al. 1994). There the process of
formation of particulate Fe(ll1)-hydroxides is much slower than above the
TAG hydrothermal field and takes place in a period of time lasting from
several hours to several days (Chin et al. 1994).
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Fig. 4.9. Concentrations of particulate Fe in relation to the height above the vent
fields in buoyant hydrothermal plumes. Based on data from Mottl and McConachy
(1990), Rudnicki and Elderfield (1993), Feely et al. (1994). At height 0 m
concentrations in hydrothermal fluids are shown.

Field and Sherrell (2000) studied the kinetics of the oxidation of Fe(ll)
in hydrothermal plumes and have shown that it depends mainly on the che-
mistry of the ambient deep-water, primarily on the pH and content of dis-
solved O,, and to a much lesser extent on variations in the composition of
the primary vent fluids. They have calculated the rates of oxidation of
Fe(ll) in ambient ocean water at different hydrothermal sites (Table 4.3).
The fastest rates of oxidation of Fe(ll) take place at the Rainbow and TAG
hydrothermal fields on the Mid-Atlantic Ridge, they are intermediate at the
sites on the South East Pacific Rise and Southwest Indian Ridge, and they
are the slowest at the sites in the Northeast Pacific.

The behavior of Mn in the buoyant plumes differs from that of Fe. Only
an insignificant part of the total concentration of this element is present in
the particulate matter in the lower parts of the plumes (Mottl and McCona-
chy 1990), and the Mn/Fe ratios in the particulate matter vary considerably
and usually range from 0.0001 to 0.03. These values are much lower than
those reported in primary hydrothermal fluids (Trocine and Trefry 1988;
Mottl and McConachy 1990; Feely et al. 1994; Gurvich 1998). The Mn/Fe



4.3. Hydrothermal plumes 255

ratio increases somewhat in the buoyant plume of the Monolith vent,
where the dilution factor is (1+2)-10% but it remains very low; and where
the dilution factor is (12+14)-10% it is ~0.02 (Fig. 4.11).
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Fig. 4.10. Concentrations of particulate Fe in relation to dilution factors in buo-
yant hydrothermal plumes above the TAG hydrothermal field and Monolith vent.
Based on data from Trocine and Trefry (1988), Feely et al. (1994), Mitra et al
(1994).

Table 4.3. Oxidation rates of Fe(ll) in ambient ocean water at hydrothermal vent
sites. According to Field and Sherrell (2000).

Site Fe(ll) half-life Site Fe(ll) half-life
hours hours
Juan de Fuca Ridge 6.38 South EPR 1.83
Gorda Ridge 3.15 SW Indian Ridge 131
21°N EPR 3.7 TAG, MAR 0.45
9°45'N EPR 3.33 Rainbow, MAR 0.29

The Mn/Fe ratio is even lower, about ~0.0002, in the buoyant plume
above the TAG hydrothermal field and about 0.1% of the total concentra-
tion of Mn is present in particulate matter (Trocine and Trefry 1988; Klin-
khammer et al. 1986). In the lower 20 m of the buoyant plume above the
21°N EPR hydrothermal field the Mn/Fe ratio varies from ~0.0009 to
0.011 (Mottl and McConachy 1990), and there is an indication of a decrea-
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se in the ratio where an increase in the dilution factor occurs (Fig. 4.11). A
relatively high Mn/Fe ratio (0.052) for buoyant plumes has been measured
in material that settled 2.5 m from a high-temperature vent at the 13°N
EPR hydrothermal field. Probably the increase in the Mn/Fe ratio near the
hydrothermal vents may be caused by the formation of Mn(1V)-hydroxides
under conditions where the temperatures near the vents are still rather high
and the aeration of the water is sufficient to cause oxidation of Mn(ll) to
Mn(IV) and precipitation, recognizing that the rate of formation of the
Mn(IV)-hydroxides in aerated environment increases sharply with a rise in
the temperature. Nevertheless the role of this process is minor.
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Fig. 4.11. Mn/Fe ratio in particulate matter in relation to the dilution factor in buo-
yant hydrothermal plumes. Based on the data of Mottl and McConachy (1990) and
Feely et al. (1994).

In general, practically all of the dissolved hydrothermal Mn is carried in
the buoyant plumes and enters the nonbuoyant plumes. In the buoyant plu-
mes the Mn exhibits almost conservative behavior. For this reason it is
used in the calculation of the dilution factors®* (Mottl and McConachy

31 By the formula D = (Mn,—Mnyy) / (Mny,—Mnyg,), where Mny, — concentration of
Mn in primary hydrothermal fluid, Mn, — total (dissolved + particulate) con-
centration of Mn in a sample, Mng, — concentration of Mn in ambient ocean
water. In buoyant plumes Mn,; >>Mng, and Mng, can be neglected.
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1990; Rudnicki and Elderfield 1993; Feely et al. 1994; Gurvich 1998;
Field and Sherrell 2000, et al.). The Few/Mnyy ratios in the uppermost parts
of buoyant plumes together with the Fe,/Mn,, ratio are used for estimating
the loss of Fe from the buoyant plumes32 and the transfer of Fe to the non-
buoyant plumes (Mottl and McConachy 1990; Rudnicki and Elderfield
1993; Field and Sherrell 2000).

The time measured for dissolved Mn(l1) to pass into particulate matters,
including its sorption, oxidation, co-precipitation, etc., in hydrothermal
fields and their associated buoyant plumes in the Guaymas Basin, Galapa-
gos Spreading Center, and Endeavor Ridge is respectively, 26 days based
on one measurement, 28 to 800 days based on four measurements, and 510
to 1200 days based on four measurements. The rates for the dissolved
Mn(Il) pass into the particulate matter in the Galapagos Spreading Center
and the Endeavor Ridge are respectively from 8 to 130 ng I"* day™ (aver.
62 ng It day™), and from 20 to 140 ng I™* day™ (aver. 69 ng I"* day™) (Ma-
ndernack and Tebo 1993). The measured times are much shorter than the
time required for dissolved Mn(ll) to pass into particulate matter by che-
mical processes only (Emerson et al. 1979, 1982). For example, it would
require about 50 years (Weiss 1977) instead of 28 to 800 days for this to
take place by chemical processes only in the plume above the Galapagos
Spreading Center. It has been shown in numerous publications that in an
ocean environment, including hydrothermal plumes, the oxidation and
sorption of Mn(ll) takes place with the participation of bacteria that oxi-
dize manganese (Bromfield and David 1976; Rosson and Nealson 1982;
Ehrlich 1983, 1985; Edenborn et al. 1985; Cowen et al. 1986, 1990; Tebo
and Emerson 1986; Nealson et al. 1988; Durant et al. 1990; Tambiev and
Demina 1992; Mandernack and Tebo 1993; Lilley et al. 1995; Sudarikov
et al. 1995, et al.). According to experiments conducted in the hydrother-
mal fields and the buoyant plumes in the Galapagos Spreading Center and
Endeavor Ridge, bacterial activity causes respectively 29 to 70% (aver.

32 By the formula Feoss =100% - [1 — (Few, / Mnyy) / (Fe, — Mny)], where Fey,, and
Mny,, — total concentrations of Fe and Mn in the uppermost part of a buoyant
plume, Fe, and Mny, — concentrations of Fe and Mn in primary hydrothermal
fluid. The formula can be used for estimating Fe loss at any height in the
buoyant plume if the total concentrations of Fe and Mn at this height are known.
Apparently contributions of Fe and Mn delivered by diffusive flows to buoyant
plumes should be taken into account in estimations of the Fe losses and in
calculation of the dilution factors; otherwise, due to lower Mn/Fe ratio in high-
temperature fluids than in diffusive flows (Sect. 4.1), the calculated Fe losses
will be overestimated and dilution factors — underestimated.

3 Ratio of dissolved Mn(lIl) concentration to experimentally measured rate of
dissolved Mn(Il) pass into particulate matter.
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46%) and 12 to 38% (aver. 24%) of the observed transfer of dissolved
Mn(Il) to particulate matter (Mandernack and Tebo 1993). However, in
buoyant plumes a very small amount of dissolved Mn(ll) as well as other
elements pass into the particulate matter because of the relatively short
time that they are held in these plumes, about 30 to 40 minutes (0.02-0.03
days), that is a period of time 900 to 1300 times shorter than the shortest
time measured for dissolved Mn(ll) to pass into particulate matter.
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Fig. 4.12. Si/Al ratio in particulate matter in relation to the dilution factor in hyd-
rothermal plumes. Based on the data of Trocine and Trefry (1988), Mottl and
McConachy (1990), Feely et al. (1994).

The concentration of Si in the hydrothermal fluids is considerably high-
er than in ocean water (Fig. 4.1). It exhibits close to conservative behavior
when hydrothermal solutions mix with ocean water. However, up to seve-
ral percent of the total concentration of Si in the buoyant plumes is present
in particulate matter (Mottl and McConachy 1990; Feely et al. 1994), and
the Si/Al ratio in the particulate matter is relatively high (Fig. 4.12) that
apparently indicates the formation of hydrothermal silicate minerals (Table
4.1). Presumably this process is most intensive in the middle parts of the
buoyant plumes where the dilution factor values are from ~300 to ~3000.
With a further increase in the dilution of hydrothermal solutions by ocean
water the Si/Al ratio decreases to the background level.
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The concentrations of particulate Cu, Zn, Pb, Cd, Ag, and Co in buoyant
plumes vary. However, in the particulate matter in the lower parts of buo-
yant plumes the Cu/Fe, Zn/Fe, Pb/Fe, Cd/Fe, Ag/Fe, and Co/Fe ratios are
higher than in the primary hydrothermal fluids (Mottl and McConachy
1990; Feely et al. 1994; Edmonds and German 2004). In the particulate
matter in the lower 14 m of the buoyant plume above the hydrothermal
field at 21°N EPR the average Cu/Fe ratio is 20 times higher, the Zn/Fe
and Pb/Fe ratios are 4 times higher, the Cd/Fe and Ag/Fe ratios are 10
times higher, and the Co/Fe ratio is 12 times higher than in the primary
hydrothermal fluids (Mottl and McConachy 1990).
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Fig. 4.13. Element/Fe ratios in particulate matter of the buoyant hydrothermal
plume in relation to the height above the Monolith vent and the dilution factor.
Element/Fe ratios in primary hydrothermal fluids are shown at zero height and
dilution factor. Calculated and based on the data of Feely et al. (1994).

Variations in the Cu/Fe and Zn/Fe ratios in particulate matter in the buo-
yant plume over the Monolith vent are shown in Fig. 4.13. In the lower-
most part of the plume these ratios are higher than in the hydrothermal flu-
ids. As the plume rises the ratios increase and reach their maxima at ~10 m
above the orifice where the dilution factor is 500 to 1000. As they rise
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higher and the dilution factor increases the Cu/Fe and Zn/Fe ratios decrea-
se. Patterns like this are interpreted as evidence for relatively more exten-
sive formation of Cu- and Zn-sulfide minerals than Fe-minerals during the
early stages of mineral precipitation in the buoyant plume when the hydro-
thermal fluids mix with ocean water. The Cu-sulfide minerals are usually
enriched in Co and the Zn-sulfide minerals in Pb, Cd, and Ag. Apparently
a part of the Pb content is present in galena particles.

Usually the size of sulfide mineral particles ranges up to 70 um. These
particles remain in the buoyant plumes as long as they can float in the rising
flow of the plume. When there is a decrease in the velocity of the flow the
particles settle to the floor in the vicinity of the vent (Feely et al. 1990,
1992, 1994). The maximum Cu/Fe and Zn/Fe ratios mentioned presumably
correspond to the levels of neutral buoyancy for the Cu- and Zn-sulfide mi-
neral particles where the concentrations of these particles increase.

The V, As, and P exhibit analogous behavior in the buoyant plumes. The
V/Fe, As/Fe, and P/Fe ratios in the particulate matter in the lowermost le-
vels of the buoyant plumes are at their minima. As the plume rises and the
dilution factor increases the ratios increase. The maximum gradients in the
increase take place when the dilution factor is from 100-200 to 1000-2000.
When the dilution factors are higher the ratios increase very slowly or do
not vary significantly (Fig. 4.13). This pattern is interpreted as evidence of
the co-precipitation of the oxyanions of V, As, and P, and apparently of Cr,
U, B, Mo, and W from ocean water by the Fe-hydroxides that formed as the
plume is rising. This process is rapid as it usually takes place in the lower
parts and ceases in the upper parts of the buoyant plumes (Trocine and Tre-
fry 1988; Feely et al. 1990, 1991a,b, 1992, 1994; German et al. 1991; Rud-
nicki and Elderfield 1993; Lilley et al. 1995; Savenko 2000; Edmonds and
German 2004; German and Von Damm 2004). Even in the buoyant plume
of the Monolith vent from the Juan de Fuca Ridge where the process of Fe
precipitation is slower than in the plumes over other vent sites (Table 4.3)
most of the P/Fe, Cr/Fe, V/Fe, and As/Fe ratios indicate that enrichment of
the elements in the hydrothermal particles takes place within the first 50 to
100 m of the rising plume (Feely et al. 1994; Lilley et al. 1995).

Fig. 4.13 shows good evidence that ocean water is the main source of V,
As, and P, even in the particulate matter of the buoyant plumes. The maxi-
mum gradients of the V/Fe-, As/Fe-, and P/Fe ratios occur as the dilution
factors exceed in the values of Dsgy, for these elements. Apparently some
part of the As in particles in the buoyant plumes may be bound in sulfide
minerals. The role of the sulfide minerals as carriers of the As is greater in
back-arc basins where its concentration in the hydrothermal fluids (Fig.
4.1) and massive sulfides (Gurvich 1990; Lisitzin et al. 1992b,c; Shadlun
et al. 1992) is very high.
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Fig. 4.14. Concentrations of dissolved Al at hydrothermal orifices and in the buo-
yant hydrothermal plume in the TAG hydrothermal field in relation to the dilution
factor. Calculated and based on data from Elderfield et al. (1993a).

The properties of Al in buoyant plumes are similar in many respects to
those of V, As, and P. When the Fe-hydroxides are precipitated this ele-
ment is extensively scavenged from the solution, including the Al carried
in the hydrothermal fluids and also the Al that is dissolved in the ocean
water. As a result the concentration of dissolved Al in the buoyant plumes
becomes lower than that would be at conservative mixing of the hydrother-
mal fluids and ocean water, but also lower than its background concentra-
tion in the ambient ocean water (Fig. 4.14). According to data shown in
Fig. 4.14, the Al passes into the particulate matter when the dilution factor
is from about 10 to 1000, and especially in the lower parts of buoyant plu-
mes. With a greater dilution factor this process ceases and the concentra-
tion of the dissolved Al in the plume water becomes indistinguishable from
the concentration in ocean water.

Despite the intensive scavenging of hydrothermal Al by the Fe-oxyhyd-
roxides, the effect of this process on the composition of the metalliferous
sediments and the composition of the particulate matter in the buoyant plu-
mes is not significant. In the hydrothermal fluids of the East Pacific Rise
and Mid-Atlantic Ridge the average Al/Fe ratio is ~0.0013, in hydrothermal
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sulfide minerals it is 0.0032 to 0.0069 (Stepanova and Krasnov 1992),
when the dilution factor is from 100 to 1000 in particulate matter in the bu-
oyant plume at 21°N EPR it is 0.008 (Mottl and McConachy 1990), above
the Monolith vent it is 0.028 (Feely et al 1994), in the TAG hydrothermal
field it is 0.001-0.002, as based on estimates from the data of Elderfield et
al. (1993a). In the metalliferous sediments that accumulated near the hydro-
thermal vents the Al/Fe ratio is 0.011 at 21°N EPR (Mottl and McConachy
1990) and 0.012 to 0.027 at the TAG field (German et al. 1993).
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Fig. 4.15. Concentrations of dissolved and particulate Nd, relative part of particu-
late Nd in the total concentration, and Nd/Fe ratio in particulate matter in relation
to the dilution factor in the buoyant hydrothermal plume and transition to the non-
buoyant plume in the TAG vent field. Calculated and based on the data of German

etal. (1990) and Mitra et al. (1994).

It follows from these data that even if the Al/Fe ratio in the hydrother-
mal particulate matter of buoyant plumes and in the hydrothermal matter
of sediments accumulated in close vicinity to hydrothermal vents are equal
to the Al/Fe ratio in the hydrothermal fluids the part of the Al content bo-
und with the hydrothermal matter in these sediments does not exceed 5 to
22% of its total content. At greater distances from the hydrothermal vents
the role of hydrothermal Al decreases sharply and in an overwhelming part
of the area covered by metalliferous sediments its content is insignificant.
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In metalliferous sediments from the TAG field the average Al/Fe ratio is
0.12 (Table 1.10) and the estimated average content of the hydrothermal
Al does not exceed 1% of total amount of the Al in the sediments.

The rare earth elements in the early stages of rising of a buoyant plume,
and while the sulfide minerals are forming, are mostly present in solution
and exhibit a conservative behavior, as shown in the example for Nd in
Fig. 4.15. As the plume continues to rise and the Fe-hydroxides precipitate
they extensively co-precipitate and sorb both the hydrothermal and the
non-hydrothermal REE that are in solution. According to the estimates of
Rudnicki and Elderfield (1993), in the uppermost parts of the buoyant plu-
me above the TAG hydrothermal field, at the level of neutral buoyancy,
the average contribution of co-precipitation to the amount of particulate
REE is 55+20%. There is a minimum of co-precipitation for La (42%), and
for the middle REE (26+45%), and a maximum for Ce (85%) and the hea-
vy REE (62+85%).

Because of the co-precipitation and sorption when the dilution factor is
from 100 to 1000, the particulate REE become predominant, and the con-
centrations of the dissolved REE become not only lower than their concen-
trations at conservative mixing of the hydrothermal fluids and ocean water,
but lower than their background concentrations in ambient ocean water.
Where there is greater dilution the role of the particulate REE decreases and
in the upper parts of the plume the dissolved REE become predominant.
When the dilution factor becomes less than 100 the REE/Fe ratio in the par-
ticulate matter differs very little from the ratios in the hydrothermal fluids
(Fig. 1.63); the Nd/Fe ratio is about (2+3)-10° (Fig. 4.15). When there is
greater dilution the REE/Fe ratio increases owing to the co-precipitation
and sorption of the REE by the Fe-oxyhydroxides (Fig. 1.63). The increase
in the REE/Fe ratio with dilution has been observed not only in the buoyant
plume of the TAG field, but also in other plumes in the 21°N EPR, 9°45'N
EPR, and Rainbow hydrothermal fields (Mottl and McConachy 1990; Sher-
rell et al. 2000; Edmonds and German 2004).

4.3.2. Processes in nonbuoyant hydrothermal plumes

There are no dramatic variations in the physical and chemical conditions
in nonbuoyant plumes like those observed in the lower parts of the buoyant
plumes. The residence time of fine particulate matter in nonbuoyant plu-
mes is considerably longer than in buoyant plumes. The residence time of
particles in the buoyant plumes usually does not exceed 30 to 40 minutes
(rising time) but in nonbuoyant plumes even in those that are not far from
hydrothermal vents it can be from several days to tens of days or more
(Rudnicki and Elderfield 1993). Because of the absence of rising flow fine
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particles, less than 2 pm in size, are predominant among the particles of
hydrothermal origin in the nonbuoyant plumes (Nelsen et al. 1986/1987;
Walker and Baker 1988). The particles of hydrothermal origin consist
mainly of particulate and colloidal Fe(ll1)-oxyhydroxides and practically
all of the Fe is present in this form. Aggregates of extremely fine-grained
particles of Fe-oxyhydroxides are present also in the majority of the bioge-
nic particles sampled in the plumes (Godfrey et al. 1994). Coarser particles
of sulfide and sulfate minerals are rarely carried in the nonbuoyant plumes
because of their fast settling and dissolution and usually they are observed
only in close proximity to the hydrothermal vents (Walker and Baker
1988; Lisitzin 1993; Godfrey et al. 1994).

The concentration of particulate matter of hydrothermal origin gradually
decreases in the nonbuoyant plumes where there is an increase in the dilu-
tion of the hydrothermal fluids by ocean water as the distances increase
from the hydrothermal vents. This decrease in the concentration of particu-
late Fe, the main hydrothermal element in the particulate matter, can be
seen in the nonbuoyant plume over the TAG hydrothermal field (Fig. 4.16).
The concentration of particulate Al, which is a proxy of the concentration
of background pelagic abiogenic particulate matter, has no determinable
variation as the dilution increases. The concentration of particulate Fe
(Fepart) also decreases gradually with an increase in the passing of time af-
ter the hydrothermal Fe enters into the ocean (Rudnicki and Elderfield
1993).

Concentrations of Fep, can be different in nonbuoyant plumes over dif-
ferent hydrothermal fields even when there are similar concentrations of
Fe in the hydrothermal fluids and similar dilution factors. For example, the
concentrations of Fep, in the nonbuoyant plume over the TAG hydrother-
mal field are much higher than those over the nonbuoyant plume at 9°45'N
EPR. In the latter case the concentration of Fep,* when the dilution factor
increases from 7.2:10° to 90-10° changes from 12% to 53% of the total
concentration of Fe (Field and Sherrell 2000; Fig. 4.16). Lower concentra-
tions of Fep,: apparently are present where there are not only relatively
lower total concentrations of Fe but where the process of oxidation of the
Fe(ll) is slower (Table 4.3). Strong correlation of the total concentration of
Fe with the concentration of dissolved Mn (and with the dilution factor
that calculated from the concentration of dissolved Mn or total dissolvable
Mn) in the nonbuoyant plumes suggests that the total Fe exhibits close to
conservative behavior (Field and Sherrell 2000).

3 Fe bound in the particulate matter collected on filters with 0.45 um pore size.
The Fe considered as dissolved was that in the sum of dissolved Fe(ll) and
Fe(l11) in the Fe-hydroxide particles <0.45 um in size (Field and Sherrell 2000).
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Fig. 4.16. Concentrations of particulate Fe and Al, and of total Fe in relation to the
dilution factor in the nonbuoyant hydrothermal plumes over the TAG and 9°45'N
EPR hydrothermal fields. Calculated and based on data from Klinkhammer et al.
(1986), Trocine and Trefry (1988), German et al. (1991), Sherrell et al. (1999),
Field and Sherrell (2000).

Unlike the decrease in the concentration of the dissolved Mn with an in-
crease in the dilution of the hydrothermal fluids with ocean water, the con-
centration of particulate Mn, Mn,, varies insignificantly within the non-
buoyant plume over the TAG hydrothermal field (Fig. 4.17, Table 4.4).
The behavior of the Mnp, in the nonbuoyant plume over the TAG hydro-
thermal field is similar to that in the nonbuoyant plumes over other hydro-
thermal fields (Fig. 4.18; Feely et al. 1994; James et al. 1995b; Ludford et
al. 1996; Edmonds and German 2004 et al.).

Small variations in the concentration of the Mng, in the nonbuoyant
plumes over individual hydrothermal fields are caused by the gradual in-
crease in the role of the Mny,. in the total concentration of Mn as the dilu-
tion factor increases and the total concentration of Mn decreases. Because
of the decrease in the concentration of Fey.q, the Mn/Fe ratio in the particu-
late matter increases with an increase in the dilution factor. The measured
increase in Mnpa/Mny: and Mnpa«/Fepa ratios in the nonbuoyant plume
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over the TAG hydrothermal field is caused by the passing of the dissolved
Mn into particulate matter. This dissolved Mn is mainly of hydrothermal
origin, because the dilution factor is lower than Dsg, for Mn in most of the
parts of the plume that have been sampled (Fig. 4.8, 4.17).
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Fig. 4.17. Concentrations of dissolved and particulate Mn, and Mng./Mny, and
Mnpar/Fepan ratios in relation to the dilution factor in the nonbuoyant plume over
the TAG hydrothermal field. Calculated and based on the data from Klinkhammer
(1986), Trocine and Trefry (1988), and German et al. (1991).

The patterns are similar in the nonbuoyant plumes over other hydrother-
mal fields. But where the concentrations of Fey,: are similar in the plume
over the Rainbow field the concentrations of Mny, and the Mnpa/Fepa ra-
tios are similar to those in the plume over the TAG field, and are much
lower than those in the plumes over the North Cleft segment and at 9°45'N
EPR (Fig. 4.18). This is evidence of more active passage of the Mn into
particulate matter within the nonbuoyant plumes over the North Cleft seg-
ment and at 9°45'N EPR in comparison to that in the plumes over the TAG
and Rainbow hydrothermal fields.
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Table 4.4. Average particulate concentrations of chemical elements related to
increases in the dilution factor in the hydrothermal plume over the TAG hydro-
thermal field. Calculations based on the data from Klinkhammer (1986), Trocine
and Trefry (1988), and German et al. (1991).

Dilution Fe Al Mn Cu Zn Cd Pb V As Co Ni La
factor g™ ng I
(2+6)-10% 127 20 2100 5100 39 29 450 230 0.59 2.0
(0.6+2)-10* 20.3 72 7.3 310 310 63 7.2 76 0.67
(2+6)-10° 6.8 64 86 130 36 061 3.8 29 20 0.82 047 047
(0.6+2)-10° 26 62 7.8 24 7.8 0039 22 12 7.4 042 045 0.25
(2+6)-10° 06 80 87 47 39 0033 13 29 23 0.24 023 0.14
(0.6+2)-10° 023 86 7.3 1.7 3.2 0.039 0.91 1.2 0.37 0.18 0.22 0.100
(2+4)-10° 0.12 57 6.8 28 25 0.029 0.51 0.59 0.12 0.29 0.097
* buoyant plume
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Fig. 4.18. Concentrations of particulate Mn and Mnp,/Feq ratios in relation to
the concentrations of particulate Fe in nonbuoyant plumes over the TAG, Rain-
bow, North Cleft segment, and 9°45'N EPR hydrothermal fields. Based on the data
from Trocine and Trefry (1988), German et al. (1991), Feely et al. (1994), Field
and Sherrell (2000), and Edmonds and German (2004).

Within the nonbuoyant plumes over the Broken Spur and 24°30'N MAR
hydrothermal fields, as over the TAG field, the Mnp.«/Fepa: ratios, even
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where there are rather low concentrations of Fepa: (<200 ng I™"), do not ex-
ceed 0.1 (Krasnov et al. 1992; Sudarikov et al. 1992; James et al. 1995b).
Within the nonbuoyant plumes over the Juan de Fuca Ridge, Galapagos
Spreading Center, Guaymas Basin, North Lau Basin, and East Manus Ba-
sin the Mnya/Fepar ratios are >0.3 at relatively low concentrations of Fepaq
(Bolger et al. 1978; Gordeev and Demina 1979; Gordeev et al. 1979; Tam-
biev and Demina 1992; Massoth et al. 1994; Lisitzin et al. 1997). The rea-
son for this probably can be attributed to the transfer of dissolved Mn into
particulate matter by the action of bacteria that oxidize manganese.

The Broken Spur, 24°30'N MAR, and TAG hydrothermal fields are lo-
cated in low-productive areas of the Atlantic Ocean, and the hydrothermal
fields of the Juan de Fuca Ridge, Galapagos Spreading Center, Guaymas
Basin, North Lau Basin, and East Manus Basin are located in mid-produc-
tive and high-productive areas (Koblents-Mishke 1977; Vinogradov et al.
1996). The production of bacteria and biomass of bacteria are greater in
those areas of the ocean where the production of phytoplankton is greater
(Sorokin 1977). As for the action of chemosynthesis, it is somewhat grea-
ter only in the close proximity to hydrothermal vents. In a trap positioned
21 m over the ocean floor and 4 m away from a high-temperature vent in
the hydrothermal field at 47°57.05'N, 129°06.30'W on the Endeavor Rid-
ge, that was located in a mid-productive area, 95% of the organic flux was
developed by chemosynthesis, and in traps positioned within a nonbuoyant
plume over this field, 26-36% of the organic flux was developed by che-
mosynthesis (Roth and Dymond 1989). In a trap positioned 1.5 m above
the ocean floor 80 m from of a group of three high-temperature hydrother-
mal vents in the 13°N EPR hydrothermal field within a mid-productive
area, one third of the organic flux was developed by chemosynthesis
(Khripounoff and Alberic 1991). According to these data, in the mid-pro-
ductive areas of the ocean the role of chemosynthetic organic matter is sig-
nificantly greater only in close proximity to the high-temperature hydro-
thermal vents, and in nonbuoyant plumes in the mid-productive and high
productive areas the photosynthetic organic matter is prevalent. One can
deduce from this that the production of the biomass of manganese oxidi-
zing bacteria in nonbuoyant plumes in mid- and high-productive areas of
the ocean, with other factors being equal, is greater than in low-productive
areas.

The periods of time that have been measured for the passage of dissol-
ved Mn into the particulate matter in nonbuoyant plumes over the Galapa-
gos Spreading Center are from 34 to 1200 days (aver. 390 days, in 8 mea-
surements), over the Endeavor Ridge they are from 380 to 5700 days (aver.
1600 days, in 16 measurements) (Mandernack and Tebo 1993), over the
Guaymas Basin from 4 to 14 days (Campbell et al. 1988a), and over the
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southern part of the Juan de Fuca Ridge the period is 475 days (Cowen et
al. 1990). These times are comparable to the time that hydrothermal matter
remains in the nonbuoyant plumes, which may be from tens to hundreds of
days, even within a distance of a kilometer from the hydrothermal vents
(Rudnicki and Elderfield 1993). The rates at which the dissolved Mn pas-
ses into particulate matter in the nonbuoyant plumes over the Galapagos
Spreading Center and Endeavor Ridge are from 0.5 to 34 (aver. 8.4) and
from 0.3 to 11 (aver. 1.7) ng I"* day™ (Mandernack and Tebo 1993). In the
nonbuoyant plume over the TAG hydrothermal field the average rate for
the dissolved Mn to pass into particulate matter is about 0.11 ng I™* day™
(my estimate), which is, respectively, 70 and 14 times less than in the non-
buoyant plumes over the Galapagos Spreading Center and Endeavor Rid-
ge. This coincides with the presumed rate for the dissolved Mn to pass into
particulate matter by biological processes. In the nonbuoyant plumes over
the Galapagos Spreading Center and Endeavor Ridge bacterial activity
causes 25 to 68% (aver. 50%) and 0 to 70% (aver. 38%) respectively, of
the dissolved Mn to pass into particulate matter.

Over the Endeavor Ridge the influence of bacteria in the transfer of the
dissolved Mn into particulate matter increases over distances as far as 17
km from the hydrothermal vents. At distances from 0 to 2 km the bacterial
influence averages 28%, at 4 to 10 km it is 37%, at 17 km it is 68% and its
influence correlates positively with the increase in the number of bacteria
covered by manganese bearing film. Under the nonbuoyant plumes bacte-
ria greatly influence the passing of the dissolved Mn into particulate mat-
ter. Over the Galapagos Spreading Center 600 m from the hydrothermal
vents the influence of bacteria as measured was 58% (one measurement),
over the Endeavor Ridge 4 km from hydrothermal vents it was 54-76%
(two measurements); the rates of passing of the dissolved Mn into particu-
late matter was respectively 2.5 and 1.1-3.3 ng I™* day™. These values are
higher than the rates measured within nonbuoyant plumes at the same sta-
tions. The times required for the dissolved Mn to pass into particulate mat-
ter below the nonbuoyant plumes over the Galapagos Spreading Center
and Endeavor Ridge are 90 and 118-450 days respectively; they are short-
er than those within the plumes where the average values are 390 and 1600
days (Mandernack and Tebo 1993).

In the opinion of Mandernack and Tebo (1993), the greater role of bac-
teria in the transfer of the dissolved Mn into particulate matter under the
nonbuoyant plumes is caused by the settling from the nonbuoyant plumes
of bacteria that are covered with the manganese films, because the bacteria
act as additional centers for the capture of the dissolved Mn. Under the
nonbuoyant plume in the Guaymas Basin very large colonies (tens of mic-
rons and on the average 10 to 30 um in size) of such bacteria have been
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found; they consist mainly of organic matter and Mn-oxyhydroxides (Tam-
biev 1988, 1989; Tambiev and Demina 1992).

The increase in the role of bacteria under the nonbuoyant plumes results
in an increase in the concentration of particulate Mn and of the Mnpa/Fepart
ratio with depth (Bolger et al. 1978; Campbell et al. 1988a; Cowen et al.
1990; Cowen and Li 1991; Mandernack and Tebo 1993). A section across
the East Pacific Rise at 15°S that extends as far as 80 km to the west of the
axis (Feely et al. 1996) is a good example. Under the nonbuoyant plume,
where the concentrations of the total particulate matter and Fey, are consi-
derably lower than within the plume, the Mng,. concentration is similar to
that within the nonbuoyant plume and the Mnp./Fepa. ratio is considerably
higher (Fig. 4.19).
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Fig. 4.19. Average concentrations of particulate Fe and Mn and Mng,/Fepa. ratios
in the nonbuoyant plume and under the nonbuoyant plume along the section across
the East Pacific Rise at 15°S. Calculated and based on data from Feely et al.
(1996).

In nonbuoyant plumes over the East Pacific Rise between 13°33'S and
18°40'S the Mnp, concentrations vary from 10 to 40 ng It in the northern
part and from 400 to 600 ng I™* in the southern part of the studied area (Fe-
ely et al. 1996; Fig 4.20). This area is located in the low-productive zone,
and if the Mn,« concentrations from 10 to 40 ng I™* are close to those ob-
served in the nonbuoyant plumes from other low-productive areas, the con-
centrations of 400 to 600 ng I™* not only exceed these but also the concen-
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trations observed in the nonbuoyant plumes from the mid- and high-produc-
tive areas. In the southern part the ratios of Mnya«/Fepa: greatly exceed those
in areas where similar concentrations of Fep, are present in the nonbuoyant
plumes in other low-productive areas (Fig. 4.20, 4.18). Over the axial part
of the EPR between 17°35'S and 18°40'S both dissolved gases and the bac-
terial counts are significantly higher than in the area north of 17°20'S. Ap-
parently higher concentrations of volatile gases fertilize the local microbial
population, which enhances the oxidation of the dissolved Mn and increases
the concentration of Mnp, (Urabe et al. 1995; Feely et al. 1996).
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Fig. 4.20. Concentrations of particulate Mn and Mng,/Feg,q ratios in relation to
the concentrations of particulate Fe in the nonbuoyant plumes over the axial part
of the East Pacific Rise. Based on the data from Feely et al. (1996).
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With an increase in the dilution of hydrothermal fluids by ocean water
(and a decrease in the concentration of Fey.q) in the transition from the bu-
oyant to the nonbuoyant plume and subsequently in the nonbuoyant plume
the concentrations of particulate Cu, Zn, and Cd decrease first and then
change somewhat. In the nonbuoyant plume over the TAG hydrothermal
field the decrease in the concentrations of Cupa: and Znyaq is evident when
the dilution factor is about (2+6)-10° and the concentration of Fey is abo-
ut 0.6 pg I, and the decrease in the concentration of Cdpart Ceases when
the dilution factor is about (0.6+2)-10° and the concentration of Fepart 1S
about 2.6 ug I (Table 4.4). In the nonbuoyant plume over the North Cleft
segment the decrease in the concentration of Cup,: and Znya: ceases when
the concentration of Fep, is about 2.5 ug I, and in the nonbuoyant plume
over the axial part of the East Pacific Rise from 13°33'S to 18°40'S when
the concentration of Fe,, is about 1 pg I (Table 4.5).

Table 4.5. Average particulate concentrations of chemical elements with decrea-
ses in the concentrations of particulate Fe within the nonbuoyant hydrothermal
plumes over the North Cleft segment, and the axial part of the East Pacific Rise
from 13°33'S to 18°40'S. Calculated on the data from Feely et al. (1994, 1996).

Fepar Al Mn Cu Zn \Y As P Ni
ug I ng I*
North Cleft
1025 120 75 20 43 35 29 1510
5+10 170 90 11 15 20 15 770
25+5.0 260 100 12 10 11 7.2 370

1.0+25 190 110 45 3.4 4.7 29 140
<1.0 190 110 44 3.7 2.3 11 49

East Pacific Rise

100+150 2080 2500 290 313 11700
30+100 215 160 120 105 4250
10+30 130 35 41 38 1560 0.12
3.0+10 24 88 13 7.0 440 0.056
1.0+3.0 14 6.8 6.2 3.9 190 0.055
<1.0 1.9 0.73 0.063
0.3+1.0 4.6 4.2 54
0.1+0.3 3.4 4.7 29

Average 15 144

As to the Cu/Fe, Zn/Fe, and Cd/Fe ratios in the particulate matter, in the
transition from the buoyant to the nonbuoyant plume and subsequently in
the nonbuoyant plume they decrease at first to a minimum and then increa-
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se (Fig. 4.21, 4.22). The decrease in the Cu/Fe, Zn/Fe, and Cd/Fe ratios in
the particulate matter to minimum values as the dilution factor increases
with the distance from the hydrothermal vents, apparently is evidence of a
decrease in the role and then the disappearance of sulfide minerals enrich-
ed in Cu, Zn, and Cd in the particulate matter. The subsequent increase in
these ratios obviously is caused by an increase in the role of the Cu, Zn,
and Cd passed from solution into the particulate matter because of sorption
by the Fe-oxyhydroxides. This increase occurs for these three elements
when the dilution factors exceed the values of Dsoy, (Fig. 4.21, 4.8). It is
evident that ocean water is the main source of the Cu, Zn, and Cd that pass
into the particulate matter after the sulfide minerals settle.
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Fig. 4.21. Element/Fe ratios in particulate matter of the nonbuoyant plume over
the TAG hydrothermal field in relation to the dilution factor. Calculated and based
on the data from Klinkhammer et al. (1986), Trocine and Trefry (1988), German
etal. (1990, 1991).

Where the dilution factor increases to (2+6)-10° the Cu/Fe ratio is at a
minimum, and with an increase to (2+4)-10° the Cu/Fe ratio increases
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threefold, and as the dilution factor increases from (0.6+2)-10°, where the
Zn/Fe and Cd/Fe ratios are minimum, to (2+4)-10° the Zn/Fe and Cd/Fe
ratios increase sixfold and twentyfold respectively (Fig. 4.21). This indica-
tes that when the dilution factor is (2+4)-10°, the ocean water is the source
of about >75%, >85%, and >95% of the Cu, Zn, and Cd respectively in the
particulate matter that is bound with the hydrothermal material.
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Fig. 4.22. Element/Fe ratios in particulate matter in relation to the concentrations
of the particulate Fe in the nonbuoyant plumes over the axial part of the East Paci-
fic Rise from 13°33'S to 18°40'S. Calculated and based on the data from Feely et
al. (1996).

As the dilution factor increases from 2:10° to 2:10° in the transition from
the buoyant to the nonbuoyant plume and subsequently in the nonbuoyant
plume over the TAG hydrothermal field the concentration of particulate Pb
decreases steadily (Table 4.4), and the Pb/Fe ratio increases steadily (Fig.
4.21). This is an indication of the continual passage of dissolved Pb into the
particulate matter. In the nonbuoyant plume the increase in the Pb/Fe ratio
occurs when the dilution factor exceeds Dsq, for Pb (Fig. 4.21), which is
evidence indicating that ocean water is the main source of the particulate Pb
bound in the hydrothermal matter in the nonbuoyant plume. When the dilu-
tion factor reaches (2+4)-10° the ocean water is the source of >90% of the
Pb in the particulate matter that is bound with the hydrothermal material.

In the nonbuoyant plume over the TAG hydrothermal field at increase in
the dilution factor up to (2+6)-10° the concentrations of particulate Co, Ni,
and La decrease. Where the dilution factors have higher values the concen-
tration of Cop, cONtinues to decrease, the Lag,: concentration does not va-
ry significantly, and the concentration of Niy,: does not vary until the dilu-
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tion factor exceeds ~2-10° when it starts to increase (Table 4.4). In the non-
buoyant plumes over the southern East Pacific Rise the Niy.: concentration
exhibits a similar pattern (Table 4.5) at decrease in the Fep,: concentration.

The Co/Fe, Ni/Fe, and La/Fe ratios in the particulate matter in the non-
buoyant plume over the TAG hydrothermal field increase continuously as
the dilution factor increases along with the decrease in the concentration of
Fepart (Fig. 4.21). These increases are evidence of the continuous passage
of Co, Ni, and La from solution into the particulate matter, and the Ni/Fe
ratio exhibits a similar pattern in the nonbuoyant plumes over the southern
East Pacific Rise. The Co/Fe, Ni/Fe, and La/Fe ratios increase and become
greater by one and a half orders of magnitude or more when the dilution
factors are much higher than Dsqy, for Co and especially for Ni and La
(Fig. 4.8, 4.21). This is evidence, which shows that ocean water is the main
source of these elements in the particulate matter of the nonbuoyant plume.
When the measured dilution factors in the nonbuoyant plume reach a
maximum the ocean water becomes the source of 90-95% or more of the
particulate Co, Ni, and La bound with the hydrothermal matter.

With an increase in the dilution factor and a decrease in the concentrati-
on of Fepa that take place in the transition from buoyant to nonbuoyant
plumes and subsequently in the nonbuoyant plumes, the concentrations of
particulate P, V, and As decrease continuously (Tables 4.4, 4.5). The P/Fe,
V/Fe, and As/Fe ratios vary little within the nonbuoyant plumes; the V/Fe
ratio shows a slight increase and the As/Fe ratio decreases very little (Fig.
4.21, 4.22). The very low variation in these ratios is evidence showing that
there is very little transfer of dissolved P, V, and As into the particulate
matter in the nonbuoyant plumes. The rapid process within the buoyant
plume of co-precipitation of the oxyanions of P, V, and As has ceased
(Sect. 4.3.1), and the subsequent sorption of these elements from the ocean
water in the nonbuoyant plume is insignificant. Presumably this process
plays some role for V only, which is indicated by the small increase in the
V/Fe ratio in the particulate matter as the dilution factor increases and the
concentration of Fey,: decreases in the nonbuoyant plumes over both the
TAG hydrothermal field and the axial part of the East Pacific Rise (Fig.
4.21, 4.22 ). The V/Fe ratio stabilizes when the dilution factors measured
are highest. This is evidence indicating that scavenging of V from the oce-
an water by Fe-oxyhydroxides has ceased or it is imperceptible. The slight
decrease in the As/Fe ratio associated with an increase in the dilution fac-
tor and the decrease in the concentration of Fey, in the nonbuoyant plumes
both over the TAG hydrothermal field and the southern East Pacific Rise
(Fig. 4.21, 4.22 ) apparently is evidence of the settling of small amounts of
remnant sulfide minerals that entered the nonbuoyant plumes from the
buoyant plumes.
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According to laboratory experiments on the co-precipitation and sorption
of P from ocean water by hydrothermal Fe-hydroxides (Berner 1973), the
first process ceases quickly within a few hours, and the second process is
much slower as equilibrium is not indicated even in 210 days in the experi-
ments. The final P/Fe ratio measured in the experiments varied from 0.08 to
0.12 and coincided with the P/Fe ratio in the particulate matter of the non-
buoyant plumes over the North Cleft segment which varies from 0.08 to
0.11 (Feely at al. 1994), and over the axial part of the southern East Pacific
Rise where it varies from 0.085 to 0.12 (Fig. 4.22; Feely et al. 1996).

The main features in the chemical compositions and the physical charac-
teristics of the high-temperature hydrothermal fluids in the open rifts (that
are not covered with sedimentary strata) in different areas of the ocean are
similar (Sects. 4.1 and 4.2). In these areas the main characteristic physical
and chemical features of the bottom ocean water are also similar. It is evi-
dent that in different areas of the ocean the general development of the pro-
cesses that are caused by the mixing of hydrothermal fluids and bottom oce-
an water, including the processes in the buoyant and nonbuoyant plumes,
are similar. Minerals formed in the buoyant plumes either settle in the vici-
nity of the hydrothermal vents or migrate into the nonbuoyant plumes. The
dispersion of the hydrothermal material and its settling to form the main
fields of metalliferous sediment occur mainly from the nonbuoyant plumes.
The extent to which the processes take place in the nonbuoyant plumes as
well as the size of the plumes depend on the volume and intensity of the
contribution of high-temperature hydrothermal fluids to the ocean. In gene-
ral with an increase in the volume and contribution of hydrothermal fluids
the amount of ocean water needed to achieve the same dilution of the hyd-
rothermal fluids and the area of nonbuoyant plumes must have increased.

With other factors being equal, the intensity of the contribution of hydro-
thermal matter into the ocean in any area is reflected by the amount of Fepaq
and the total amount of dissolvable manganese, TDM, within a nonbuoyant
plume (Baker and Massoth 1987; Nelsen et al. 1986/1987; Fig. 4.23). The-
refore comparisons of areas with "hydrothermal™ concentrations of Fegar
(>3000 ng I™*) and TDM (>400 ng I™") that occur where the dilution factor
is <(0.6+2)-10° in the nonbuoyant plumes in three areas of modern hydro-
thermal activity are illustrative: a) within the TAG hydrothermal field in
the slow-spreading Mid-Atlantic Ridge there is one active hydrothermal
mound that has several hydrothermal vents; the nearest hydrothermal vents
known are ~180 km to the south and ~330 km to the north of the field; b)
over the North Cleft segment of the medium-spreading Juan de Fuca Ridge
there are four hydrothermal vents within an area that is about 3 km long,
the nearest hydrothermal vents known occur ~35 km to the south; ¢) 10 km
to the east and to the west of the axis of the very fast-spreading East Paci-
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fic Rise between 21°20'S and 22°40'S, the exact number of hydrothermal
vents is not yet known within this area that is about ~150 km long; how-
ever, according to indirect evidence, there are a great number.
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Fig. 4.23. Concentration of Fey, in relation to the concentration of TDM in the
nonbuoyant plumes over the TAG hydrothermal field and the axial part of the East
Pacific Rise from 21°20'S to 22°40'S. Based on the data from Klinkhammer et al.
(1986), Trocine and Trefry (1988), German et al. (1991), Krasnov et al. (1992b).

The area with the "hydrothermal™ concentrations of Fepx and TDM in
the nonbuoyant plume over the TAG field is about 15 to 30 km? (Sudari-
kov et al. 1992; Rudnicki and Elderfield 1993), over the North Cleft seg-
ment the area is about 250 km? (Feely et al. 1994), and over the East Paci-
fic Rise between 21°20'S and 22°40'S it is about 3000 km? (Krasnov et al.
1992b). This is in agreement with: a) the relationships of hydrothermal
venting probability with spreading rate; b) the relationships of plume inci-
dence with spreading rate (Sect. 4.1); c¢) the increase in the accumulation of
hydrothermal metal-bearing matter in the bottom sediments in a sequence:
Mid-Atlantic Ridge — Juan de Fuca Ridge — East Pacific Rise.
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Studies of the TDM, *He/*He, and temperature anomalies in ocean water
at depth of about 2500 m have shown that in the Southeast Pacific nonbuo-
yant plumes or their fragments occur at distances up to 2000 km to the
west of the EPR axis (Klinkhammer and Bender 1980; Klinkhammer and
Hudson 1986; Lupton and Craig 1981; Lupton 1995; Lupton et al. 2004).
This is comparable to the distance from the EPR axis where recent metal-
liferous sediments occur in the Southeast Pacific (Sect. 1.1.1).

4.4. Settling fluxes of hydrothermal particulate matter

Not only the concentrations of particulate hydrothermal matter, the con-
tents of chemical elements bound in it but also their settling fluxes vary
with the distance from hydrothermal vents. It is important in this study to
trace the variations in the settling fluxes of the hydrothermal matter and
the components that are bound in this matter as distances increase from the
hydrothermal vents. Up to now only a few measurements have been made
of these variable factors in areas of modern hydrothermal activity by using
sediment traps that were located at measured distances from the hydrother-
mal vents and fields. The data for several areas are shown in Table 4.6.
They include measurements of fluxes near the hydrothermal vents and at
different distances from the vents and hydrothermal fields.

The fluxes of almost all chemical elements are higher near the hydrothe-
rmal vents than at distance away from them. The fluxes are higher within
the nonbuoyant plumes and below them than above the plumes (Dymond
and Roth 1988; Lukashin et al. 1999). Variations in the fluxes of Fe, Mn,
Cu, and Zn bound in the hydrothermal matter with increasing distance
from the hydrothermal vents in the areas of hydrothermal activity on the
Endeavor Ridge and at 13°N EPR are shown in Fig. 4.24. The fluxes of all
the elements tend to decrease with distance from the hydrothermal vents,
but the relative decreases in the fluxes of individual elements are different.
This is evidence of the differentiation of the elements with distance from
the hydrothermal vents. The differentiation of the elements can be seen in
a graph of the variations in the ratios of the fluxes of Mn, Cu, and Zn to the
flux of Fe in relation to the increasing distance from the hydrothermal vents
(Fig. 4.25).

Close to the hydrothermal vents, <0.5 to 4 m, the Cu/Fe ratio is relative-
ly high; 5 to 20 m away from the vents it is lower, and further away the ra-
tio increases gradually. The Zn/Fe ratio close to the hydrothermal vents is
lower than the ratio in matter collected 5 to 20 m away from the vents. The
Zn/Fe ratio decreases and has minimum values at locations about 80 to 300
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m from the vents and at locations further distant the ratio increases gradu-
ally. The Mn/Fe ratio increases gradually with distance from the hydro-
thermal vents.

Table 4.6. Settling fluxes of chemical elements at different distances from hydro-
thermal vents and fields.

Distance Fe Mn Cu Zn Ref. Distance Fe Mn Cu Zn Ref.

m mg cm? ka™ m mg cm™ ka™
Endeavor Ridge North Cleft segment, JDF
21 m above the bottom 9 m above the bottom
4 4367 7.2 332 285 1 10 113 36 4
lower boundary of the nonbuoyant plume 18-150 m above the bottom
2000 218 34 146 449 1 ~500 28 3.2 4
upper part of the nonbuoyant plume Rainbow field, MAR
2000 745 079 43 117 1 1.5 m above the bottom
13°N EPR 2 18100 12600
1.5 m above the bottom 150 m above the bottom
2.5 3836 198 94 495 2 500 93 38 5
80 836 16 94 34 2 1000 5.3 2.9 5
<0.5 84600 63 317 389 7 TAG field, MAR
15 3210 10 22 1020 7 2400 47.1 3
5 2050 6 14 539 7 Broken Spur field, MAR
12 739 20 5 169 7 0.9 m above the bottom
20 3400 31 29 567 7 3 24300 460 460 6
5 m above the bottom 38 m above the bottom
300 79 92 155 22 7 300 24 022 6
50 m above the bottom 33 m above the bottom
15000 66 18 12 62 2 2500 6.9 13 6

References: 1 — Dymond and Roth (1988), 2 — Khripounoff and Alberic (1991), 3 — Demina
et al. (1992), 4 — Feely et al. (1994), 5 — Khripounoff et al. (2001), 6 — Lukashin et al.
(1999), 7 — German et al. (2002).

The increase in the Cu/Fe ratio close to the vents apparently is evidence
of the settling of Cu-bearing sulfide particles from the buoyant plumes.
This settling ceases within 5 to 20 m from the vents. The consequent in-
crease in the Cu/Fe ratio results from scavenging of the dissolved Cu by
the Fe-oxyhydroxides. Maximum settling of the Zn-bearing sulfide mine-
rals obviously takes place close to the vents, but some further away from
the vents than the Cu-bearing sulfide minerals settle. The settling of Zn-
bearing sulfide minerals ceases at further distances, 20 to 80 m, from the
vents. The increase in the Zn/Fe ratios from 300 to 2000 m and at least as
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far as 15 km from the vents apparently is evidence of the scavenging of the
dissolved Zn by the Fe-oxyhydroxides. The gradual increase in the Mn/Fe
ratio apparently results from the gradual oxidation and scavenging of Mn
by the Fe-oxyhydroxides. The role of oxidized and scavenged Mn increa-
ses with time (Sects. 4.3.1, 4.3.2), and the older the hydrothermally deri-
ved settling particulate matter is the richer it is in Mn. In general the grea-
ter distance is from the vents the older it is.

10000 3
T 1000 3
x E _
o~ 9 N—
E ] N 5
100 S <]
o
E iM |8 N
x ]
=
L 10 = 3
: © - S S
J [T = 8
14 T T T |
<0.5-4 5-20 20-80 300-2000 15000

Distance from hydrothermal vents [m]

Fig. 4.24. Average settling fluxes of Fe, Mn, Cu, and Zn that are bound in the hyd-
rothermal matter in relation to increasing distances from the hydrothermal vents as
shown by the average for data from areas of hydrothermal activity on the Endea-
vor Ridge and at 13°N EPR. Calculated and based on data from Dymond and Roth
(1988), Khripounoff and Alberic (1991), German et al. (2002).

The data from Table 4.6 enable quantitative estimates to be made of the
variations in the settling fluxes of hydrothermal matter in relation to the in-
creasing distances from hydrothermal vents. Plots of the settling fluxes of
the hydrothermal Fe (Fey*) in relation to the distances from the hydrother-
mal vents are shown in Fig. 4.26 for the hydrothermal fields and adjacent
areas of the Endeavor Ridge, 13°N EPR?*, North Cleft segment of the Juan
de Fuca Ridge, as well as for the Broken Spur and Rainbow hydrothermal
fields of the Mid-Atlantic Ridge.

In spite of the different settling fluxes of the hydrothermal Fe at similar
distances from the vents in different hydrothermal fields the characteristics

% The data for the flux measured at distance <0.5 m from the vent (Table 4.6)
have not been taken into consideration because the measurement of the distance
was not precise.
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of the relative variations in the fluxes with increasing distances from vents
are similar in the data for the Pacific Ocean and in the data for the Atlantic
Ocean. The slopes of the regression lines for the data from the Pacific Oce-
an (the Endeavor Ridge, 13°N EPR, and North Cleft segment) vary from
-0.45 to —0.59 and for the data from the Atlantic Ocean (the Rainbow and
Broken Spur hydrothermal fields) from -1.23 to —-1.43 (Fig. 4.26).
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Fig. 4.25. Ratios of the settling fluxes of Mn, Cu, and Zn bound within the hydro-
thermal matter to the settling flux of hydrothermal Fe related to increasing distan-
ce from hydrothermal vents, using the average for data from the areas of hydro-
thermal activity on the Endeavor Ridge and at 13°N EPR. Calculated and based on
the data from Dymond and Roth (1988), Khripounoff and Alberic (1991), German
et al. (2002).

Taking notice of this, the average relative variations have been calcula-
ted for the settling fluxes of Fey, in relation to the distances from the hydro-
thermal vents for the hydrothermal fields in the Pacific Ocean and for the
hydrothermal fields in the Atlantic Oceans. The closest measured distances
from the vents for the settling fluxes of Fe;, that have been measured vary
from 1.5 m to 10 m (Table 4.6) and a distance of 2.5 m has been used as a
base distance for further calculations. The settling fluxes of Fe, at distan-
ces of 2.5 m from the vents (Fep*,5) have been calculated from the regres-
sion equations for each area (Fig 4.26). Fe */Fep*, 5 ratios have been calcu-
lated for each area. The results of these calculations are plotted on Fig. 4.27.
The relative variations of the settling flux of Fey, in relation to the distance
from the hydrothermal vents for 12 points from the Pacific Ocean are des-
cribed by the regression equation (R=0.95):

Ig(Fen*/Fep*,5) = 0.23 — 0.561gD, (4.2)

and for 6 points from the Atlantic Ocean, by the regression equation (R=
0.94):
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lg(Fen*/Fen*,5) = 0.54 — 1.34IgD, (4.2)
where D is distance from hydrothermal vents, m.
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Fig. 4.26. Plots of the settling fluxes of hydrothermal Fe in relation to the distance
from the hydrothermal vents for the hydrothermal fields and adjacent areas of the
Pacific and Atlantic Oceans. Straight lines are regression lines for groups of data
named in the legend; references are the same as for Table 4.6. Based on the data
from Dymond and Roth (1988), Khripounoff and Alberic (1991), Feely et al.
(1994), Lukashin et al. (1999), Khripounoff et al. (2001), German et al. (2002).

In spite of the few points where data are available, the evidence shows
that the settling flux of the Fe, derived from the Broken Spur and Rainbow
hydrothermal fields in the Atlantic Ocean decreases as the distance from the
vents increases to a much greater extent than in the Pacific Ocean (Fig.
4.26, 4.27). According to calculation from the regression equations (4.1)
and (4.2), at 100 m distance from vents the difference is ~20-fold, at 500 m
~60-fold, at 1000 m ~110-fold, at 2000 m ~180-fold. Differences such as
these cannot be explained by the additional fluxes of Fe, derived from
vents in the neighboring hydrothermal fields. They can increase the flux,
but not to the extent indicated, because there are not enough additional
sources of Fe, located near the hydrothermal fields in the Pacific Ocean
where the settling fluxes were measured and discussed here. Presumably
the much higher rates of oxidation of the Fe(ll) in the hydrothermal fields
in the Atlantic Ocean (Table 4.3) could be a reason for this difference. Fur-
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ther studies are needed to solve this problem. If it can be confirmed that
there is a much greater decrease in the settling flux of Fe, as the distances
increase from the hydrothermal vents in the Atlantic Ocean, one can feel
assured that one more factor influences the dispersion of hydrothermal
matter and the size of the fields of metalliferous sediments.
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Fig. 4.27. Plots of calculated Fe */Fe,*, 5 ratios for settling fluxes of hydrothermal
Fe in relation to distance from hydrothermal vents for the hydrothermal fields and
adjacent areas of the Pacific and Atlantic Oceans. The regression line for the Paci-
fic Ocean is based on the data for the Endeavor Ridge, North Cleft segment, and
13°N EPR; the regression line for the Atlantic Ocean is based on the data for the
Broken Spur and Rainbow hydrothermal fields. The symbols are the same as in
Fig. 4.26.

The regression equation (4.1) for the data from the Pacific Ocean enab-
les estimates to be made of the settling fluxes of Fey, as distances increase
from the vents when the different settling flux values for Fe, were measu-
red at a distance of 2.5 m from the vents (Fig. 4.28).

It should be emphasized that the settling flux of the Fe, at some distance
from a vent can result from this vent as well as from other vents in the area,
if they exist. An increase in the Fe, settling flux can result from both an in-
crease in the hydrothermal contribution from an individual vent and from
the increase in flux from a number of vents. The settling flux of the Fe, at
a long distance from points of hydrothermal contribution apparently has
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characteristics that are an integration of the intensity of the hydrothermal
activity in an area or a large segment of a spreading ridge and is not repre-
sentative of the hydrothermal contribution of individual vents.
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Fig. 4.28. Settling fluxes of hydrothermal Fe at increasing distances from the hyd-
rothermal vents when different settling fluxes of hydrothermal Fe were measured
at 2.5 m from the vents. Estimations for Pacific Ocean areas.

4.5. Differentiation of chemical elements during formation
of metalliferous sediments in the ocean

At different stages of hydrothermal mineral formation and sedimentati-
on as the distance increases away from the hydrothermal vents the chemi-
cal elements bound in the hydrothermal metal-bearing matter exhibit va-
ried behavior that results to their differentiation at these stages.

The differentiation of the elements is reflected in the composition of the
metal-bearing matter in the sequence that extends from the high-tempera-
ture hydrothermal fluids to distal metalliferous sediments. Members of this
sequence include: primary hydrothermal fluids, metalliferous sediments on
and near massive hydrothermal edifices, particulate matter of buoyant plu-
mes, proximal metalliferous sediments including metalliferous sediments
accumulated in hydrothermal fields up to <1-2 km from hydrothermal
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vents and massive hydrothermal accumulations, particulate matter of non-
buoyant plumes within and in the vicinity of hydrothermal fields (recogni-
zing that there are very few data for the nonbuoyant plumes that are far
away from the hydrothermal fields), and distal metalliferous sediments.
The differentiation can be demonstrated by using a geochemical reference
element. In this case Fe appears to be the best reference element. It is the
main chemical component in the metal-bearing matter in all of the mem-
bers in the sequence from primary hydrothermal fluids to the distal metal-
liferous sediments that accumulated at distances up to many hundreds of
kilometers from the hydrothermal fields. In the first step in the calculation
of factors for the differentiation of chemical elements in relation to Fe, the
average contents of the elements in the metal-bearing matter in all of the
members of the sequence were divided by the respective contents of Fe.
Then the quotients obtained were normalized in relation to the respective
quotients for the primary hydrothermal fluids. Where chemical elements
have differentiation factors in some members of the sequence that are >1,
it is evident that these elements are enriched in comparison to the Fe relati-
ve to composition of the primary hydrothermal fluids, and if they are <1
that the elements are depleted. The differentiation factors are equal to 1 for
all of the chemical elements in the primary hydrothermal fluids and for Fe
in all the members of the sequence. Calculations for the differentiation fac-
tors for Mn, Cu, Zn, Co, Pb, Ni, La, and V in the sequence of members are
shown in graphic form in Fig. 4.29.

There are no data at the present time that can enable the calculations of
the differentiation factors for these chemical elements in all of the mem-
bers in a sequence in a single separate area of hydrothermal contribution to
the ocean. For this reason, the composition of the primary hydrothermal
fluids has been calculated from data for the hydrothermal fields on the East
Pacific Rise and for the basalt hosted fields on the Mid-Atlantic Ridge, the
composition of the metalliferous sediments on or near hydrothermal edifi-
ces from the data for the 21°N EPR and TAG hydrothermal fields, the com-
position of particulate matter in the buoyant plumes from the data for the
21°N EPR, 13°N EPR, and TAG hydrothermal fields as well as for the Mo-
nolith vent, the composition of proximal metalliferous sediments from the
data for the 21°N EPR and TAG hydrothermal fields, the composition of
particulate matter in nonbuoyant plumes from the data for the EPR, North
Cleft segment, TAG, Broken Spur, and MARK hydrothermal fields, and
the composition of distal metalliferous sediments from the data for the
field with an area of ~2:10° km?in the Indian Ocean around the Rodriguez
Triple Junction and the field with an area of 10-10° km? in the Southeast
Pacific.
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Fig. 4.29. Differentiation factors for chemical elements in the sequence that ex-
tends from primary hydrothermal fluids to distal metalliferous sediments.

The calculated differentiation factors should be considered as prelimina-
ry only. Nevertheless they reflect concisely the variations in the compositi-
on of the hydrothermal metal-bearing matter in the main stages from its
entering the ocean to its accumulation in the distal metalliferous sediments.

The differentiation factor for manganese (Ky,) in the metal-bearing mat-
ter increases from the metalliferous sediments on or near hydrothermal
edifices to the end of the sequence in the distal metalliferous sediments.
However, it is considerably less than 1 in the stages of the sequence before
the particulate matter in the nonbuoyant plumes (Fig. 4.29). It is evident
that there is much less fixation of Mn in comparison to that of Fe as a com-
ponent of the metal-bearing matter, and a prevalent part of the Mn is trans-
ported outside the hydrothermal fields in solution. The Ky, is somewhat
lower than 1 in the distal metalliferous sediments from the Indian Ocean
and it is considerably higher than in other members of the sequences loca-
ted within hydrothermal fields and in the particulate matter from the non-
buoyant plumes. But it is lower than the Ky, in the distal metalliferous se-
diments from the Southeast Pacific, which is the only area where the Ky,
exceeds 1. This evidence indicates that the dissolved Mn passes into solid
phases of the hydrothermal metal-bearing matter mainly outside the hydro-
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thermal fields and that there is continuous enrichment of Mn in the metal-
bearing matter as the distance increases from the hydrothermal fields.

The question emerges as to how the dissolved Mn passes into a solid
phase outside the hydrothermal fields. Does the dissolved Mn pass mainly
into the particulate matter in the nonbuoyant plumes, or into the particulate
matter under the nonbuoyant plumes, or after the metal-bearing matter is
deposited in the metalliferous sediments on the seafloor? Studies of the Mn
in nonbuoyant plumes (Sect. 4.3.2) provide evidence which shows that on-
ly in the high productive zones or locally in areas where there are high
concentrations of volatile gases are the Mnp./Feyar ratios comparable with
the Mn/Fe ratios in the metal-bearing matter in the distal metalliferous se-
diments, 0.25 to 0.35 (Fig 4.18, 4.20), and usually they are lower. The
Mngar/Fepar ratio in particulate matter under the nonbuoyant plumes is con-
siderably higher than inside the plumes. The measurements in the low-pro-
ductive zone as far as 80 km to the west of the East Pacific Rise axis at
15°S have shown that the Mnp./Fepa: ratio under the nonbuoyant plume,
0.1-0.12, is about three times higher than within the plume (Fig. 4.19). But
this ratio is from 2 to 3 times lower than the Mn/Fe ratio that is about 0.3
in the distal metalliferous sediments that accumulated some tens of kilo-
meters to the west of the East Pacific Rise (Fig. 1.5, 1.7; Bostrom and Pe-
terson 1969; Dymond 1981; Kunzendorf et al. 1984/1985; Miiller et al.
1985; Walter and Stoffers 1985; Gurvich 1988; Dekov 1994; Sudarikov et
al. 1995; Renner et al. 1997). Presumably this evidence indicates that with-
in some tens of kilometers from the EPR axis a considerable part of the
Mn content bound in the metal-bearing matter has passed from solution
into the distal metalliferous sediments after their deposition.

Unfortunately, no data are available to the writer on the concentrations of
Mnpat and Fegqr in single samples from the nonbuoyant hydrothermal plu-
mes located at distances far from the EPR axis. However there are data on
the concentrations of Mnp, and of Al (Which is considered as a proxy of
the background non-biogenic particulate material) in fragments of nonbuo-
yant hydrothermal plumes located at distances far from the EPR axis in the
low-productive zone near 20°S (Fig. 4.30). As the distance increases to the
west of the EPR axis there is little variation in the concentration of Al
but the concentration of Mnya« and the Mnya/Alpaq ratio decrease conside-
rably. The Mn/Al ratio in the distal metalliferous sediments decreases with
the distance from the EPR axis, but at similar distances from the EPR axis it
is considerably higher than the ratio for Mnpar/Algart.

There are few data for the composition of the particulate matter under
the nonbuoyant plumes at long distances from the EPR axis. In one sam-
ple, collected 40 m above the bottom and at a distance of 1000 km from
the EPR axis, in which an admixture of re-suspended material from the
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bottom is absent, the Mnpa«/Alya ratio is 0.48, in another sample collected
73 m above the bottom at a distance of 260 km from the EPR axis the
Mngarn/ Alpart ratio is 0.058 (Klinkhammer and Hudson 1986). The ratio for
the first sample is comparable to the Mn/Al ratio in sediments, but in the
second sample it is much lower. The available data provide evidence to
show that in the low-productive areas of the ocean a small part of the Mn
accumulated in the metal-bearing matter of the distal metalliferous sedi-
ments passes from solution into solid phases of the particulate matter in the
nonbuoyant plumes. The data available do not provide an answer to ques-
tion where the Mn mostly passes into the solid phase from solution: under
the plume into particulate matter or into the sediments after they are depo-
sited. Additional measurements are needed from samples of the particulate
matter under the plumes and from samples of the distal metalliferous sedi-
ments collected at the same locations at distances far from the hydrother-
mal fields.
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Fig. 4.30. Concentrations of particulate Mn and Al and their ratio in nonbuoyant
hydrothermal plumes, as well as Mn/Al ratio in metalliferous sediments at increa-
sing distances to the west of the East Pacific Rise near 20°S. Based on information
from Klinkhammer and Hudson (1986) and original data.

Because of the bacterial activity in mid- and high-productive areas of
the ocean the intensity to which the dissolved Mn passes into solid phases
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of the particulate matter in the nonbuoyant plumes is much higher than in
the low-productive areas (Sect. 4.3.2). The manganese content in metallife-
rous sediments in these areas is influenced further by the Eh conditions.

In the metalliferous sediments on or near the hydrothermal edifices the
differentiation factors for Cu, Zn, Pb, and Co (Kcy, Kz, Kpp, and Ke,) are
much higher than 1 and the factors for Cu and Zn have maximum values for
the whole sequence, and they decrease in the particulate matter of the buo-
yant plumes and in the proximal metalliferous sediments. These high values
result from the extensive formation of sulfide minerals containing Cu, Zn,
Pb, and Co rather than the development of Fe-minerals in the lower parts of
the buoyant plumes (Sect. 4.3.1). The material in the metalliferous sedi-
ments on or near the hydrothermal edifices settled from the lower parts of
the buoyant plumes, and the average particulate matter in the buoyant plu-
mes is lower in Cu, Zn, Pb, and Co than the particulate matter in the lower
parts of these plumes. The Kcy, Kzn, Kpy, and Ke, factors in the proximal
metalliferous sediments are lower than in the particulate matter in the buo-
yant plumes. This results from the settling of a considerable amount of sul-
fide minerals near the hydrothermal vents and by an increase in the amount
of Fe-oxyhydroxides that have been precipitated and have not scavenged
any significant amounts of Cu, Zn, Pb, and Co from solution at this stage.
The average K¢, and Kz, factors are lower and Kp, and K, factors are
higher in the particulate matter of the nonbuoyant plumes than in the parti-
culate matter of the buoyant plumes. The K¢, and Kz, factors are influenced
mainly by the settling of particles of Cu- and Zn-sulfide minerals from the
buoyant plumes and from proximal parts of the nonbuoyant plumes. Oxida-
tive dissolution of sulfide minerals is of secondary importance (Rudnicki
and Elderfield 1993). The settling of particles of Cu- and Zn-sulfide mine-
rals ceases when the dilution factor is about (0.6+6)-10°. When the dilution
factors are higher in the nonbuoyant plumes the scavenging of Cu and Zn
from solution by Fe-oxyhydroxides is prevalent. The scavenging of Pb and
Co from solution by the Fe-oxyhydroxides is prevalent when the dilution
factors are >10° (Sect. 4.3.2, Fig. 4.21). In the distal metalliferous sedi-
ments the K, factor is higher than in particulate matter from the nonbuo-
yant plumes and the Kz,, K, and Kp, factors are lower. The increase in the
Kc,o factor in the distal metalliferous sediments probably is caused by the
presence of Mn(1V)-oxyhydroxides, which carry a considerable amount of
Co (Sects 1.1.5, 1.4). Probably the K¢, Kz, and Kp, factors in the transition
from the particulate matter of the nonbuoyant plumes to the distal metallife-
rous sediments are influenced by the partial desorption of Cu, Zn, and Pb
from the metal-bearing matter. This is in agreement with the experimentally
demonstrated sequence of ion-exchange mobility of metals:
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Mn(1V) << [Co(ll1), Ce(I11)] << La < [Ni, Co(I1)] < [Pb, Cu, Cd, Zn]

(Chelishchev et al. 1992; Novikov 1994). The distal metalliferous sediments
from the Southeast Pacific have higher values for the K¢o, Kcu, Kzn, and Kpy
factors than those from the Indian Ocean (Fig. 4.29). Apparently this is be-
cause the width of the metalliferous sediment field in the Southeast Pacific
is greater than that in the Indian Ocean and as the distances from ridge
axes increase the metal-bearing matter is continuously enriched in ele-
ments scavenged from ocean water during migration from the axes to pla-
ces of deposition.

Where V enters the particulate metal-bearing matter mainly by the co-
precipitation of Fe-hydroxides from the ocean water (Sect. 4.3.1) an in-
crease in the differentiation factor (Ky) from the hydrothermal fluids to
that in the particulate matter of the nonbuoyant plumes is observed (Fig.
4.29). The particulate matter of the nonbuoyant plumes scavenges scarcely
any of the V from ocean water (Sect. 4.3.2, Fig. 4.21, 4.22), however it
contains particles of Fe-oxyhydroxides that have scavenged V during their
formation in the buoyant plumes. Further, the Ky factor values are almost
invariable and do not refute the evidence for joint migration of particulate
Fe and V in the components of the metal-bearing matter outside of the
hydrothermal fields prior to their deposition on the ocean bottom.

The differentiation factor for Ni (Ky;), which is not accumulated exten-
sively in hydrothermal sulfide minerals (Stepanova and Krasnov 1992), is
<1 in the metalliferous sediments on and near the hydrothermal edifices, in
the particulate matter of the buoyant plumes, and in the proximal metallife-
rous sediments. Because of the sorption of Ni from the ocean water by the
Fe-oxyhydroxides, the intensive incorporation of it into the particulate
hydrothermal metal-bearing matter begins in the upper horizons of the
buoyant plumes and continues to be very active in the nonbuoyant plumes
(Fig. 4.21, 4.22), not only within the hydrothermal fields but also outside
of them. Apparently this results in a steady increase in the Ky; factor from
the particulate matter of the buoyant plumes to the distal metalliferous se-
diments of the Indian Ocean and then of the Southeast Pacific. The Mn-
oxyhydroxides, which contain a considerable amount of the Ni in the distal
metalliferous sediments (Fig. 1.49), obviously play an important role in its
accumulation as well.

The differentiation factor for La (K_,) increases steadily from the hydro-
thermal fluids to the distal metalliferous sediments. This increase begins in
the lower parts of the buoyant plumes at the moment when the Fe-hydroxi-
des begin to form, and the co-precipitation of the REE from the hydrother-
mal fluids and the ambient ocean water takes place. Then their sorption be-
gins. It was mentioned in Sect. 4.3.1 that at the level of neutral buoyancy
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the average contribution of co-precipitation to the amount of particulate
REE is estimated to be 55+20%, and for the La 42% (Rudnicki and Elder-
field 1993). The occurrence of some REE contents from hydrothermal
sources (indicated in by the positive Eu anomalies) is observed in the me-
talliferous sediments on and near the hydrothermal edifices, in the particu-
late matter of the buoyant plumes, and in the proximal metalliferous sedi-
ments (Fig. 1.62). However, in most cases the metal-bearing matter in
them contains REE that are derived mainly from the ocean water. In the
nonbuoyant plumes the sorption of the REE by particles of Fe-oxyhydroxi-
des is predominant. The enrichment of the metal-bearing matter in the
REE increases with the time of its contact with ocean water and the K,
factor increases likewise. In the distal metalliferous sediments the K, fac-
tor is higher than in the particulate matter of the nonbuoyant plumes. There
are no data on the average content of La in the distal metalliferous sedi-
ments from the Indian Ocean. Presumably, the value of the K, factor in
these sediments is somewhere between the values for the particulate matter
of the nonbuoyant plumes and those for the distal metalliferous sediments
from the Southeast Pacific. The continuous increase in the REE/Fe and
La/Fe ratios in the metal-bearing matter with increasing distance from the
ridge axes is known from studies of metalliferous sediments from the East
Pacific Rise and the Juan de Fuca Ridge (Olivarez and Owen 1989; Ger-
man et al. 1997).

4.6. Reflection of metallogenic specialization of
hydrothermal fluids and near-vent massive
accumulations of sulfide minerals in the
composition of metalliferous sediments

Studies of the changes in composition of the hydrothermal metal-bea-
ring matter at different stages of hydrothermal mineral formation and sedi-
mentation with increasing distance from the hydrothermal vents have
shown significant differentiation of chemical elements including Cu and
Zn relative to Fe. Cu and Zn are the main metallic elements of interest in
the ocean submarine hydrothermal systems and indicate metallogenic spe-
cialization of the hydrothermal fluids and the massive accumulation of sul-
fide minerals.

Some of the chemical elements contained in the metal-bearing matter of
the metalliferous sediments in the proximity of the hydrothermal fields are
mainly of hydrothermal origin including Fe, Cu, and Zn. However, during
the formation and development of the composition of the metal-bearing
matter in the proximal and distal metalliferous sediments some differen-
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tiation of Fe, Cu, and Zn takes place. It is of interest to trace the differen-
ces in the average ratios of Fe, Cu, and Zn in hydrothermal fluids, in mas-
sive accumulations of sulfide minerals, and in proximal and distal metalli-
ferous sediments for specific hydrothermal fields. These comparisons can
be made by using the triangular diagram shown in Fig. 4.31.
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Fig. 4.31. Average ratios of Fe, Cu, and Zn in hydrothermal fluids (F), massive
sulfide accumulations (S), and metal-bearing matter of proximal (P) and distal (D)
metalliferous sediments. Figures near the points for the Rainbow hydrothermal
field show the distances that sediments are from the field. Based on data from
Mottl and McConachy (1990), Stepanova and Krasnov (1992), Cherkashev
(1992), Dekov (1994), Gurvich (1998), Bogdanov et al. (2002), Cave et al. (2002),
Douville et al. (2002).

In the high-temperature hydrothermal fluids from all of the hydrother-
mal fields relative roles of Fe are higher than in the massive accumulations
of sulfide minerals and metal-bearing matter of the proximal metalliferous
sediments but lower than in the metal-bearing matter of the distal metalli-
ferous sediments. This is the result of the predominant accumulation of
hydrothermal Cu and Zn in the solid phases of the metal-bearing matter in
the hydrothermal fields, and a major part of the hydrothermal Fe accumu-
lates outside of the hydrothermal fields. Considering the ratios of Cu and
Zn, in spite of their considerable differentiation in specific hydrothermal
fields, the hydrothermal fluids, massive accumulations of sulfide minerals,
and the metal-bearing matter of the proximal metalliferous sediments show
uniform metallogenic specializations: in the TAG hydrothermal field cop-
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per is prevalent, in the 21°N EPR hydrothermal field zinc is prevalent, and
in the 13°N EPR and Rainbow hydrothermal fields concentrations of cop-
per and zinc are comparable (Fig. 4.31). The data for the TAG and 21°N
EPR hydrothermal fields are evidence, which shows that the composition
of the metal-bearing matter of the proximal metalliferous sediments ref-
lects metallogenic specialization in the hydrothermal fluids and the massi-
ve accumulations of sulfide minerals.

The ratios of Cu and Zn in the metal-bearing matter of the distal metal-
liferous sediments can be similar (13°N EPR) or very different (EPR 18°S—
22°S, Rainbow) to the ratios in the hydrothermal fluids and massive accu-
mulations of sulfide minerals (Fig. 4.31). However, the similarities in the
distal metalliferous sediments in the area of 13°N EPR result not from the
inheritance of the composition of the hydrothermal fluids and massive ac-
cumulations of sulfide minerals, but are related to the similar or close valu-
es of the ratios for the Zn and Cu entered into in the metal-bearing matter
of the distal metalliferous sediments from seawater. There are no such si-
milarities found in other hydrothermal fields and the associated distal me-
talliferous sediments. The hydrothermal fluids and massive accumulations
of sulfide minerals at 18°S-22°S on the EPR are richer in Zn than in Cu,
but the associated distal metalliferous sediments are richer in Cu. Distal
metalliferous sediments and even the sediments that are very close to the
Rainbow hydrothermal field do not have the same average composition as
those in the hydrothermal fluids and the massive accumulations of sulfide
minerals in the field (Fig. 4.31). These data provide evidence, which shows
that the composition of the metal-bearing matter in the distal metalliferous
sediments does not reflect the metallogenic specialization in the hydrother-
mal fluids and massive accumulations of sulfide minerals as that found in
the combined hydrothermal fields.

Iron is the only chemical element of direct hydrothermal origin in the
metal-bearing matter of the distal metalliferous sediments. Although the
Mn in the metal-bearing matter is mainly of hydrothermal origin, it had
been largely assimilated in the ocean water before its accumulation in the
distal metalliferous sediments. As for other chemical elements including
Cu and Zn, they are predominantly of exogenic origin and accumulate in
the metal-bearing matter of the distal metalliferous sediments mainly by
processes of sorption and co-precipitation from ocean water. The composi-
tion of the distal metalliferous sediments does not reflect an average metal-
logenic specialization in the hydrothermal fields. Nevertheless, during the
formation of the distal metalliferous sediments and metalliferous strata the
accumulation rates of the metal-bearing matter and, with other factors be-
ing equal or constant, its contents reflect the distances from the hydrother-
mal fields and the intensity of the hydrothermal activity. This is shown in
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the next section in the example of the field of the distal metalliferous sedi-
ments in the Southeast Pacific, the largest field in the World Ocean.

4.7. Formation of distal metalliferous strata

The largest field of recent distal metalliferous sediments is in the South-
east Pacific. It is located entirely within the southern arid climatic zone
where the processes are fairly uniform for the deposition of pelagic sedi-
ments. The part of the East Pacific Rise, around which the field is located,
has the whole range of spreading rates, from ~8 cm atto~20cmal at
which the large fields of metalliferous sediments occur in the Pacific Oce-
an. These features of the field in the Southeast Pacific enable an attempt to
be made to show general regularities in distribution of different parameters
in the field and to consider variations in these parameters that depend on
conditions that are either conducive to or inhibit the formation of metallife-
rous sediments.

The spreading rate is the main characteristic feature that has been quan-
tified among the major factors that influence and control the formation of
metalliferous sediments. A quantitative correlation of the (Fe+Mn)/Al ratio
in the metalliferous sediments from the Southeast Pacific with the sprea-
ding rate of the EPR was found for the first time by Bostrom (1973). Later
Lisitzin (1978) found a correlation of the width of the field of metallifero-
us sediments in the Southeast Pacific with the spreading rate of the EPR.
These researches have demonstrated that, with other factors being equal,
the size dimensions of the fields of metalliferous sediments and the con-
tents of the metal-bearing matter in these sediments quantitatively depend
on the spreading rate of the active ridge that contributed the metal-bearing
matter in these sediments. Since these fundamental relationships were
found a large number of data has been obtained in the distribution, compo-
sition and the accumulation rates of recent and ancient ocean metalliferous
sediments. The relationships have been shown as well between the proba-
bility of hydrothermal venting and the spreading rate and the relationship
of the incidence of hydrothermal plumes and the spreading rate (Sect. 4.1).
All of these data enable the creation of an average quantitative model for
the formation of distal metalliferous strata on the East Pacific Rise in the
Southeast Pacific.

According to the concept of sedimentary formations in a spreading oce-
an (Lisitzin et al. 1973; Lisitzin 2001, 2004), the formation of metallifero-
us sediment strata begins on either side of the axis of a spreading ridge in
close proximity to the axis whence the hydrothermal metal-bearing matter
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contained in the particulate matter of the hydrothermal plumes and in solu-
tion is contributed to the ocean. This matter is carried by bottom currents
on either side of the ridge and settles to the bottom where it mixes with the
background sedimentary material and forms metalliferous sediments and
strata. As the distance increases from the ridge axis the ratio in the content
of the metal-bearing matter to the content of non-biogenic background ma-
terial gradually decreases. According to the definition of metalliferous se-
diments given in Introduction, biogenic material is not considered as a di-
lutant of the metal-bearing matter. The content of the metal-bearing matter
in the metalliferous sediments also decreases and at some distance from
the ridge axis the content of Fe in the abiogenic (carbonate- and silica free)
material (Fecsrs) becomes <10%, and the sediments are considered to be
non-metalliferous.

If the accumulation of a metalliferous stratum took place on an ocean
floor that is static (non-moving) and the intensity of the hydrothermal acti-
vity, the pattern in the dispersion of the metal-bearing matter, and the rate
of accumulation of the background abiogenic matter were constant over a
period of time the content in the abiogenic matter and the accumulation ra-
te of the metal-bearing matter in the metalliferous sediments would vary
only in horizontal directions, and would decrease with increasing distance
from a ridge axis, and would be constant in vertical sections. The thickness
of the stratum would decrease as the distance increases from the axis of the
ridge. The stratum would accumulate during the entire time of the contri-
bution of the hydrothermal metal-bearing matter. If the contribution of the
metal-bearing matter were to continue over an indefinitely long period of
time the thickness of the stratum could increase to infinity.

In the existing ocean where the ocean floor is mobile and moves on both
sides of the ridge axis as a result of the spreading, the pattern in the accu-
mulation of a single metalliferous stratum is very different. Under these
conditions a metalliferous stratum represents a bedding of laterally displa-
ced elementary isochronal layers. If the ocean floor were not-moving this
displacement would be absent. The extent of the displacement between any
two layers is equal to the product of multiplying the average half-rate of
spreading by the time that passes between the deposition of these layers.
Because of the displacement of the elementary layers during the accumu-
lation of the metalliferous strata on the mobile ocean floor the content and
the accumulation rate of the metal-bearing matter may vary in the horizon-
tal and vertical directions. In this case, with constant intensity of the hyd-
rothermal activity, the pattern in the dispersion of the metal-bearing mat-
ter, and the accumulation rate of the background abiogenic matter through
time, the content of the abiogenic matter and the accumulation rate of the
metal-bearing matter and of any other components and chemical elements
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vary upwards in vertical sections at locations some distance from the ridge
axis and correspond to variations with increasing distance from the ridge
axis to the point of the profile (Fig. 4.32). The modern boundary of the
field of distal metalliferous sediments is also the top boundary of a metal-
liferous stratum that is completely formed.
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Fig. 4.32. Correspondence in the distribution of the contents or accumulation rates
of components A and B at constant hydrothermal activity and conditions of sedi-
mentation through time: @ in surface distal metalliferous sediments along a sec-
tion perpendicular to a spreading axis, and @ in distal metalliferous sediments in
the vertical profile at the end of this section.

The boundaries of the ancient fields of metalliferous sediment have now
moved away from the ridge axes to distances greater than the width of the
present field and they are overlain at present by strata of non-metalliferous
sediments. Because of the existence of the moving ocean floor, the thick-
ness of the metalliferous stratum cannot be infinite even in an infinitely
long period of time in the contribution of the hydrothermal metal-bearing
matter to the ocean floor. The stratum accumulates only during the time
that elapses while the ocean floor moves from the ridge axis to the external
boundary of the field of distal metalliferous sediments and the thickness of
the stratum is determined by the time required for this movement and the
average sedimentation rate during this time.
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An ideal situation is presented in which there is a process that is con-
stant in time for the accumulation of metalliferous sediment strata during
the movement of the ocean floor and it does not take into account the spa-
tial and temporal variations in parameters that control and influence the re-
al existing process. Nevertheless, even considering an idealized pattern in
the accumulation of the metalliferous strata at various spreading rates and
with various dilution of the metal-bearing matter by background abiogenic
material, this ideal concept can be useful for understanding the actual cour-
se of this process and the influence of different factors in it. Knowledge of
the idealized conception of the process can be helpful in the understanding
actual patterns in distribution of different parameters in ancient metallife-
rous strata and in the solution of reconstructive problems.

After a qualitative description of the process of formation and depositi-
on of a metalliferous stratum on the moving ocean floor, an attempt is ma-
de to show an average quantitative pattern in the course of this process on
the East Pacific Rise. Recognizing that Fe is the main component in the
metal-bearing matter of metalliferous sediments and its content is used for
distinguishing them from non-metalliferous sediments, the distribution of
the contents of Fecseg and the distribution of the accumulation rates of Fe
in the metalliferous sediments in the Southeast Pacific have been used for
the construction of this pattern. The maps showing the distribution of these
parameters published by Bogdanov and Chekhovskikh (1979) and Bogda-
nov et al. (1979¢) and data from subsequent works have been the main
sources of data and materials used in the construction of this pattern. The
average accumulation rate of the background abiogenic material in the
Southeast Pacific is about 20 mg cm™ ka™ (Sect. 1.1.1). Considering that
within the Southeast Pacific the accumulation rate of Al, the proxy of the
background abiogenic material, in recent metalliferous has little variation
(Lisitzin et al. 1980b), a value of 20 mg cm™ ka™ will be assumed to be a
constant that characterizes the accumulation of the background abiogenic
material in the recent metalliferous sediments on the East Pacific Rise.

There is a distinct quantitative relationship in the Southeast Pacific be-
tween the half-rate of spreading and a half-width of the field of metallife-
rous sediments® when the boundary is 10% of the Fecsrg. There are similar
relationships when the values of Fecseg are 15, 20, and 25%. This enables
the plotting of the family of curves that shows a relationship of the Fecsrs
contents in the metalliferous sediments with the half-rate of spreading and
with the distance from the EPR axis (Fig. 4.33).

3 The use of the half-rate of spreading and the half-width of the field of metallife-
rous sediments goes beyond consideration of bottom- and deep currents carrying
hydrothermal matter in the directions perpendicular to the ridge axis.
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Fig. 4.33. Averaged relationship of Fecsrg content in distal metalliferous sediments
from the Southeast Pacific with distance from the EPR axis and half-rate of spreading.

The average distribution of the Fecseg contents in metalliferous sedi-
ments along a generalized section perpendicular to the EPR axis related to
different half-rates of spreading can be shown by changing the coordinates
of this relationship (Fig. 4.34).

On the basis of Fig. 4.34, of the average composition of the background
material and of its accumulation rate, and of the data for the distribution of
the Fe accumulation rates in metalliferous sediments, an average distribu-
tion of the accumulation rate of the hydrothermal Fe in metalliferous sedi-
ments along a generalized section perpendicular to the EPR axis associated
with the different half-rates of spreading has been calculated (Fig. 4.35).
For distances 20 to 2000 km from the EPR axis the relationship or depen-
dence of a decrease in the rate of accumulation of the hydrothermal Fe
(Fep*) with distance D (km) in comparison with Fe,* at 20 km distance
from the EPR axis is approximated by the best fit equation:

Fen*/Fengo* = (1.58-0.4461gD)? (4.3)
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Fig. 4.34. Averaged relationship of the Fecseg content in distal metalliferous sedi-
ments from the Southeast Pacific with distance from the EPR axis and half-rate of

spreading.

The graph in Fig. 4.33 demonstrates the relationship of the contents of
the Fecses and of the half-width of the field of metalliferous sediments
(isoline 10%) with the half-rate of spreading when the accumulation rate of
the background abiogenic material is 20 mg cm™ ka™. Variations in this
parameter change the half-width of the field and the pattern of distribution
of the Fecsrs. The changes with an increase in the rate of accumulation of
the background abiogenic material can be estimated with some accuracy;
but changes with a decrease in the rate of accumulation can be made only
by extrapolation and are less accurate. The half-widths of the field of me-
talliferous sediments, when accumulation rate of the background abiogenic
material has values different than 20 mg cm™ ka ™, are calculated from the
data of Fig. 4.33 and Table 1.1 and are shown in Fig. 4.36.

It is evident from Fig. 4.36 that the higher accumulation rate of the back-
ground abiogenic material the higher spreading rate is a boundary value for
formation of metalliferous sediments, and with an increase in the accumu-
lation rate of the background abiogenic material the half-width of the field
of metalliferous sediments decreases.
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Fig. 4.35. Averaged relationship of the accumulation rate of hydrothermal Fe in
distal metalliferous sediments from the Southeast Pacific with distance from the
EPR axis and half-rate of spreading.

The data from Fig. 4.36 enable the calculation of the time required for
the formation of metalliferous strata at different spreading rates and diffe-
rent accumulation rates of the background abiogenic material (Fig. 4.37).
As the duration of time required for completion of the formation of a me-
talliferous stratum is equal to the time of movement with the half-rate of
spreading from the ridge axis to the external boundary of the field of sur-
face metalliferous sediments, this period of time can be calculated as a
guotient in the division of the half-width of the field by the half-rate of
spreading. Increase in the accumulation rate of the background abiogenic
material results in decrease in the duration of time required for formation
of the stratum (Fig. 4.37).

The graph in Fig. 4.37 shows an interesting feature; with a constant rate
of accumulation of the non-metalliferous abiogenic material the duration
of time required for the formation of the stratum varies little over a wide
range of the half-rates of spreading. For example, when the average accu-
mulation rate of this material is 20 mg cm™ ka™ there is only a narrow
range in the half-rate of spreading, from 4 to ~6 cm a™*, and the duration of
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time for the formation of the stratum varies greatly, from 0 to ~18 Ma, and
in the range from 6 to 10 cm a™* it changes a little and is about 18-19 Ma.
This duration of time is similar to maximal actual values (Fig. 3.3).
Decreases in the duration of time required for the formation of strata are
the greatest when the values of the half-rate of spreading are minimum or
close to minimum and the accumulation rates of the background abiogenic
material are low (Fig. 4.37).
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Fig. 4.36. Dependence of half-width of the field of metalliferous sediments on
half-rate of spreading and accumulation rate of the background abiogenic material.

With changes in the spreading rate and the accumulation rate of the back-
ground abiogenic material the total amount of abiogenic material including
the metal-bearing and background material in the metalliferous stratum
changes as well. These two parameters have multiple values depending on
the total amount of abiogenic material in the stratum (Fig. 4.38). If the ac-
cumulation rate of the background abiogenic material is constant the total
amount of the abiogenic material in the stratum increases with an increase
in the half-rate of spreading, and the average content of the metal-bearing
matter increases as well. This reflects an increase in the intensity of hydro-
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thermal activity with an increase in the spreading rate, which results in an
increase in the content of the metal-bearing matter in the stratum.
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Fig. 4.37. Dependence of duration of time required for the formation of metallife-
rous strata on half-rate of spreading and accumulation rate of the background abio-
genic material.

Dependence of the total amount of the abiogenic material in the stratum
on variations in the accumulation rate of the background abiogenic material
is more complex. If the half-rate of spreading remains constant and there is
an increase in the accumulation rate of the background abiogenic material
the total amount increases at first, reaches a maximum, and then decreases.
With an increase in the half-rate of spreading, the position of the maximum
is transformed to higher accumulation rates of the background abiogenic
material. Zero values of the total amount of the abiogenic material in the
stratum correspond to conditions when the average content of the Fe in se-
diments becomes 10%. It must be noted that the maxima for the total amo-
unt of abiogenic material in the stratum occur when there are optimum pro-
portions for the accumulation rate of background abiogenic material and the
duration of time required for the formation of the stratum.

The described regularities concern the abiogenic material of metallife-
rous strata. Transition from gross amount of the abiogenic material in the
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stratum (per unit of area) to gross amount of the abiogenic plus biogenic
material can be carried out by multiplication of the amount of the abioge-
nic material by a factor (K) depending on the average content of the bioge-
nic material (B) in the stratum. K = 100/(100-B), where B is in %. Calcu-
lation of the thickness of the stratum can be carried out by division of the
gross amount of the abiogenic plus biogenic material in the stratum per
unit of area by average bulk dry density for salt-free matter of sediments.
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Fig. 4.38. Variations in total amount of abiogenic (metal-bearing + background)
material in metalliferous strata (full lines) and average content of metal-bearing
matter and Fe (hachure lines) with changes in accumulation rate of the background
abiogenic material and half-rate of spreading.

Even highly simplified quantitative consideration of the formative pro-
cess for metalliferous strata shows that this process depends on a number
of factors and their influence is not always shown by a single value. Ne-
vertheless, the influence of the factors considered in the model should be
reflected in the metalliferous strata in their specific properties including
thickness and chemical composition and the factors also influence the pe-
riod of time required for the formation of the strata.
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4.8. Formation of composition of metalliferous sediments
in the Red Sea

In the Red Sea rift and in the rift systems of the open ocean the mobili-
zation of the metal-bearing matter and its passing into hydrothermal fluids
take place when seawater and/or brines interact with tholeiitic basalts un-
der the PT-conditions, which apparently vary not much along rift systems
(Lisitzin et al. 1990). Mainly the temperatures of the effluent hydrothermal
solutions in hydrothermal orifices and conditions near the bottom cause the
observed differences in the composition of the metalliferous sediments in
the Red Sea. Many deeps in the Red Sea rift zone are filled with heavy bri-
nes that differ considerably in temperature and salinity, and the concentra-
tions of the major ions and the dimensions of the brine pools are very dif-
ferent (Tables 2.1, 2.2).

The Late Miocene salt-bearing strata are a source of the salts in the bri-
nes. There are three main ways that the salts can enter the deeps: by expo-
sure of the salt-bearing strata on their walls, by the migration of the seawa-
ter and its hydrothermal circulation through the salt-bearing strata as it des-
cends in the circulation system, and by the migration of the hydrothermal
fluids through the salt-bearing strata as they ascend in the circulation sys-
tem (Fig. 4.39). In the deeps with the exposure of the salt-bearing strata on
the walls (Fig. 4.39a, d) the brines would exist without hydrothermal acti-
vity; and in the deeps, where there is no exposure of salt-bearing strata
(Fig. 4.39D, c), the brines appear only in the periods of time when there is
intensive and sometimes moderate hydrothermal activity. The brine layers
do not form when there is low hydrothermal activity and the circulating
bottom seawater dilutes the highly saline hydrothermal solutions contri-
buted to a deep. In such cases the temperature and salinity of the bottom
water in a deep are slightly higher than in ambient seawater and these con-
ditions exist in the NE Thetis, Hadarba¥’, Gypsum, and Vema Deeps at the
present time (Tables 2.1, 2.2).

The salinity of the brines and the thickness of the brine layers depend on
a number of factors including the following: morphology of the deeps, size
and dimensions of the exposures of the salt-bearing strata, intensity of hyd-
rothermal activity, bottom circulation, etc. The brine pools act as traps of
heat and matter that are contributed from the crust. Because of the weak
exchange of the brines with seawater the dispersion of the chemical ele-
ments contributed by the hydrothermal solutions is limited.

37 According to Béacker et al. (1975), the salinity of pore water in sediments from
the Hadarba Deep is somewhat higher than the salinity of ambient seawater.
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During circulation through the crust the brines undergo considerable
metamorphism. During their metamorphism and when the temperatures in
the crust are >200°C the brines lose SO,* and Mg2+ ions. Also the brines
lose these ions in the deeps when they come into contact with high-tempe-
rature hydrothermal fluids, which are metamorphosed brines with low con-
centrations of the SO, and Mg* ions. For example, in the Atlantis Il
Deep the brines are highly depleted in these ions in comparison with sea-
water (Table 2.2, Fig. 2.4), and these ions are lost in the deep near the ori-
fices of hydrothermal vents. Bottom sediments near the orifices are highly
enriched in sulfate minerals, anhydrite and gypsum as well as in Mg-mine-
rals including saponite, chlorite, talc, amphiboles, serpentine, vermiculite,
cerolite, and stevensite (Fig. 2.10, 2.11; Backer and Richter 1973; Schnei-
der und Schumann 1979; Singer and Stoffers 1981, 1987; Pottorf and Bar-
nes 1983; Oudin et al. 1984; Cole 1988; Ramboz et al. 1988; Butuzova
1998).

The absence or presence of dissolved oxygen, and the existence of redu-
cing or oxidizing conditions greatly influence the formation of minerals,
which is very different in the brines and seawater. The entry of dissolved
oxygen into the brines depends on the amount of exchange between the
brines and seawater. With greater thickness of brine layers and greater dif-
ferences in the densities of the brines and seawater the brines become more
effective as traps for matter and heat, and conditions in the brines become
more reducing. However, at times when the intensity of the entry of hyd-
rothermal solutions into a deep is very high, they can disturb the continuity
of the brines, which results in partial or complete mixing of the brines with
seawater. When the interaction of the hydrothermal fluids with the brines
takes place additional amounts of dissolved oxygen enter the brines and
the conditions become favorable for the formation of oxidized sediments.
The higher the extent of the hydrothermal flow and the lower the thickness
of the brine layers the more favorable conditions develop for the formation
of oxidized sediments.

There is a wide spectrum of conditions for the deposition of hydrother-
mal sediments in many different parts of the Red Sea rift zone and where
considerable variation in the composition of the metalliferous sediments
can occur. In spite of the significant variation in the mineral composition
of the metal-bearing matter in the sediments of the Red Sea deeps, this mi-
neral matter is composed mainly of several mineral groups: sulfides, ferri-
ferous silicates, oxyhydroxides of Fe and Mn, and rarely carbonates of Fe
and Mn.

If it is assumed that the composition of the primary metal-bearing hyd-
rothermal fluids varies little along the rift and that the fluids unload their
content of metals mainly in zones where they have contact with bottom
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water or brines, it is possible to present a general scheme for the formation
of the composition of the metal-bearing matter in the metalliferous sedi-
ments in the deeps of the Red Sea rift zone. In the creation of this scheme
it was supposed that with increasing distance from the zone of contact of
the metal-bearing hydrothermal fluids with the bottom water or brines the
differentiation of the chemical elements and the occurrence of the main
minerals in the metal-bearing matter follow the general distribution pat-
terns demonstrated by numerous data obtained in the research on the evo-
lution of the hydrothermal systems in the ocean rift zones (Lisitzin et al.
1990). The mineral sequence is as follows: hydrothermal sulfide minerals,
magnetite — Fe-oxyhydroxide minerals, nontronite — Mn-oxyhydroxide
minerals. Depending on the position of the zone of contact the metallife-
rous sediments can be divided into three groups (Gurvich and Bogdanov
1986c¢).

Metalliferous sediments of the first group form under conditions where
hydrothermal solutions migrate from the zone of mobilization to the surfa-
ce of the sea floor without essential changes taking place. The temperature
of the solutions exceeds 300°C, and the concentrations of metals are close
to or about the same as those in the primary hydrothermal fluids.

When the high-temperature hydrothermal solutions come into contact
with bottom water or brines there is intensive unloading of the metals car-
ried by these solutions, except for Mn. Under the conditions of the deeps
filled with stratified brines, Fe-, Cu- and Zn- sulfide minerals precipitate at
or near the orifices of the high-temperature vents.

The formation of minerals located at some distance from the hydrother-
mal orifices is dependent on the physical and chemical conditions that pre-
vail near the bottom, and first of all on the Eh. Under the conditions that
exist in well-stratified bottom brines the ingress of dissolved oxygen from
the overlying seawater is limited. As a result unusual conditions for the pre-
cipitation of the main hydrothermal elements, Fe and Mn, are present. Fe-
and Mn-oxyhydroxide minerals form in the upper parts of the brine layers
and in the transition zone from the brines to seawater respectively. A dif-
ferentiation of the Fe and Mn occurs during the sedimentation of these oxy-
hydroxide minerals. Most of the Fe-oxyhydroxides reaches the bottom and
accumulates in the bottom sediments, and the Mn-oxyhydroxides are dis-
solved during their settling and return into solution. The hydrothermal Mn
accumulates on the floor mainly in areas outside of the brine deeps.

The processes of co-precipitation and sorption of trace elements are spe-
cific. On the one hand subacid low-reducing conditions in the brines are
less favorable for the co-precipitation and sorption scavenging of chemical
elements compared with those in low-alkaline oxidizing conditions in sea-
water. On the other hand the brines, acting as traps, are highly enriched in
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many chemical elements and this promotes their accumulation in the bot-
tom sediments.

Similar near-bottom conditions are developed in the deeps in two cases:
a) when there is intensive discharge of high-temperature hydrothermal ef-
fluent into a deep that is filled with thick layer of dense brines and the stra-
tification of the brines is disturbed; b) a brine layer is formed when there is
intensive discharge of highly saline high-temperature hydrothermal soluti-
ons into a deep where brines are absent. In both cases at and near the hyd-
rothermal orifices hydrothermal sulfide minerals and/or magnetite are pre-
cipitated along with Fe-oxyhydroxide minerals. Fe-oxyhydroxide minerals
are precipitated mainly at some distance from the orifices.

Metalliferous sediments of the second group form under conditions
where the hydrothermal solutions that enter a deep have been altered in
composition in comparison with the primary hydrothermal fluids. The zo-
ne of contact of the metal-bearing hydrothermal fluids with the bottom wa-
ter or brines apparently is located below the bottom surface at near-surface
levels of the crust. In this zone partial unloading of the metals and the for-
mation of sulfide minerals takes place. The residual hydrothermal soluti-
ons are depleted considerably in Fe, Cu, Zn, and S. Their temperatures are
presumed to be from 30° to 300°C. In the metalliferous sediments formed
on the bottom near the orifices of the mid-temperature hydrothermal vents
the metal-bearing matter is composed mainly of Fe-oxyhydroxide minerals
and ferriferous silicate minerals. Hydrothermal sulfide minerals are absent
or present only in small amounts. In environments, where the conditions
are reducing, Fe-sulfide minerals are formed by the sulfate-reduction. As
the distances increase from the orifices the metal-bearing matter is enri-
ched gradually in Mn. In the brine-filled deeps the sediments accumulated
near the brine-seawater boundary are highly enriched in Mn.

Metalliferous sediments of the third group form under conditions
where the hydrothermal solutions that enter a deep have been highly alte-
red in composition in comparison with the primary hydrothermal fluids.
The unloading of the major contents of the hydrothermal metals in sulfide
and probably in silicate mineral matter takes place in the subsurface levels
of the crust. The residual hydrothermal solutions are highly depleted in Fe,
Cu, and Zn but the concentrations of Mn do not change significantly. On
the sea floor near the orifices of the low-temperature (<30°C) hydrother-
mal springs, under favorable redox conditions, sediments accumulate in
which the Mn-oxyhydroxide minerals are of significance in the metal-bea-
ring matter. As the distance from the orifices increases the amount of Mn
in the sediments increases and may become prevalent. In the deeps filled
with thick layers of brines the existing redox conditions are not favorable
for the precipitation and sedimentation of Mn-oxyhydroxide minerals. In
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the environmental conditions near to the orifices of hydrothermal springs
and at some distance from them the metal-bearing matter, if it accumulates
at all, is composed of Fe-oxyhydroxide and sulfide minerals and the latter
are formed by the sulfate-reduction. The Mn-bearing minerals apparently
precipitate and settle to the floor near the boundary between the brines and
seawater.

The fourth group of metalliferous sediments was recognized in studies
of the formation of metalliferous sediments in the Red Sea rift zone. The
metal-bearing matter of these sediments is formed in environments at or
near the floor and deposited during the migration of heavy brines that are
enriched in metals. The migration involves a) the flow of the brines en-
riched in metals from an orifice or place of hydrothermal effluence down
slope toward a deep where there is no hydrothermal effluent, and b) the
overflow of the brines from a deep with hydrothermal effluent to another
deep located at lower level, and then from the second deep to a deep loca-
ted at still lower level. There is no hydrothermal effluent in the second and
third deeps. Where the bottom relief is favorable, metalliferous sediments
of the fourth group can accumulate from hydrothermal metal-bearing solu-
tions of any composition that enter the first deep. The composition of the
metal-bearing matter that accumulates in the metalliferous sediments of the
fourth group and the volume of sediments depend not only on the place of
deposition, near to hydrothermal orifices, on slopes, within deeps etc., but
also on the degree of unloading of metals from the hydrothermal solutions
when they enter the sea. General consideration of all possible variants is
beyond our purpose here since the only metalliferous sediments known for
certain to belong to the fourth group are in the Nereus and Chain Deeps.

Fe and Mn are not the only elements that undergo differentiation related
to the intensity of hydrothermal effluence in zones located in the contact
areas of the metal-bearing hydrothermal fluids and the bottom water or bri-
nes. Other chemical elements carried by the hydrothermal solutions are
differentiated also. For example, Cu is precipitated in sulfide minerals in
the early stages of hydrothermal unloading of metals into the metalliferous
sediments of the first group, and Zn accumulates also in the metalliferous
sediments of the other groups.

Metalliferous sediments that occur in separate deeps of the Red Sea rift
zone may belong not only to one of the named groups but also alternate in
a vertical section from the first to the third group depending on the varia-
tions in the intensity of the hydrothermal activity through time. The regu-
larities described in the distribution of the major groups of minerals in the
metal-bearing matter in the metalliferous sediments of the Red Sea rift zo-
ne are of a general character. They do not include some of the features that
are related to local conditions and the processes that bind the metals in car-
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bonate minerals. The possible redistribution of chemical elements in the
metalliferous sediments during their alteration after sedimentation has not
been studied in detail.

Three major and four additional facies zones can be considered that are
related to the distance from a hydrothermal orifice and their location relati-
ve to the boundary between brines and seawater. These major zones are: |
— the zone in the vicinity of a hydrothermal orifice, Il — the zone of the
deep, Il — the zone near to the brine-seawater boundary in the brine-filled
deeps, or the distal zone in the deeps where brines are absent. The additio-
nal zones are: II' — the zone of the slope, and I1" — the zone of the deep in
the case of run-off of the metal-bearing brines from the place of hydrother-
mal effluence down a slope toward a deep where hydrothermal vents are
absent; Il — the zone of the second deep, and llg — the zone of the third
deep for the case where there is an overflow of brines from a deep with
hydrothermal effluence into the second deep (A), and then from the second
deep into the third deep (B).

The chemical and mineral compositions of the metal-bearing matter in
metalliferous sediments depend on the following major factors:

a) temperature and degree of unloading of hydrothermal solutions that
enter a deep;

b) intensity of hydrothermal effluence;

c) presence or absence of brines in a deep;

d) origin of brines, from the exposures of salt-bearing strata on the walls
of a deep or from the migration of seawater that is associated with hydro-
thermal circulation through salt-bearing strata;

e) thickness of a brine layer;

f) presence or absence of disturbances in the continuity of the brines by
effluent hydrothermal solutions;

g) distance of a point of deposition from a hydrothermal orifice;

h) location of effluence of hydrothermal solutions in a deep or on a slope;

i) occurrence of overflow of brines from a deep with hydrothermal ef-
fluence to a shallower deep where hydrothermal effluence is absent.

Three major and four additional facies analogous to the facies zones of
metalliferous sediments can be considered by relating the distance that a
point of deposition of sediments is located from a hydrothermal orifice.
The major facies are: | — the near orifice facies, Il — the facies of the deep,
Il — the facies of the brine-seawater boundary (distal facies if the brines
are absent). The additional facies are: II' — the facies of the slope, II" — the
facies of the deep, Il — the facies of the second deep, and Iz — the facies
of the third deep.

In general the factors named above cover practically the whole range of
conditions for the formation of the metal-bearing matter in the metallifero-



4.8. Formation of composition of metalliferous sediments in the Red Sea 311

us sediments in the deeps in the Red Sea rift zone. The various combinati-
ons of the factors can account for the environment and conditions in which
the sediments or individual interlayers form in specific deeps in specific
intervals of geologic time. Variations in the conditions for the formation of
the metal-bearing matter in the metalliferous sediments in the deeps of the
Red Sea rift zone and the manner in which they influence the chemical
composition of this matter are shown in Fig. 4.40-4.43. Specific and in
some instances somewhat limited data for some of the specific intervals or
parts of the sedimentary layers in separate deeps that presumably corre-
spond to variations in the sedimentary environment have been used in de-
fining the characteristics of the chemical composition of the metal-bearing
matter in the sediments. These data have been taken mainly from Baturin
et al. (1969), Hot brines ... (1969), Baumann et al. (1973), Bécker (1976,
1982), Bignell and Ali (1976), Bignell et al. (1976a), Butuzova et al.
(1980, 1981), Cronan (1980), Shanks and Bischoff (1980), Pottorf and Ba-
rnes (1983), Zierenberg and Shanks (1983), Bogdanov et al. (1986), Schol-
ten et al. (1991, 2000), Anschutz and Blanc (1995). As an illustration the
ratios of the contents of some chemical elements, Fe, Mn, Zn, Cu, Co, Ni,
that are bound in the metal-bearing matter, to the sum of the contents of Fe
and Mn in the metal-bearing matter, are shown in the diagrams in Fig.
4.40-4.43. These ratios show characteristic features in the contents of the
elements in the metal-bearing matter. These elements were not chosen at
random because the Fe, Mn, Zn, and Cu in the metalliferous sediments of
the Red Sea are mainly of hydrothermal origin. Cobalt is commonly of
hydrothermal origin but it does not form separate minerals. The content of
Ni contributed from hydrothermal sources to the metalliferous sediments is
insignificant, and any excessive accumulation of it in the metalliferous se-
diments, if it exists, results from the scavenging of this element from the
seawater by dispersed phases of the metal-bearing matter. The diagrams in
Fig. 4.40-4.43 show only the characteristic trends in the lateral variations
in the chemical composition of the metal-bearing matter, since in the majo-
rity of the deeps the locations of active hydrothermal vents, or of the ex-
tinct ones, are not known or have only been assumed. In the classification
given for conditions for the formation of the metal-bearing matter in the
metalliferous sediments in the Red Sea rift zone the levels of the location
of the zones of interaction of the metal-bearing hydrothermal fluids with
brines or seawater are considered first. These levels are: at the surface of
the sea bottom, below the bottom surface in near-surface levels of the
crust, and subsurface levels below the surface of the crust. At these locati-
ons of the zones of interaction the temperatures of hydrothermal solutions
discharged into the deeps are: >300°C, 30+300°C, and <30°C respectively.
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The different kinds of geological settings in the deeps and the locations of
the effluence of the hydrothermal solutions are considered in Fig. 4.39.

Variants Fe Mn 10Zn_ _20Cu_ 2000Co 2000Ni
Fe+Mn Fe+Mn Fe+Mn Fe+Mn Fe+Mn Fe+Mn
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Fig. 4.40. The first group variants of conditions for formation of metal-bearing
matter of metalliferous sediments in the deeps of the Red Sea rift zone.

In the first group the conditions for the formation of the metal-bearing
matter in deeps where there is effluence of hydrothermal solutions that ha-



4.8. Formation of composition of metalliferous sediments in the Red Sea 313

ve temperatures >300°C are shown in Fig. 4.40. The zone of contact of the
primary hydrothermal fluids with brines or seawater is located at the level
of the sea floor.

Variant 1. An example is the conditions for the formation of the sedi-
ments of the CO Zone in the Atlantis Il Deep. There is very high-intensive
effluence of high-temperature hydrothermal solutions into a deep where a
thick brine layer exists. A salt-bearing stratum exposed on the walls of the
deep and hydrothermal solutions are sources of the salts in the brines, and
the hydrothermal solutions are ejected from basaltic crust (Fig. 4.39a). Be-
cause of the intensive effluence of the solutions the continuity of the brine
layer is disturbed, dissolved oxygen can enter the brines from the overlying
seawater, and some amounts of chemical elements that are dissolved and
in particulate matter can leave the deep. The near orifice facies of metalli-
ferous sediments is rich in Fe, that is present in hydrothermal sulfide mine-
rals, well-crystallized hematite, and magnetite; the content of Mn is insig-
nificant. At a distance from the orifices the Mn content increases conside-
rably and reaches 10 to 50% of the sum of the Fe and Mn contents. Appa-
rently the high Mn content results from the entry of dissolved oxygen into
the brines and the oxidation of hydrothermal Mn(ll), at least in part, to
Mn(1V), which forms Mn-oxyhydroxide minerals and settles to the bottom,
especially in areas near to the brine-seawater boundary. The contents of
Zn, Cu, and Co in the metal-bearing matter of the sediments are generally
low. This results from the significant dissipation of these elements outside
of the deep and the lack of precipitation of Zn- and Cu- sulfide minerals in
most parts of the deep where oxidizing conditions are predominant. Becau-
se of the very high accumulation rate of the metal-bearing matter the con-
tent of Ni that is scavenged from the seawater is insignificant.

Variant 2. An example is the conditions for the formation of the sedi-
ments of the SU; and SU, Zones in the Atlantis Il Deep. There is high-inten-
sive effluence of high-temperature hydrothermal solutions into a deep where
a thick brine layer exists. The salt-bearing stratum exposed on the walls of
the deep and hydrothermal solutions are the sources of the salts in the brines,
and the hydrothermal solutions are ejected from basaltic crust (Fig. 4.39a).
The continuity of the brine layer is not disturbed and almost no dissolved
oxygen enters into the brines. Fe in the hydrothermal sulfide- and oxyhydro-
xide minerals is prevalent in the metal-bearing matter of sediments in the
near orifice facies and in the facies of the deep. The content of sulfide mi-
nerals is higher in the near orifice facies. Fe-oxyhydroxide minerals form
in the upper part of the brine layer. Mn precipitates in particulate Mn-hyd-
roxide minerals in the brine-seawater boundary zone. The Mn-hydroxide
minerals are dissolved during their settling in the brine layer. The process
of Mn precipitation and dissolution is cyclic. The contents of Mn are low
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in the metal-bearing matter in the sediment of the facies of the deep and
especially in the near orifice facies. The content of Mn in the metal-bea-
ring matter is higher in sediments of the facies of the brine-seawater boun-
dary. Only a very small part of the Mn contributed by the hydrothermal so-
lutions accumulates in the sediments within the deep. A predominant part
of it is dissipated outside of the deep. The contents of Zn, Cu, and Co in
the metal-bearing matter of sediments are high. They gradually decrease as
the distance increases from the hydrothermal orifices; near the orifices the
conditions are favorable for the accumulation of Zn and Cu in sulfide mi-
nerals. Anhydrite can accumulate in sediment of the near orifice facies. So-
me accumulation of Ni derived from the seawater takes place in sediments
of the facies of the brine-seawater boundary.

Variant 3. An example is the conditions for the formation of the sedi-
ments of the AM Zone in the Atlantis Il Deep. Intensive effluence of high-
temperature hydrothermal solutions that is less intensive than in Variant 2
takes place in a deep where a thick brine layer exists. The salt-bearing stra-
tum exposed on the walls of the deep and hydrothermal solutions are the
sources of the salts in the brines and the hydrothermal solutions are ejected
from the basaltic crust (Fig. 4.39a). The continuity of the brine layer is not
disturbed and very little amount of dissolved oxygen enters the brines. The
pattern for sedimentation of the metal-bearing matter is similar to that in
Variant 2, however hydrothermal sulfide minerals and anhydrite accumu-
late only in the sediments of the near orifice facies. Fe-oxyhydroxide mi-
nerals are prevalent in the sediments of the facies of the deep. The contents
of Zn, Cu, and Co in the metal-bearing matter decrease gradually as the
distance increases from the hydrothermal orifices. In general the contents
of Zn and Cu are somewhat lower, and the contents of Co are a little high-
er than in Variant 2, and all of the metal contents are considerably higher
than those in Variant 1. Ni derived from seawater accumulates in sedi-
ments of all the facies, but its content is higher in the metal-bearing matter
in the sediment of the facies of the brine-seawater boundary.

Variant 4. An example is the conditions for the formation of sediments in
the Erba Deep during periods of intense hydrothermal activity. The effluen-
ce of high-temperature hydrothermal solutions takes place in a deep where
there is a thin brine layer. The salt-bearing stratum exposed on the walls of
the deep and hydrothermal solutions ejected from the basaltic crust are the
sources of the salts in the brines (Fig. 4.39a). Because of the effluence of
the hydrothermal solutions the continuity of the brine layer is disturbed and
dissolved oxygen enters into the brines from the overlying seawater. Oxidi-
zing conditions are predominant within the deep. A considerable part of the
content of the chemical elements contributed by the hydrothermal solutions
leaves the deep, obviously because of the intensive hydrothermal flow. Mi-
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nerals bearing Fe dominate in the metal-bearing matter of the sediments, es-
pecially in the sediments of the near orifice facies. Fe-oxyhydroxide mine-
rals are prevalent. The magnetite content is significant in the sediments of
the near orifice facies along with hydrothermal sulfide minerals and gyp-
sum. The Mn-oxyhydroxide mineral contents are notable only in the sedi-
ments of the facies of the brine-seawater boundary.

Variant 5. An example is the conditions for the formation of sediments in
the Gypsum Deep during periods of intense hydrothermal activity. There is
no exposure of salt-bearing strata on the walls of the deep. Before entering
the deep the hydrothermal solutions migrate through salt-bearing strata and
transport salts into the deep (Fig. 4.39b). Presumably some disturbance in
the continuity of the brine layer takes place. Probably dissolved oxygen en-
ters the deep, but in limited amounts. The redox conditions and conditions
for the formation of mineral components in the metal-bearing matter appa-
rently are intermediate between those for Variants 2 and 4. Hydrothermal
sulfide minerals of Fe are predominant in the metal-bearing matter in the
sediments of the near orifice facies, and magnetite is present as well. The
metal-bearing matter has notable contents of Cu and Co. Fe-oxyhydroxide
minerals are prevalent in the metal-bearing matter in the sediments of the
facies of the deep, and hydrothermal sulfide minerals and magnetite are
present in small amounts. Here, as well as in the metal-bearing matter in
the sediments of the near orifice facies, Mn minerals are absent and the
contents of Mn are low. The metal-bearing matter in the sediments of both
facies has a low content of Zn. The accumulation of Ni in the metal-bea-
ring matter of the sediments is insignificant.

Variant 6. An example is the conditions for the formation of sediments
in the Thetis Deep during periods of intensive hydrothermal activity. The
effluence of high-temperature hydrothermal solutions takes place in a deep
without the exposure of salt-bearing strata on the walls of the deep. Hydro-
thermal solutions entering the deep are highly saline because of the migra-
tion of the seawater that is involved in the hydrothermal circulation system
through the salt-bearing strata when it descends through them in the circu-
lation system (Fig. 4.39c). Hydrothermal solutions contribute sufficient
salts into the deep to maintain the existence of a brine layer, the continuity
of which is disturbed. Dissolved oxygen exists in the brines, but in concen-
trations lower than in seawater. Redox conditions in the brines are more re-
ducing than those in seawater. Under such conditions magnetite, goethite,
and lepidocrocite can form, Mn(ll) is not oxidized and Mn(IV)-hydroxide
minerals do not precipitate. Mainly Fe-oxyhydroxide minerals and magne-
tite, and to a lesser extent, hydrothermal sulfide minerals accumulate in the
metal-bearing matter in the sediments of the facies of the deep. The metal-
bearing matter in the sediments of the facies of the brine-seawater bounda-
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ry is composed mainly of Fe- and Mn-oxyhydroxide minerals; and the Fe-
minerals are prevalent. The contents of Zn, Cu, and Co in the metal-bea-
ring matter are comparable to those in Variants 1 and 4. The contents of
Cu and Co in the metal-bearing matter in the sediments of the facies of the
deep are higher than in the metal-bearing matter in the sediments of the fa-
cies of the brine-seawater boundary. The latter have a higher content of Ni
that is derived from seawater.
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Fig. 4.41. The second group variants of conditions for formation of metal-bearing
matter of metalliferous sediments in the deeps of the Red Sea rift zone. Legend
see in Fig. 4.40.

The second group has the characteristic environmental conditions for
the formation of the metal-bearing matter that exist in deeps where there is
effluence of hydrothermal solutions that have temperatures in the range
from 30° to 300°C (Fig. 4.41). The zone of contact of the primary metal-
bearing hydrothermal fluids with the bottom water or brines is located near
the surface of the floor. Partial unloading of the metals and the formation
of sulfide minerals takes place in this zone. The residual solutions that
reach the deeps are depleted considerably in Fe, Cu, Zn, and S. The efflu-
ence of the hydrothermal solutions is not intense and they can disturb the
continuity of only a thin brine layer. Variations in the intensity of the efflu-
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ence apparently can cause a shift in the boundary of the zone of the near
orifice facies. The more intensive the effluence the larger the area of sedi-
ments of the near orifice facies.

Variant 7. An example is the conditions for the formation of interlay-
ered metalliferous sediments in the Suakin, Port Sudan, and Albatross
Deeps. The effluence of mid-temperature hydrothermal solutions takes pla-
ce in a deep where there is a thick brine layer. The salt-bearing stratum ex-
posed on the walls of the deep and hydrothermal solutions are the sources
of the salts in the brines and the hydrothermal solutions are ejected from
the basaltic crust (Fig. 4.39a). The continuity of the brine layer is not dis-
turbed. Very little dissolved oxygen enters the brines. The metal-bearing
matter in the sediments of the near orifice facies and the facies of the deep
is mainly composed of Fe-oxyhydroxide minerals and/or sulfide minerals
and the latter result from the sulfate-reduction. The content of Mn is low.
Minerals containing Mn(1V) are absent. In the metal-bearing matter in the
sediments of the facies of the deep the Mn content increases slightly be-
cause of the occurrence of manganosiderite minerals. The metal-bearing
matter of the facies of the brine-seawater boundary is enriched considerab-
ly in Mn. The contents of Zn and Cu in the metal-bearing matter of the se-
diments are less than in that of the sediments in Variants 2 and 3. The con-
tent of Cu is higher in the metal-bearing matter in the sediments of the near
orifice facies and facies of the deep, and the content of Zn is higher in the
metal-bearing matter in the sediments of the facies of the deep. The con-
tent of Co is significantly high and its distribution is similar to that of the
content of Cu. The content of Ni is high, especially in the metal-bearing
matter in the sediments of the facies of the deep; this is evidence of the
contribution of the trace elements from seawater.

Variant 8. An example is the conditions for the formation of interlay-
ered metalliferous sediments in the Shagara and Erba Deeps, except for the
sediments in the Erba Deep, which correspond to the conditions considered
in Variant 4. The effluence of mid-temperature hydrothermal solutions ta-
kes place in a deep where there is a thin layer of brines. The salt-bearing
stratum exposed on the walls of the deep and hydrothermal solutions are
the sources of the salts in the brines and the hydrothermal solutions are
ejected from the basaltic crust (Fig. 4.39a). Because of the effluence of the
hydrothermal solutions the continuity of the brine layer is disturbed, and
dissolved oxygen enters the brines from the overlying seawater. Oxidizing
conditions are predominant throughout the deep. On the effluence of the
hydrothermal solutions a considerable amount of chemical elements con-
tributed by them rises to the upper boundary of the brine layer or higher.
The elements that pass into the particulate matter, primarily Fe and then
Mn, settle on the floor. Other elements, such as Zn, Cu, and Co, are carried
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out of the deep. The differentiation of Fe and Mn occurs within the deep:
Fe enriches the metal-bearing matter in the sediments of the near orifice
facies most of all, and Mn enriches the sediments of the facies of the brine-
seawater boundary. The high content of Ni, especially in the metal-bearing
matter in the sediments of the facies of the deep and in the sediments of the
facies of the brine-seawater boundary, is the highest in all of the variant in
the second group, which is evidence that seawater is an essential source of
the trace elements.

Variant 9. An example is the conditions for the formation of the inter-
layered metalliferous sediments in the Vema, Gypsum, Kebrit, and Valdi-
via Deeps, except for the sediments of the Gypsum Deep, which corres-
pond to those described for Variant 5. There is no exposure of salt-bearing
strata on the walls of the deeps, except in the Valdivia Deep. Before enter-
ing the deeps the hydrothermal solutions migrate through salt-bearing stra-
ta and contribute salts to the deeps (Fig. 4.39b, d). The thickness of the bri-
ne layer and disturbances in its continuity may vary depending on the mor-
phology of a deep, the intensity of the hydrothermal effluence, the density
of the hydrothermal solutions and brines, and dynamic of bottom water.
The redox conditions may vary from low-oxidizing to low-reducing. When
low-oxidizing conditions exist the metal-bearing matter in sediments of the
near orifice facies and facies of the deep is composed mainly of Fe-oxyhy-
droxide minerals, and when low-reducing conditions exist the contents of
the sulfide minerals that formed by the sulfate-reduction are significant.
Mn-oxyhydroxide minerals are absent in both of these sediment facies.
The contribution and accumulation of Cu and Co from hydrothermal sour-
ces is practically absent because of their significant unloading from the hy-
drothermal solutions before their entering the deep. The content of Zn, al-
though presents in small amounts, is highers® in the metal-bearing matter in
the sediments of the near orifice facies. The content of Ni in the metal-bea-
ring matter in the sediments is very low.

Variant 10. An example is the conditions for the formation of metallife-
rous sediments in the Thetis and Hadarba Deeps with the exception of the
sediments in the Thetis Deep where the conditions correspond to those co-
nsidered in Variant 6. The effluence of mid-temperature hydrothermal so-

% Hydrothermal sulfide mineral chimneys have been dredged in the Kebrit Deep
(Puchelt and Laschek 1984; Blum and Puchelt 1991; Hembelen et al. 1996;
Stoffers et al. 1998). These sulfide chimneys are rich in Fe and Zn and have ve-
ry low concentrations of Cu. This is interpreted as a result of the relatively low
(120°C to 300°C) temperatures of the hydrothermal solutions (Scholten et al.
2000). Cu-bearing phases may be found in the deeper stockworks or fractures
under the deep (Blum and Puchelt 1991).
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lutions occurs in a deep without brines. There is no exposure of salt-bea-
ring strata on the walls of the deep. Hydrothermal solutions entering the
deep are highly saline because of the migration of the seawater that is in-
volved in the hydrothermal circulation system through the salt-bearing
strata when it descends through them in the circulation system (Fig. 4.39c¢).
The solutions contribute the salts to the deep, but the contribution is not
high enough to maintain a significant brine layer; salinity and temperature
of the water at the seafloor are some higher than in normal seawater at
these depths. The redox conditions near the floor are oxidizing. The metal-
bearing matter in the sediments of the facies of the deep and the distal fa-
cies is composed of Fe- and Mn-oxyhydroxide minerals. The amounts of
Mn-oxyhydroxide minerals increases with the distance from the hydro-
thermal orifices. The content of Cu in the metal-bearing matter is low. The
contents of Zn, Co, and Ni are higher in the metal-bearing matter in the
sediments of the distal facies. The accumulation of Ni in the metal-bearing
matter is evidence of the contribution of the trace elements from seawater.
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Fig. 4.42. The third group variants of conditions for formation of metal-bearing
matter of metalliferous sediments in the deeps of the Red Sea rift zone. Legend
see in Fig. 4.40.

The third group has the characteristic environmental conditions for the
formation of metalliferous sediments that have a low content of the metal-
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bearing matter in deeps where there is effluence of hydrothermal solutions
that have temperatures <30°C (Fig. 4.42).

The zone of contact of the primary metal-bearing hydrothermal fluids
with seawater or with brines is located in the subsurface horizons of the
crust. The unloading of most of the metals from hydrothermal fluids in the
components of sulfide minerals and probably in the silicate minerals oc-
curs in this zone. The residual hydrothermal solutions are highly depleted
in Fe, Cu, and Zn, but not in Mn. The intensity of the effluence of the hyd-
rothermal solutions is generally low and they do not disturb the continuity
of the thick or sometimes thin brine layers. The content of the metal-bea-
ring matter in the sediments is usually not high, <10%. Under favorable
conditions it can accumulate in significant amounts only in areas close to
the hydrothermal orifices.

Variant 11. An example is the conditions for the formation of interlay-
ered low-metalliferous sediments, as found in the Suakin, Port Sudan, and
Albatross Deeps. The effluence of low-temperature hydrothermal solutions
occurs in a deep where there is a thick layer of brines. The salt-bearing
stratum exposed on the walls is the main source of the salts in the brines
and the hydrothermal solutions are ejected from the basaltic crust (Fig.
4.39a). The continuity of the brine layer is not disturbed. Little or no dis-
solved oxygen enters the brines. The metal-bearing matter in the sediments
of the near orifice facies and facies of the deep is composed mainly of Fe-
oxyhydroxide and/or sulfide minerals that are formed by the sulfate-reduc-
tion. The content of Mn is low. Minerals bearing Mn(1V) are absent. In the
metal-bearing matter in the sediments of the facies of the deep the Mn con-
tent increases because of the presence of manganosiderites. Mn(1V)-oxy-
hydroxide minerals probably occur in the sediments of the facies of the
brine-seawater boundary. The contents of Zn and especially of Cu in the
metal-bearing matter of the sediments are low. The content of Co is rela-
tively high, especially in the metal-bearing matter in the sediments of the
near orifice facies. The metal-bearing matter in the sediments of the facies
of the deep is enriched in Ni, which is evidence of the contribution of the
trace elements from the seawater.

Variant 12. An example is the conditions for the formation of interlay-
ered low-metalliferous sediments as in the Shagara and Erba Deeps. The
effluence of low-temperature hydrothermal solutions occurs in a deep that
has a thin brine layer. The salt-bearing stratum exposed on the walls is the
main source of the salts in the brines and the hydrothermal solutions are
ejected from the basaltic crust (Fig. 4.39a). Although the continuity of the
brine layer is not disturbed significantly by the effluence of the hydrother-
mal solutions, dissolved oxygen enters the brines from the overlying sea-
water in amounts that are sufficient to enable the development of oxidizing
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or low-oxidizing conditions. The metal-bearing matter in the sediments is
composed of Fe- and Mn-oxyhydroxide minerals. Fe-oxyhydroxide mine-
rals are prevalent in the sediments of the near orifice facies, Mn-oxyhydro-
xide minerals are present in the sediments of the facies of the deep and es-
pecially in the sediments of the facies of the brine-seawater boundary. The
contents of Zn and especially of Cu in the metal-bearing matter of the sedi-
ments are low. The content of Cu decreases from that in the sediments of
the near orifice facies to that in the sediments of the facies of the brine-sea-
water boundary, and the content of Zn varies conversely. The contents of
Co and Ni are significantly high in the metal-bearing matter in the sedi-
ments and maximum values occur in the sediments of the facies of the bri-
ne-seawater boundary. This evidence indicates that seawater is an impor-
tant source of the trace elements.

Variant 13. An example is the conditions for the formation of interlay-
ered low-metalliferous and non-metalliferous sediments as in the Vema,
Gypsum, and Kebrit Deeps. The hydrothermal solutions migrate through
salt-bearing strata before their effluence and contribute the salts to a deep
(Fig. 4.39b, d). A brine layer may be present or absent depending on the
morphology of a deep, the intensity of hydrothermal effluence, the density
of the hydrothermal solutions and brines, and the dynamics of the bottom
water.

When a brine layer is present in a deep it acts as a trap and inhibits the
dispersion of the hydrothermal matter. The thickness of the layer and the
amount of disturbance in its continuity can vary and the redox conditions
may be low-oxidizing or low-reducing. When low-oxidizing conditions
exist the metal-bearing matter in the sediments of the near orifice facies
and facies of the deep is composed mainly of Fe-oxyhydroxide minerals
and when conditions are reducing the sulfide mineral content formed by
the sulfate-reduction becomes significant. Mn-oxyhydroxide minerals are
absent, at least in the sediments of these two facies. Because of the consi-
derable unloading of the hydrothermal solutions before entering the deep
the contents of Zn and especially of Cu in the metal-bearing matter of the
sediments are low. The content of Cu is higher in the sediments of the near
orifice facies and the content of Zn is higher in the sediments of the facies
of the deep. The contents of Co and Ni are significant in the metal-bearing
matter in the sediments of the facies of the deep and this is evidence of the
contribution of the trace elements from seawater.

Where a brine layer is absent the hydrothermal matter contributed to the
deep is highly dispersed and its content in the sediments is very low. Ap-
parently iron-manganese and/or manganese hydrothermal mineral crusts
can form near the orifices of the hydrothermal springs.
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Variant 14. An example is the conditions for the formation of low me-
talliferous as in the Hadarba Deep. The effluence of low-temperature hyd-
rothermal solutions occurs in a deep where brines are absent. There is no
exposure of salt-bearing strata on the walls of the deep. The hydrothermal
solutions entering the deep are saline because of the migration of the sea-
water that is involved in the hydrothermal circulation system through the
salt-bearing strata when it descends through them in the circulation system
(Fig. 4.39c). They contribute the salts to the deep, but in very small amo-
unts and a stable brine layer does not form. The redox conditions near the
bottom are oxidizing. The metal-bearing matter in the sediments of the fa-
cies of the deep and of the distal facies are composed of Fe- and Mn-oxy-
hydroxide minerals. Fe-oxyhydroxide minerals are prevalent in sediments
of the facies of the deep, and Mn-oxyhydroxide minerals are prevalent in
the sediments of the distal facies. The metal-bearing matter has a low con-
tent of Zn, Cu is practically absent and the contents of Co and Ni are signi-
ficant. The metal contents in the metal-bearing matter from the sediments
of the distal facies have maximum values for the Co and Ni contents com-
pared to the values found in all of the variants. This is evidence of the im-
portance of seawater as a source of trace elements.
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Fig. 4.43. The fourth group variants of conditions for formation of metal-bearing
matter in metalliferous sediments in the deeps of the Red Sea rift zone. Legend see
in Fig. 4.40.

The fourth group has the characteristic environmental conditions for
the formation of metalliferous sediments during the migration of heavy
brines that are enriched in metals. As mentioned previously there are many
variants for this group that could be considered but only two of them have
been explored (Fig. 4.43).

Variant 15. An example is the conditions for the formation of metallife-
rous sediments in the East Nereus Deep. The effluence of mid-temperature
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high-saline hydrothermal solutions occurs at a marginal fault scarp of a
deep. The brines flow down a slope and accumulate in the deepest part of
the deep. The metal-bearing matter in the sediments of the near orifice fa-
cies consists mainly of Fe-oxyhydroxide minerals. At a distance from the
orifice the metal-bearing matter of the sediments of the slope facies is
composed of Fe-oxyhydroxide and significant amount of Mn-oxyhydroxi-
de minerals. The sediments of these two facies form in oxidizing conditi-
ons. And the redox conditions for the formation of the sediments of the fa-
cies of the deep depend on proportion of the brine inflow and the dimen-
sions of the deep. The conditions can be either low-oxidizing or low-redu-
cing. When there are low-oxidizing conditions and a great inflow of brines
the metal-bearing matter is composed of Fe- and Mn-oxyhydroxide mine-
rals. When there are low-reducing conditions and a low inflow of brines
Fe-oxyhydroxide minerals form along with the sulfide minerals formed by
the sulfate-reduction. The average values for the chemical compositions of
this matter are shown in Fig. 4.43.

The metal-bearing matter in the sediments of the near orifice facies, and
especially the facies of the slope, are enriched somewhat in Zn. The con-
tent of Zn is low in the metal-bearing matter in the sediments of the facies
of the deep. The contents of Cu and Co are relatively low in all three facies
and increase from the contents in the sediments of the near orifice facies to
those in the sediments of the facies of the deep. There is practically no ac-
cumulation of Ni, which is considered as evidence that shows that seawa-
ter is an insignificant source of the trace elements.

Variant 16. An example is the conditions for the formation of metallife-
rous sediments in the Chain A and Chain B Deeps. The effluence of high-
temperature hydrothermal solutions occurs in a deep-reservoir that is filled
with brines. The Atlantis Il Deep is a deep-reservoir for the Chain Deeps
(Fig. 2.2). The brines overflow from the deep-reservoir into the A deep,
and then from the A deep into the B deep. The characteristics of the metal-
bearing matter that accumulates in the deep-reservoir were described in
Variants 1 to 3. The metal-bearing matter in the deeps A and B is compo-
sed mainly of Fe- and Mn-oxyhydroxides. The Fe-oxyhydroxides are pre-
valent in the A deep, and Mn-oxyhydroxides are prevalent in the B deep,
which demonstrates the differentiation of Fe and Mn. The contents of Zn
in the metal-bearing matter of the sediments in both of the deeps are simi-
lar and are not high. The contents of Cu, Co, and Ni in the metal-bearing
matter in the sediments of the B deep are relatively low.



CHAPTER 5 RECONSTRUCTION OF THE
HISTORY OF HYDROTHERMAL ACTIVITY

AND MINERAL FORMATION IN THE OCEANS
BASED ON THE STUDIES OF METALLIFEROUS
SEDIMENTS

While direct study of hydrothermal activity and the associated mineral
formation as well as study of their scales are possible in the modern ocean,
researchers are deprived of such opportunity for past geologic time. Even
in cases where hydrothermal deposits that formed in the geological past are
preserved they have been covered by sediments or overlain by lava and ha-
ve become inaccessible after a time for observation and sampling. Rarely
are these buried hydrothermal deposits found during deep-sea drilling or
coring operations, and their direct study on an ocean scale is impossible at
present. Even within hydrothermal fields, without special preliminary de-
tailed surveys, the probability of intersecting hydrothermal edifices that are
covered by sediments becomes a rare event. For example, within the TAG
hydrothermal field, which has an area of about 25 km?, after many years of
investigations only once has a gravity core intersected a gossan over a se-
diment-covered hydrothermal mound (Bogdanov et al. 1995b). Studies of
the metalliferous sediments sampled in the gravity- and piston cores, and
in the cores obtained in the deep-sea drilling program can be very useful
for the reconstruction of the history of hydrothermal activity and mineral
formation.

Only a small part of the metal-bearing hydrothermal matter contributed
to the ocean by high-temperature hydrothermal solutions accumulates in
massive hydrothermal bodies. A prevalent part of this matter accumulates
in the bottom sediments in the regions adjacent to the centers of hydrother-
mal activity. It has been shown in the previous chapters that, taking into
account the distance from hydrothermal fields and/or vents and in the ab-
sence of the redeposition of sediment material, the accumulation rate of the
hydrothermal metal-bearing matter in both proximal- and in distal metalli-
ferous and low-metalliferous sediments reflects the intensity of the hydro-
thermal activity and, as a consequence, the amount of mineral formation
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and deposition associated with it. As for the proximal metalliferous sedi-
ments, their composition also reflects metallogenic specialization of the
hydrothermal fluids and the massive accumulation of sulfide minerals. The
accumulation of coarse-grained proximal metalliferous sediment reflects
stages of active hydrothermal discharge and the partial destruction of mas-
sive hydrothermal bodies. These properties of the metalliferous sediments
enable their use in reconstructing the location and intensity of hydrother-
mal activity and mineral formation in past geological time, and in determi-
ning areas of present location of buried hydrothermal deposits.

5.1. Reconstruction of the history of hydrothermal activity
and mineral formation based on the studies of sediment
cores

The Active hydrothermal mound in the TAG hydrothermal field was
the first massive hydrothermal accumulation where attempts have been
made to reconstruct the history of hydrothermal activity and the mineral
formation with use of data from studies of proximal metalliferous sedi-
ments (Lisitzin et al. 1989, 1990; Bogdanov et al. 1992). Core AMK-1785
(Fig. 5.1, 5.2) was chosen for this reconstruction.

Two layers that have high contents of Fe and Cu, the main hydrothermal
metals in the metalliferous sediments from the TAG hydrothermal field
Sect. 1.6.1), are noticeable in the core. Mineral indicators of the greenstone
alteration of the basalt rocks are present in the sediments. Their total con-
tent in the carbonate-free part of the sandy-silt grain size fraction of the se-
diments rarely exceeds 5%. But increased contents exceeding 10% exist in
two horizons at 145-147 cm and 32-35 cm in the core. Their ages as dated
are 24-25 ka and 15-17 ka and are located immediately below the layers
of metalliferous sediments. There is no correlation between the contents of
these minerals and the contents of basalt fragments including the altered
ones. The volcanic material in the TAG hydrothermal field has ages as da-
ted of ~27 ka, ~18 ka, and 8-10 ka (Bogdanov et al. 1992, 1994). These
data provide evidence of alternative stages of hydrothermal and volcanic
activity and exhibit a cyclicity of these processes in periods of about 10 ka.

Following these studies materials were obtained on metalliferous sedi-
ments accumulated near the Mir Zone and Alvin Zone. These data are
summarized in Fig. 5.2. The results of dating of the massive sulfide samp-
les from the hydrothermal accumulations in the TAG hydrothermal field
are shown as well. Synchronism in the stages of intensive accumulation of
the metal-bearing matter in the sediments, regardless of the place of their
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Fig. 5.1. Composition of bottom sediments in Core AMK-1785. Contents of green-
stone minerals, manganese globules and crust fragments are shown in the sandy-silt
grain size fraction of sediments. After Lisitzin et al. (1990).

deposition in relation to the massive hydrothermal accumulations, is evi-
dent at least in the last 25 ka. During this time there are three stages, >25-
23 ka BP, 17-12 ka BP, and 7-3 ka BP, that demonstrate cyclicity within
periods of ~10 ka. A reflection of the present phase of hydrothermal activi-
ty, which began ~100 years ago at the Active mound (Lalou et al. 1993),
has not been found in the sediments collected nearby3. With an average
sedimentation rate in the TAG hydrothermal field of ~2 cm ka™, a layer

3 Presumably, it exists in sediments sampled in the cores collected directly on the
Active mound (German et al. 1993). Unfortunately these sediments have not
been dated.
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about 2 mm thick would accumulate during this period of time, but with
the common sampling methods in use, layers such as this are not detected
or lost. On the other hand, within the TAG hydrothermal field the thick-
ness of the layer in which mixing takes place due to bioturbation is about 6
cm (Kuptsov 1993). With the sedimentation rate of 2 cm ka™ this thick-
ness of sediments corresponds to a period of time of ~3 ka. For this reason,
together with the less than ideal sampling methods, it has not been possible
to identify the sediments accumulated during the final stage of high-tempe-
rature hydrothermal activity at the Mir mound. This stage ended about 700
years ago (Lalou et al. 1995; Fig. 5.2).
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Fig. 5.2. Stages of intensive accumulation of the metal-bearing matter in sedi-
ments from cores collected at the TAG hydrothermal field and isotopic ages of
samples of massive sulfides collected from hydrothermal accumulations. Cores
AMK-1785, 1808, and 1891 were collected on Cruise 15 and Cores AMK-2407A,
2427, 2429, and 2430 on Cruise 23 of R/V Akademik Mstislav Keldysh. Data on
these cores — materials of P.P. Shirshov Institute of Oceanology, data on Core M3
from Metz et al. (1988), data for the ages of the massive sulfides from Lalou et al.
(1993, 1995).

There is another point to be considered. If at the Active mound the cyc-
licity of hydrothermal activity with a period of about 10 ka really exists,
the next stage of activity should be in 3-7 ka. At present hydrothermal ac-
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tivity and formation of mineral matter at the Active mound probably are
depressed. The existence of mineral formation during the depressed stages
of hydrothermal activity, that is not reflected or poorly reflected in sedi-
ments, can explain the existence of hydrothermal sulfide minerals that
have ages that do not correspond to the ages of the mentioned stages of in-
creased hydrothermal activity and the accumulation of the metal-bearing
matter in the sediments (Fig. 5.2).

Gradual narrowing of the area of hydrothermal activity in the TAG hyd-
rothermal field apparently has been taking place at least during the last 25
ka. The approximate time of extinction of hydrothermal activity in the Al-
vin Zone can be established from the data shown in Fig. 5.2. The synchro-
nism in the stages of intensive accumulation of the metal-bearing matter in
sediments, regardless of the place of their deposition relative to that of the
massive hydrothermal deposits, is evidence of synchronism in the stages of
hydrothermal activity. In the northern part of the Alvin Zone, based on the
data from Core AMK-2407A, hydrothermal activity ceased 13-12 ka BP,
and in the southern part, based on the data from Core M3, about 4-3 ka
BP. The last stage of hydrothermal activity in the northern part is synchro-
nous to the penultimate stage in the southern part of the zone. At the Mir
mound hydrothermal activity became extinct about 700 years ago (Lalou et
al. 1995). The gradual narrowing of the area of hydrothermal activity appa-
rently results from the gradual reduction in the size of the magma chamber
(Bogdanov 1997).

The history of hydrothermal activity and volcanism in the Axial Seamo-
unt, Juan de Fuca Ridge, during the last 35 ka has been reconstructed on
the basis of data that show temporal variations in the occurrences of the in-
dicators of volcanism and hydrothermal activity in the sediments that accu-
mulated in the area of this seamount (Fig. 5.3) and on temporal variations
in the accumulation rate of hydrothermal Fe (Fig. 1.43). This is summari-
zed in Fig. 5.4 and described on the results of the investigations of Bogda-
nov et al. (1990) and Lisitzin et al. (1990).

The Axial Seamount is located immediately above the Cobb hot spot
(Desonie and Duncan 1990). A volcanic body of the Axial Seamount
formed when this hot spot was close to or near the spreading axis of the
Juan de Fuca Ridge. However, the first complex group of effusive rocks
dated >30 ka BP (Lisitzin et al. 1990) presumably formed on the flank of
the rift zone; at that time the axis of the Juan de Fuca Ridge was not loca-
ted above the Cobb hot spot.

In the period from 30 to 20 ka BP, following the termination of the first
stage of volcanism, the mount located adjacent to the tectonic zone of the
spreading ridge was dissected by a system of fissures. Channel ways were
formed for the metal-bearing hydrothermal fluids and steady hydrothermal
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circulation developed. Massive hydrothermal deposits were formed on the
surface of the mount at the orifices of hydrothermal discharge and metalli-
ferous sediments accumulated around the hydrothermal field.
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Fig. 5.3. Temporal variations in the occurrence of the indicators of volcanism and
hydrothermal activity in sediment from the area of the Axial Seamount. After
Bogdanov (1990a).

From 12 to 7 ka BP, hydrothermal activity was terminated almost comp-
letely. Basalt rocks blanketed and overlapped the volcanic complex of the
mount and the hydrothermal bodies that had formed earlier. After the void-
ing of a magmatic chamber a collapse caldera formed. This stage of volca-
nism, presumably, was associated with a new geologic setting when the
spreading center of the Juan de Fuca Ridge intersected the Axial Seamount.

From 6 to 3 ka BP the next active stage of hydrothermal activity occur-
red; but it was less intensive than the previous one.

In the period from 2 to O ka BP, there was a stage of caldera volcanism
that was associated with the spreading of the plates; the spreading axis in-
tersected the central part of the caldera. Hydrothermal activity of low in-
tensity developed at the periphery of the caldera along the fault zones that
formed the caldera. There is a decline at the present time in hydrothermal
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discharge following the eruptions and volcanic activity on the seafloor at
the Axial Seamount as observed by Baker et al. (2004).
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Fig. 5.4. Temporal variations of volcanism and hydrothermal activity at the Axial
Seamount. After Lisitzin et al. (1990) with some changes.

The history of hydrothermal activity in the southern part of the Juan
de Fuca Ridge can be reconstructed on the results of studies of the metal-
liferous sediments in Core KC-1 (44°44.21'N, 30°33.38'W, depth 2635 m)
that accumulated during the last 130 ka (Olivarez and Owen 1989).

The core was collected 15.6 km west of the Juan de Fuca Ridge axis.
With a half-rate of spreading of 3 cm a™* during the past 130 ka the distan-
ce from the place of accumulation of the oldest sediments in the core to the
ridge axis increased by 3.9 km; i.e. the oldest sediments accumulated 11.7
km from the axis. Factor analysis has been carried out for ascertaining the
different sources of chemical elements in the sediments (Olivarez and
Owen 1989). The relative contents of proximal and distal* hydrothermal

40 These terms used by Olivarez and Owen (1989) have another meaning than the
meaning used in this book, because sediments in the core have accumulated far
from and outside of hydrothermal fields (or a field).
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components in the detrital-free material have been calculated. The proxi-
mal component is enriched in Fe, distal component in Ba, Co, Mn, Ni, and
REE. The relative contents of the components have varied with time. In
general, in the more ancient sediments accumulated closer to the ridge axis
the amount of the proximal component is higher (Fig. 5.5).
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Fig. 5.5. Temporal variations in the relative amounts of proximal and distal hydro-
thermal components in detrital-free matter of sediments from Core KC-1. Based
on data from Olivarez and Owen (1989).

Temporal variations in the accumulation rate of hydrothermal Fe (Fep*)
in the sediments from Core KC-1 estimated on the data from Olivarez and
Owen (1989) are shown in Fig. 5.6. These values are considerably lower
than those observed at similar distances from the EPR axis (Bostrom 1973;
Shimmield and Price 1988; Lisitzin et al 1990; Dekov 1994, et al.). In the
130 ka that transpired during the accumulation of the sediments collected
in the core the distance of the place of their deposition from the Juan de
Fuca Ridge axis increased from 11.7 km to 15.6 km (Fig. 5.6).

A general trend in the temporal variations of Fep* exhibits a decrease
with decreasing sediment age and an increase in the distance of their depo-
sition place from the ridge axis (Fig. 5.6). If the intensity of hydrothermal
activity during the time of sediment deposition and other factors influen-
cing the accumulation of hydrothermal matter, except for the distance of
the deposition place from the ridge axis, remained constant and invariable,
the value of the Fey* would gradually decrease with decreasing age of the
sediments because of the increasing distance of the sediment deposition
from hydrothermal vents.
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Fig. 5.6. Temporal variations in the distance from the deposition (D) place to the
axis of the Juan de Fuca Ridge for sediments collected in Core KC-1, and for Fe,*
estimated from the data of Olivarez and Owen (1989) in comparison with Fe,*
variation calculated from the equation (4.1), Ig(Fe */Fey*,5) = 0.23 — 0.56IgD, for
the value of Fe,* at the top of the core, as well as calculated values of Fe,*
reduced to the distance of 2.5 m from hydrothermal vents.

Comparison of the data from Core KC-1 is shown in Fig. 5.6 with varia-
tion in the settling flux of the hydrothermal Fe that is related to the increa-
sing distance from the axis, as calculated from the empirical equation (4.1)
lg(Fer*/Fen*,5) = 0.23 — 0.561gD (see Sect. 4.4), with the value of Fey*
observed in the upper part of the core or at a distance of 15600 m from the
ridge axis. There is good agreement of the general trend of the values for
Fen* in the core with those in the curve calculated from the equation (4.1).
This agreement enables the estimation of the values of Fe,* near hydro-
thermal vents during the last 130 ka by using the equation (4.1) and values
for Fe,* that have been calculated for the distance 2.5 m from hydrother-
mal vents. They are plotted in Fig. 5.6 and show that during this time the
settling flux of the hydrothermal Fe near the vents varied little and was
from ~1000 to ~1300 mg cm™ ka™. These values are higher than those
calculated for the North Cleft segment of the Juan de Fuca Ridge but lower
than those for hydrothermal fields in the Endeavor Ridge and 13°N EPR
areas, as well as for the Rainbow and Broken Spur hydrothermal fields
(Fig. 4.26). Temporal variations of the Fe,*,5 values show that ~130, 120,
105, and 10 ka BP the hydrothermal activity at the ridge axis was similar
to that in recent times. From 120 to 105 ka BP and from 10 to 1 ka BP it
was lower than the recent activity, and in an interval from 105 to 10 ka BP
it was higher than the recent activity. During the intervals of time when
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there was an increase in the intensity of hydrothermal activity there was a
relative increase in the amount of the proximal hydrothermal component
(Fig. 5.5).

The history of volcanic and hydrothermal activity in the vicinity of the
Rodriguez Triple Junction in the Indian Ocean has been studied by Kuhn
et al. (2000), using data for samples analyzed from the sediment cores col-
lected in the central valley and in the vicinity of the Central Indian Ridge
axis and in the vicinity of the Southeast Indian Ridge axis (Fig. 5.7).
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Fig. 5.7. Locations of the cores in the area of the Rodriguez Triple Junction (RTJ)
and temporal variations in the relative contents of the volcanic detritus and hydro-
thermal Fe-Mn oxide end-members. CIR — Central Indian Ridge, SEIR — South-
east Indian Ridge, SWIR — Southwest Indian Ridge. 25 mm a™ and 35 mm a™* —
half-rates of spreading for CIR and SEIR respectively. Compiled from Kuhn et al.
(2000).

Multivariant analysis of the carbonate-free contents of Si, Al, Ti, Mg, K,
Fe, Mn, Cu, Zn, and Ni has shown that the sediments that have accumula-
ted in the vicinity of the Rodriguez Triple Junction consist of two main
end-members that are mixed in different proportions in the samples stu-
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died. The first end-member consists of volcanic detrital components and
the second of hydrothermal Fe-Mn oxides. Temporal variations in the rela-
tive contents of these end-members in the sediments that have been dated
are shown in Fig. 5.7. In spite of the high relative contents of the hydro-
thermal Fe-Mn oxide end-member, the accumulation of both end-members
in the cores from the axial zone of the Central Indian Ridge (Cores 95 PC
and 72 PC) reflect the evolution of a non-transform fault that separates the
first and second Central Indian Ridge segments rather than the history of
the spreading axis. Data from Core 81 PC reflect magmatic-volcanic acti-
vity of the rift axis (Kuhn et al. 2000).

Temporal variations in the Fe,* in the sediment that has been dated from
Core 81 PC estimated on the data from Kuhn et al. (2000) are shown in
Fig. 5.8, and data for the background sediments have been taken from
Table 1.5. During the last 520-530 ka while these sediments accumulated
the distance from the place of their deposition to the Southeast Indian
Ridge axis increased from 1.0 km to 19.5 km (Fig. 5.8).

A general trend in the temporal variations of Fep* in sediments from Co-
re 81 PC exhibits a decrease with decreasing sediment age and increasing
distance of their deposition from the ridge axis. A best fit equation for the
relationship of the Fe,* and the distance data is:

IgFey* = 2.96 — 0.57IgD.

The correlation coefficient is high (R=0.88) in spite of the temporal fluctu-
ations in the Fep* values relative to the general trend (Fig. 5.8).

It follows from this equation that the value of Fe,*, 5 for the best-fit rela-
tionship is 541 mg cm™ ka™. Using this value the equation can be got:

lg(Fer*/Fen*,s) = IgFen* — Fep*,5 =2.96 — 0.571gD — Ig541 =
=0.23-0.57IgD.
This equation is practically the same as the empirical equation (4.1),
lg(Fen*/Fen*,s) = 0.23 — 0.56IgD,

that shows the relative decrease of Fe,* with increasing distance from hyd-
rothermal vents in the Pacific Ocean (Sect. 4.4). The equation can be used
for estimating Fen* values near hydrothermal vents in the past 520-530 Kka.
The values of Fe,* reduced to the distance of 2.5 m from the vents have
been calculated. They are plotted in Fig. 5.8 and show that during this time
the settling flux of the hydrothermal Fe near the vents varied from ~300 to
~900 mg cm™ ka™. These values are higher than those for the North Cleft
segment of the Juan de Fuca Ridge but lower than those for the southern
part of the Juan de Fuca Ridge (Fig. 5.6) and for hydrothermal fields of the
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Endeavor Ridge and 13°N EPR, as well as for the Rainbow and Broken
Spur hydrothermal fields (Fig. 4.26).
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Fig. 5.8. Temporal variations in the distance of the deposition (D) from the axis of
the Southeast Indian Ridge for sediments in Core 81 PC, and of Fe,* estimated
from the data of Kuhn et al. (2000) in comparison with variation in Fe,* calcula-
ted from the best fit equation IgFe,* = 2.96 — 0.57IgD, as well as calculated values
of Fey* reduced to the distance of 2.5 m from hydrothermal vents.

Temporal variations in the Fe,*;, 5 values show that in the periods of time
480 to 490 and 400 to 410 ka BP and in recent time there were stages of in-
creased hydrothermal activity when the values of the Fe *,5 exceeded 800
mg cm™ ka™ and the lowest value, <300 mg cm™ ka™*, was ~440 ka BP.
During most of the time recorded in Core 81 PC the Fe,*,5 value varied
from ~400 to ~600 mg cm™ kat. The variations in the Fe *,5 value are
quasicyclic with the duration of most of the cycles from 60 to 80 ka. Pre-
sumably, cycles with shorter periods also exist, like those on the EPR (Fig.
1.16), at Axial Seamount (Fig. 5.4) or in the TAG hydrothermal field (Fig.
5.2), but shorter intervals between samples are needed for their detection.
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The estimations of the Fe,*, 5 values have been based on the assumption
that the distances from the points of sediment deposition to the ridge axes
are equal to the distances from the hydrothermal vents. More often the dis-
tances of the deposition points of the sediments in the cores to the axes are
shorter than the distances to the vents, especially where the distances are
not known for the ancient or proposed hydrothermal vents or fields that we
are dealing with. In this case apparently some of the results obtained are
underestimated somewhat including those based on data from Cores KC-1
and 81 PC. The use of two or more cores of sediments containing hydro-
thermal matter derived from one source should increase the accuracy of the
estimated values.

The history of hydrothermal activity and mineral formation along the
East Pacific Rise axis between 20°30'S and 22°00'S in the last 50 ka has
been reconstructed using data of the study of 10 sediment cores that were
collected 20 km to the west of the EPR axis.

This part of the EPR axis is one of the most hydrothermally active areas
in the World Ocean. The temporal cyclicity of hydrothermal activity in this
area was mentioned in Sect. 1.1.4. and was recognized by Dekov (1994) in
the composition of the metalliferous sediments in three sections 10, 20,
and 40 km west of the EPR axis. The amplitude of the variation in the con-
tents of Fecrg is somewhat low, on the average about 10 percent relative to
the contents. Obviously the low amplitude is caused by the high hydrother-
mal background related to the permanent existence of hydrothermal activi-
ty at some place or other, or simultaneously at places in the part of the
EPR axis being considered or in adjacent parts. The contribution of hydro-
thermal matter from the adjacent neighboring sites that are in different sta-
ges of hydrothermal activity may result in the interference of their hydro-
thermal signals. Nevertheless, Fourier analysis carried out on materials in
the study of 1524 samples have made it possible to demonstrate that more
than half of the cycles detected had periods of 10+5 ka (Dekov 1994). This
has not only provided evidence of the existence of cyclicity in the hydro-
thermal activity in individual hydrothermal fields but also has shown that
information for individual hydrothermal fields can be extracted from integ-
ral indicators of the hydrothermal activity in the metalliferous sediments
that accumulated at least as far as 40 km from the EPR axis.

Studies of metalliferous and transitional sediments collected along secti-
ons parallel or subparallel to a spreading axis enable the reconstruction of
the history of hydrothermal activity within separate segments of a sprea-
ding ridge. The analysis of isopleths of the accumulation rate of hydrother-
mal Fe in spatiotemporal dissection is a very productive approach to these
reconstructions.
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Fig. 5.9. A — Temporal evolution of Fe,* [mg cm™ ka™] in surface metalliferous
sediments in the last 50 ka along a section parallel to the EPR axis and gradually
moving to the west from the axis with the half-rate of spreading of 10 cm a™. After
Dekov (1994) with changes and additions. B — Reconstruction of Fe,*, 5 [mg cm™
ka™] for the last 50 ka and the distribution of Fe,* [mg cm™ ka™] in the lowermost
sediments of the metalliferous stratum within 5 km to the west of the EPR axis.

Following my advice and recommendations, Dekov (1994) plotted his
data for the accumulation rates of hydrothermal Fe in sediments of the sec-
tion mentioned that is 20 km west of the EPR axis in spatiotemporal dis-
section and obtained a scheme of the evolution of Fe,* in the surface me-
talliferous sediments in the section during the last 50 ka (Fig. 5.9A). It was
based on the assumption that the half-rate of spreading of the EPR in this
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area was equal to that at 20°S, which is about 10 cm a™* (Rea 1978), and 5
km of the Pacific plate motion corresponds to a time interval of 50 ka at
this half-rate of spreading.

Based on these data for the distribution of Fe,* in the surface metallife-
rous sediments of this moving section, the values of Fe *,s have been re-
constructed (Fig. 5.9B) by using the equation (4.1), Ig(Fe,*/Fey*,s) = 0.23
— 0.561gD, that shows the relative decrease of Fe,* with increasing distan-
ce from hydrothermal vents in the Pacific Ocean (Sect. 4.4). Corrections
for the westerly direction of bottom currents in this area were calculated
and applied from the data of Walter and Stoffers (1985) and Gurvich
(1998). In this reconstruction as well as in previous ones (Fig. 5.6, 5.8) it
was assumed that: a) the hydrothermal Fe has been contributed to the sedi-
ments only from hydrothermal plumes or their fragments; and b) the accu-
mulation rate of the hydrothermal Fe at the time of deposition of the sedi-
ments was equal to its settling flux.

At present the sediments that accumulated at the EPR axis 50 ka BP are
located 5 km to the west and east of the axis because of the spreading; the
half-rate of spreading is 10 cm a™ (or 0.1 km ka™). Therefore the plot in
Fig. 5.9B shows not only the evolution of the settling flux of the hydro-
thermal Fe at distance of 2.5 m from the hydrothermal vents during the last
50 ka, but it is also a reconstruction of the distribution of Fe,* in the lower-
most part of the metalliferous stratum within 5 km to the west of the EPR
axis.

During the last 50 ka the reconstructed settling flux of the hydrothermal
Fe along the EPR axis between 20°30'S and 22°00'S decreased to approxi-
mately half of the initial value (Fig. 5.9B). From 50 to 40 ka BP the ave-
rage value of Fe,*,5 was ~7000 mg cm™ ka ™, from 40 to 30 ka BP it was
~6900 mg cm™ ka™, from 30 to 20 ka BP it was 5200 mg cm™ ka™, from
20 to 10 ka BP it was ~3700 mg cm™ ka™, and from 10 to 5 ka BP it was
~3600 mg cm™ ka. Apparently the general intensities of hydrothermal
activity and mineral formation along the EPR axis between 20°30'S and
22°00'S followed a similar trend.

The reconstructed values of Fe *,5 are similar or higher than settling
fluxes of the hydrothermal Fe reduced to 2.5 m from hydrothermal vents
for the hydrothermal fields of the Endeavor Ridge and 13°N EPR, and
lower than those for the Rainbow and Broken Spur hydrothermal fields
(Fig. 4.26). The maximal reconstructed values of Fe *;5, ~15000 mg cm™
ka™, are similar to the settling fluxes of the hydrothermal Fe reduced to 2.5
m from the vents of the Rainbow and Broken Spur hydrothermal fields.

High values of the settling fluxes of the hydrothermal Fe in the mention-
ed hydrothermal fields are of very local distribution. And the reconstructed
average values of Fe,*, 5 characterize the segment ~160 km long. The set-
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tling flux of the hydrothermal Fe near individual vents can be lower, simi-
lar or higher than near the vents in the Rainbow and Broken Spur fields.
But the reconstructed values of Fey*, s for the segment ~160 km long can
be explained only by a great number of hydrothermal vents. This agrees
well with the conclusions from studies of the non-buoyant hydrothermal
plumes (Sect. 4.3.2).

Fig. 5.9B enables the reconstruction of the position and migration of the
sites of hydrothermal activity on the EPR axis between 20°30'S and 22°S
for the last 50 ka. Temporal migration of the sites is reflected by the tem-
poral migration of the maxima of the Fe,*, 5 values.

By using the temporal dissection method these can be shown as trajecto-
ries. Reconstruction of the recent sites of hydrothermal activity is the least
accurate because of the accumulation of the youngest sediments in the co-
res at a maximum distance from the EPR axis (Fig. 5.9A). Nevertheless
this reconstruction shows that the reconstructed positions of the recent
sites agree well with the locations of the existing hydrothermal fields (Fig.
5.9B). This evidence shows that the reconstructions of the earlier positions
are reasonably accurate.

According to the reconstruction of the history for the period from 50 to 30
ka BP, when hydrothermal activity had more than twice the intensity than in
recent time, two main hydrothermal centers existed in the central and south-
ern parts of the segment of the EPR axis that was studied. During this time
the southern center was migrating to the north at the rate of ~1 m a*and in
the period from 35 to 30 ka BP a gradual decrease in the hydrothermal
activity in the central part of the segment and the splitting of this hydro-
thermal center began to take place. In the period from 30 to 20 ka BP the
decrease in hydrothermal activity continued in the central and southern
parts of the segment. The splitting of the hydrothermal center in the central
part of the segment may have resulted in the existence of separate large
hydrothermal fields; two fields of this group were migrating to the north at
the rate of ~0.5 m a™, and three other fields were migrating to the south at
the rates of 0.6-0.9 m a™*. The migration of the southern center to the north
continued at the rate of ~0.6 cm a™*. From 20 ka BP until recent time the
intensity of the hydrothermal activity was much lower than earlier and did
not vary significantly. During this time the migration of the fields in the
central group to the north continued at the same rate, and the rate of mig-
ration of the southern fields in the group decreased. The migration of the
southern center to the north continued at a lower rate of ~0.3 m a™. Pre-
sumably, a new hydrothermal field that resulted from the splitting of the
southern center appeared in the southern part of the segment. This field
migrated to the south.
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The pattern of migration of the maximum values for Fe,*,s that were
used for the reconstruction of hydrothermal activity cannot be explained
by the movement of the ocean crust or by bottom currents. It is next to im-
possible for: a) close parts of a lithosphere plate to move at the rate of n-10
cm a™* in the opposite directions; and b) during many thousands of years
the directions of the bottom currents in adjacent areas of a deep ocean
would differ as much as the directions of the migration of the maximum
values for Fe *, 5, or even cross each other.

High values of the settling flux and the accumulation rate of the hydro-
thermal Fe in sediments usually accompany the formation of large or nu-
merous small massive sulfide bodies at the hydrothermal orifices (Lisitzin
et al. 1990). It is certainly within reason to suggest that, at the active stage
in the life of high-temperature hydrothermal vents that are accompanied by
the formation of metalliferous sediments, the settling flux and the accumu-
lation rate of the hydrothermal Fe in the vicinity of the hydrothermal vents
on an axis of a spreading ridge reflect the rate of formation of massive sul-
fides. If this is the case the diagram in Fig. 5.9B also reflects the present
occurrence of hydrothermal sulfide mineral masses (if they are preserved)
that formed on the EPR axis between 20°30'S and 22°00'S during the last
50 ka and located to the west of it at distances up to 5 km. The characteris-
tics of the relationship of the settling flux or the accumulation rate of the
hydrothermal Fe on an axis of a spreading ridge near hydrothermal vents
and the occurrence of masses of hydrothermal sulfide minerals probably
vary along the rift systems in the World Ocean. It is expected that this rela-
tionship will be better defined in the future.

5.2. Reconstruction of the history of hydrothermal activity
and mineral formation based on the studies of deep-sea
drilling cores

The accumulation rate of the hydrothermal metal-bearing matter in sedi-
ments is a very useful parameter for reconstructing the intensity of hydro-
thermal activity and mineral formation in the geological past. The values
of this parameter in sediments collected during the deep-sea drilling prog-
ram vary from place to place and along the cores. Usually the sediments in
the lower parts of the cores accumulated earlier and closer to the spreading
axes than the overlying sediments. Therefore on comparisons of the values
measured even in one core and especially in many cores, techniques of
systematizing and consideration of these data are of great importance. Cer-
tainly the best way to analyze and study the temporal variations in the ac-
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cumulation rates of the hydrothermal metal-bearing matter in sediments is
to do detailed palinspastic mapping for the chosen time intervals both in
separate areas and in the whole ocean. However, such studies of the ocean
floor require detailed information and data that are available only from the
analyses of many samples from many drill cores. Obtaining this kind of
data is laborious and expensive, and is not likely to be possible now or in
the near future. Data and work of this kind has been made possible for the
study of recent stages in geologic history in only one area of metalliferous
sediments in the Southeast Pacific.

The following kinds of studies are possible at the present time: 1) stu-
dies of variations in the accumulation rates of the hydrothermal metal-
bearing matter in sediments from sections or narrow strip-sections along
spreading tracks or along perpendiculars to the axes of spreading ridges,
and 2) studies of variations in the accumulation rates of the hydrothermal
metal-bearing matter in sediments from sections parallel or subparallel to
the axes of spreading ridges.

The first kind of studies was attempted earlier by Bostrom (1973), Gur-
vich et al. (1984), Lyle et al. (1986). However, the analysis of the evoluti-
on of the hydrothermal activity was complicated in these studies because
temporal variations in the distances of the points of sediment deposition to
the spreading axes were not taken into account, and these distances for the
sediments could vary in each core from zero to many hundreds of kilome-
ters. This omission can be avoided by systematizing the data in relation to
temporal coordinates and by plotting the age of the samples on the ordinate
axes and the time since the beginning of the formation of strata on the abs-
cissa axes. In this case, if the scales of both axes are equal, the sequence of
the data for each core falls on a straight line that is at an angle of 45° to the
ordinate axis. The point where this line crosses the ordinate axis corres-
ponds to the age of the sediments that lie directly on the basalt basement
and the point where this line crosses the abscissa axis shows the duration
of time for the accumulation of the whole sedimentary series in the place
where the core was collected. The line is not continuous if there are hiatu-
ses in the strata and the breaks correspond to the times and duration of the
hiatuses. Use of the temporal coordinates is convenient for comparing data
from different sediment cores as: a) for the ordinate axis there is no need to
consider differences in sedimentation rates between coeval sediments from
different cores and differences in sedimentation rates in sediments accu-
mulated at different times, and b) for the abscissa axis there is no need to
consider differences in spreading rates at different times, if it is assumed
here that in each moment of geologic time the spreading rate within a part
of a spreading ridge crossed by a strip-section was identical.
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For demonstrating this method strip-sections (or sections), usually not
more than 10° to 15° in width, have been chosen in the southern and north-
ern parts of the Pacific and Atlantic Oceans and the locations of the drill
holes from these sections are shown in Fig. 3.3. Data for the accumulation
rate of the hydrothermal Fe in the metalliferous and non-metalliferous se-
diments that have an admixture of the hydrothermal metal-bearing matter
have been used.

The southern section in the Pacific Ocean is located west of the EPR
axis between 19°S and ~6°S (Fig. 3.3) and in general its direction corres-
ponds to the direction of the Pacific plate motion. The distribution of the
values of Fe,* in the sediments of this section in the temporal coordinates is
shown in Fig. 5.10A. It covers the time period from 40 Ma BP to 0 Ma BP.
During this period the values of Fe,* varied over a wide range and maxi-
mum values occurred about 38-36, 25-24, 18, 14, 9-8, and 5 Ma BP.

Variations in the accumulation rates of hydrothermal Fe and Mn do not
correlate with the variations in the spreading rate (Fig. 5.10A, 5.11). Only
the maximum values for Fey* indicated at ~5 Ma BP and 38-36 Ma BP
may have resulted from increases in the spreading rate. The increase at ~5
Ma BP can be seen in Fig. 5.11. As for the increase at 38-36 Ma BP, ac-
cording to Zonenshain and Khain (1989), the average rate of crust accre-
tion in Eocene time for the Pacific Ocean was almost one and a half times
higher than at present. The period of time from 33-32.5 Ma BP to 46-44.5
Ma BP is characterized by increased values of a relative momentary sprea-
ding rate“ in the Pacific Ocean (Schreider 1982).

The maxima of values for Fe,* in sediments accumulated ~27-25, 18,
14, and 9-8 Ma BP (Fig. 5.10A) are synchronous with the earlier measured
maxima of values for the accumulation rate of Mn (Lyle et al. 1986, 1987).
They correlate with events of tectonic reorganizations in the Southeast
Pacific (Lyle et al. 1986, 1987; Rea and Leinen 1986). The maximum at
~25 Ma BP apparently is synchronous with the formation of the rift
between the Cocos and Nazca plates, 25-23 Ma BP, as well as with the
jump of the spreading center 175 km to the west, from the Selkirk Ridge
segment of an ancient spreading ridge to the EPR in the period from 24 to
22 Ma BP (Mammerickx et al. 1980). The maximum at ~18 Ma BP appa-
rently is synchronous with the spreading center jump 500 km to the west,
from the Mendoza Rise segment of an ancient spreading ridge to the EPR,
that took place 20-18.5 Ma BP. At approximately the same time the jumps

41 Ratio of the linear spreading rate measured between two adjacent magnetic ano-
malies in a profile to the spreading rate measured between two foregoing mag-
netic anomalies at the same profile.
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Fig. 5.10. Distribution of Fe,* [mg cm™ ka™] in bottom sediments of the southern
(A) and northern (B) sections in the Pacific Ocean.

westward took place from the Gallego Rise and Roggeveen Rise, the seg-
ments of ancient spreading ridges, to the EPR (Mammerickx et al. 1980).
The maximum at ~14 Ma BP apparently is synchronous with the major
southward jump of the Cocos—Nazca spreading center, that took place
~14.5 Ma BP (Werner et al. 2003) and with the existence at this time of
two spreading centers, between the Galapagos and unnamed faults; they
were the EPR and the parallel ridge about ~400 km to the west of it. About
11 Ma BP the parallel center became extinct (Mammerickx and Klitgord
1982). Apparently the maximum at 9-8 Ma BP resulted from the jump of
the spreading center from the ancient Galapagos Rise to the EPR. Both rid-
ges were active in the time interval from 8.2 to 6.5 Ma BP (Mammerickx
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et al. 1980), and this is reflected clearly in the increase of the accumulation
rate of the hydrothermal metal-bearing matter in the metalliferous sedi-
ments of DSDP Site 319 in the Bauer Depression (Dymond et al. 1977).
And furthermore, between 10.5 and 8 Ma BP the Pacific-Riviera Ridge
changed in strike direction from north-northwest to northeast (Lyle et al.
1986; Rea and Leinen 1986).
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Fig. 5.11. Half-rate of spreading (SR) of the EPR at 19°S, periods of increased Mn
accumulation rate (Mn*) in sediments collected in Leg 92 DSDP, and some tecto-
nic events in the Southeast and Central East Pacific during the last 30 Ma. After
Rea and Leinen (1986) with addition from Werner et al. (2003).
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The maxima of values in the accumulation rates of the hydrothermal
metal-bearing matter, mentioned earlier, that are synchronous with the
events of tectonic reorganizations and especially the maximum ~18 Ma BP
are significantly high (Fig. 5.10A). They cannot be explained by the de-
creasing distances from the sites of sediment deposition to spreading cen-
ters alone. Lyle et al. (1986, 1987) have assumed that breakings and chan-
ges in the strike of the ridges associated with the events of tectonic reorga-
nizations could have increased the intensity of the hydrothermal activity
substantially because of the fracturing of the ocean crust that enabled more
active interaction of ocean water with hot rocks.

Based on the values of Fep* the temporal variations in the total accumu-
lation of the hydrothermal Fe have been estimated in the sediments in the
whole section within a band 1 km wide (Feim). That is to say, estimates
have been made of the temporal evolution in the contribution of hydrother-
mal Fe at ~19°S from 1 km of the rift length to the sediments located west
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of the EPR axis. These estimated values reflect the evolution in the inten-
sity of the hydrothermal activity and the mineral formation related to it.
The resulting estimates are shown in Fig. 5.12A.
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The southern section is located to the west of the EPR axis within the
field of recent metalliferous sediments in the Southeast Pacific. In the area
around 19°S the value of Fey,, for the recent metalliferous sediments is
about 150 t km™ a™* (Fig. 5.12) which is comparable to the average value
for the last 40 Ma. Within the field of the recent metalliferous sediments
about 550000 tons of hydrothermal Fe accumulates annually (Table 1.2);
and if the length of the rift within the field is ~4000 km the average value
of Feym for the two flanks of the EPR is about 140 t km™ a™*; for one flank
it is about 70 t km™ a™, which is less than twice that for the western flank
of the ridge in the area around 19°S.

Most of the holes in the northern section in the Pacific Ocean have
been located between 0° and 16°N (Fig. 3.3). Distribution of the values of
Fey* in the basal sediments of this section in the temporal coordinates is
shown in Fig. 5.10B. It covers the period of time from 52 to 6 Ma BP. Be-
cause of the lack of data there is a void from 29 to 23 Ma BP. In general
the variations of Fe,* are close to those for the section in the southern part
of the Pacific Ocean. The maxima of values for Fey* occurred about ~50,
45, 39-37, 18-17, 14-13, and 8-7 Ma BP and all of the maxima or the
grouping of them are synchronous with the periods of time and episodes
when there was an increase in the average spreading rate of the North Paci-
fic (Fig. 5.13). A long period in Eocene time, when there was an increase
in the spreading rate, coincided with a period of time when there was an
increase in the average spreading rate for the whole Pacific Ocean. In Eo-
cene time the average rate of accretion of the Pacific crust was at a maxi-
mum for all of Cenozoic time (Zonenshain and Khain 1989). Presumably,
the general increase in Fep* in the Eocene sediments of the section corres-
ponds to this increase in the spreading rate, and there are maxima of Fep*
at ~50, 45, and 39-37 Ma BP above the background of this increase. The
maximum at ~45 Ma BP is synchronous with the increase in the spreading
rate of 45-42 Ma BP (Schwan 1985). The maxima at 18-17 and 8-7 Ma
BP are synchronous with episodes of sharp increases in the average sprea-
ding rate in the North Pacific dated about 18 and 8 Ma BP. Apparently the
maximum at ~14-13 Ma BP is synchronous with the major southward
jump of the Cocos—Nazca spreading center that occurred about 14.5 Ma
BP (Werner et al. 2003). The synchronism of the maxima of Fep* at ~18—
17 and 8-7 Ma BP in the sediments of the northern section with the maxi-
ma at ~18 and 9-8 Ma BP in the sediments of the southern section is
worthy of notice (Fig. 5.10). Probably the tectonic reorganizations at or
about this time that have been mentioned when considering the southern
section could also have influenced the Fe,* values in the sediments of the
northern section.
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Fig. 5.13. Evolution of average normalized spreading rates for the North Pacific
and the North Atlantic. Composed from Rich et al. (1986).

The values of Feyy in the sediments of the northern section to the west
of the EPR axis have been estimated for the last 52 Ma (Fig. 5.12B). On
the average these values are twice as low as those in the sediments of the
southern section. Probably this is caused by a lower influence of tectonic
reorganizations and slower spreading rates, at least in Neogene time. The
general directions of the bottom currents may be another reason. At pre-
sent, in the northern section area, an easterly direction of transport of the
particulate hydrothermal matter is prevalent, and a westerly direction pre-
vails in the southern section area (Lonsdale 1986; Lupton et al. 2004).
Easterly and northeasterly directions of bottom currents have been preva-
lent in the northern section area at least since Eocene time (Lisitzin et al.
1980a).

An empirical relationship exists between the values of Fey, for the sec-
tions in the Pacific Ocean and the values of Fey*, 5 on the axis of the EPR:

Fen*,5 = 61Fem, (5.1)

where Fe,*,5 is expressed as mg cm™ ka™, and Feyq ast km™a™.



5.2. Reconstruction based on the studies of deep-sea drilling cores 349

For the area crossed by the southern section near 19°S the value of Feqym
for recent time is 140 t km™ a™* (Fig. 5.12). With this value of Fey, the va-
lue of Fey*,5 is ~8500 mg cm™ ka™; with correction for the westerly bot-
tom currents (Fig. 5.14) ~6000 mg cm™ ka™. This value is close to the va-
lues of Fey*5 5 as reconstructed between 20°30'S and 22°00'S in the last 50
ka (Fig. 5.9).
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Fig. 5.14. Relative decrease in Fey* with distance in comparison with Fe,* at 2.5
m from hydrothermal vents at different flank expositions and directions of bottom
currents. Average for the field of recent metalliferous sediments in the Southeast
Pacific and the East Pacific Rise between 5°S and 12°N.

The positions of holes of the southern section in the Atlantic Ocean
are shown in Fig. 3.3. The section is located on the east and on the west si-
des of the Mid Atlantic Ridge axis between 30°S and 25°S. The distribu-
tion of the values of Fe,* in the basal sediments of the section in the tem-
poral coordinates is shown in Fig. 5.15A. It covers the time period from
~50 to ~6 Ma BP, and there are data that indicate that from ~66-65 Ma BP
accumulation of the hydrothermal Fe in the basal sediments of the section
was almost absent (Lisitzin et al. 1990). In general the values of Fe,* in the
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sediments of the section are much lower than those in the sediments of the
sections in the Pacific Ocean. During the time periods of >49, ~36-35, 24—
20, ~12, and ~9-8 Ma BP there were maxima of the values of Fey*. The
first and the third maxima are synchronous with the maxima of values of
the accumulation rate of Mn in the basal sediments in the western part of
the same section ~50-46 and 25-21 Ma BP (Bostrém 1973; Gurvich et al.
1984). Some of the maxima of the values of Fe,* are synchronous with the
maxima of the spreading rate. According to the data from Schreider
(1985), the spreading rate was increasing during the time period from 59 to
52 Ma BP. Apparently the maximum for Fe,* >49 Ma BP was synchrono-
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us with the maximum in the spreading rate ~52 Ma BP. The spreading rate
was also increasing during the time period from 42 to 38-37 Ma BP
(Schreider 1985) and 38-35 Ma BP it began to decrease (Schwan 1985).
The latter time interval was a period with a maximum spreading rate, and
the maximum in the Fep* ~36-35 Ma BP apparently is synchronous with
this maximum.

The positions of holes of the northern section in the Atlantic Ocean,
located between 25°N and 45°N, are shown in Fig. 3.3. The distribution of
the values of Fe,* in the basal sediments of this section in the temporal co-
ordinates is shown in Fig. 5.15B. It covers the periods of time from ~130
to ~70 Ma BP and from ~15 Ma BP to 0 Ma BP. In general the values of
Fe,* in the sediments of the section are close to the values in the southern
section in the Atlantic Ocean. In the time period from 130 to ~70 Ma BP
two maxima of the values of Fe,* existed at ~85 Ma BP and 75-73 Ma BP.
During the time interval from 130 to 100 Ma BP the values of Fe,* did not
vary significantly, but there are few data for this interval. Within the time
period 15 to 0 Ma BP only one maximum occurs at ~8 Ma BP. Appreci-
able minima of the values of Fe,* occurred at about 80-78, 70, and 15 Ma
BP. These periods of time are in good agreement with those of decreasing
spreading rates in the North Atlantic (Fig. 5.13). The highest values of
Fen* were at ~75-73 Ma BP. This maximum was synchronous with the
maximum in the spreading rate in the North Atlantic. The other maximum
of Fep* at ~8 Ma BP was synchronous with another maximum in the sprea-
ding rate (Fig. 5.13). Only the average spreading rate is known for the
whole period of time from 120 to 80 Ma BP and that is why comparisons
for all parts of the period are not possible.

Variations in the values of Fey, have been estimated for the time period
from ~50 to ~6 Ma within the southern section (Fig. 5.12C) and for the ti-
me periods from ~130 to ~70 Ma BP and from ~15 to 0 Ma BP within the
northern section in the Atlantic Ocean (Fig. 5.12D). The positions of these
sections both to the east and to the west of the Mid-Atlantic Ridge axis
were taken into account, and the values of Fey, have been calculated as
half-sums of the values for the eastern and western flanks of the ridge
when obtaining data and results for comparison.

On the average the values of Fey, for the sections in the Atlantic Ocean
are 10 to 20 times lower than those for the sections in the Pacific Ocean.
Obviously major differences are caused mainly by the much slower sprea-
ding rates of the Mid-Atlantic Ridge in comparison with the East Pacific
Rise. Presumably the direction of the bottom currents in the section areas
is another reason. In the Pacific Ocean the particulate hydrothermal matter
has been transported mainly in a latitudinal direction and this has favored
its accumulation on the flanks of the EPR. In the Atlantic Ocean the parti-
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culate hydrothermal matter has been transported mainly in longitudinal di-
rections (Lisitzin et al. 1980a). This would account for a reduction in the
amount of particulate hydrothermal matter deposited on the flanks of the
MAR in the sections sampled, and the morphology of the MAR could be
another reason for the deposition of a reduced amount of hydrothermal
matter. With low spreading rates, practically no hydrothermal matter
leaves the rift valley and it does not reach the flank areas (Fig. 4.5). With
an increase in the spreading rate, which could be up to threefold (see Fig.
5.13), not only hydrothermal activity and the incidence of hydrothermal
plumes increased. The morphology of the rift probably also changed and
particulate hydrothermal matter was released to the flanks of the ridge
(Fig. 4.5). During the Cretaceous time, because of the lower vertical gra-
dients of temperature and salinity in the ocean water, hydrothermal plumes
could rise much higher above the ocean bottom than at present (Vogt
1989) and particulate hydrothermal matter also could leave the rift valley
and reach the flank areas.

Section subparallel to the EPR axis between 5°S and 12°N. Reconst-
ruction of the history of hydrothermal activity and mineral formation along
the EPR axis between 5°S and 12°N in the last 18 Ma has been carried out
on materials obtained during the study of sediment samples from the cores
of the ODP Leg 138 (the collection of M. Levitan). Seven stations of this
Leg have been located along a section that is more than 1600 km long on
the western flank of the EPR and subparallel to the EPR axis (Fig. 5.16).
The half-rate of spreading in this segment of the EPR is 6 to 8 cm a™.

Both metalliferous and non-metalliferous sediments with admixture of
the hydrothermal metal-bearing matter were collected in these cores (May-
er et al. 1992; Gurvich et al. 1995b). The hydrothermal metal-bearing mat-
ter was contributed to these sediments from the axial part of the EPR. Che-
mical composition of the sediments at ODP Sites 845, 846, 848-854 and
DSDP Site 83 has been studied by Gurvich et al. (1995b). Data for these
sediments together with data for the sediment age and physical properties
from Hays (1972), Mayer et al. (1992), and Shackleton et al. (1995), have
been used for calculating the rates of accumulation of the hydrothermal Fe.
The values of Fe,* have been averaged for every 0.5 Ma period and plotted
along the backtracked paths of the sites. For Sites 848 to 854 isopleths of
the values of Fep* in spatiotemporal dissection have been drawn, and for
Sites 845, 846, and 83 graphs of the values of Fep* along the backtracked
paths have been drawn (Fig. 5.16).

It is clearly shown in Fig. 5.16 that maximum values of Fe,* occur in
the basal sediments that accumulated in the vicinity of the EPR axis. They
are similar to the values that occur in the vicinity of the EPR axis within
the recent field of metalliferous sediments in the Southeast Pacific (Fig.
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1.24), and in basal metalliferous sediments collected during DSDP Legs 9,
16, and 85 (Fig. 5.10B; Leinen and Stakes 1979; Jarvis 1985), but lower
than in recent and ancient metalliferous sediments that accumulated in the
axial part of the EPR at 19°S to 22°S (Fig. 5.9A, 5.10A).
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Fig. 5.16. Accumulation rates of hydrothermal Fe in bottom sediments of the sec-
tion on the western flank of the EPR between 5°S and 12°N subparallel to the EPR
axis in spatiotemporal dissection, and in bottom sediments along the backtracked
paths of Sites 845, 83, and 846.

The isopleth plot demonstrates the temporal evolution of Fey* in surface
sediments in a section subparallel to the EPR axis that gradually diverges
from the axis along with the Pacific plate with the half-rate of spreading.
The graphs showing data plotted for Sites 845, 846, and 83 demonstrate
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temporal evolution of Fe,* in surface sediments along the backtracked
paths of these sites (Fig. 5.16).

The values of Fey* in the sediments from the eastern flank of the EPR
are approximately twice as high as those in the sediments from the western
flank located at the same latitude at similar distances from the EPR axis.
Apparently this distribution of data is evidence, which shows that, at least
since 12-10 Ma BP to the present time, the transport of the hydrothermal
particulate matter in an easterly direction has prevailed in the area of the
section between 5°S and 12°N. It is in good agreement with the results
obtained in studies of the hydrology in the area, which show that at the
present time the bottom water moves eastward mainly and across the EPR
axis (Lonsdale 1976), and the results of paleooceanological studies show
that in former times the eastward and northeastward movement of the bot-
tom water in this area has prevailed at least since Eocene time (Lisitzin et
al. 1980a). The diagram in Fig. 5.16 enables the characterization of the in-
tensity and position of the hydrothermal activity along the EPR axis in the
general features only, because the changes in the values of Fey* related to
the increase in distance from the EPR axis were not considered, and the
distance of the section from the axis is as great as 850 km.

In Sect. 4.7 it was shown that for distances from 20 to 2000 km from the
EPR axis the average relationship of a decrease in the Fep* at the distance
D (km) from the EPR axis, in comparison with that for Fe,* at 20 km dis-
tance from the EPR axis, is clearly shown by the equation (4.3):

Fen*/Feno* = (1.58-0.4461gD)°.

Based on the known values of Fe,* in the sediments and the distances of
the points of their deposition from the EPR axis it is possible to estimate
the values of Fe,* at different distances from the axis.

Estimates of this kind have been made for 11 temporal intervals from 12—
10.5 Ma BP to 0.5-0 Ma BP, and diagrams showing reconstructions of the
distribution of Fe,* on the western flank of the EPR during these intervals
have been drawn (Fig. 5.17). In these diagrams the near-axial values of Fe,*
correspond to a distance of 20 km from the EPR axis, the boundary value for
the equation (4.3). Areas of intensive and very intensive hydrothermal acti-
vity and mineral formation on the EPR axis that occurred in the geological
past are clearly visible on these diagrams. In sediments adjacent to these are-
as the reconstructed values of Fepy* are 10-25 and >25 mg cm™ ka? res-
pectively. They are the values determined for the western flank of the EPR
oriented against the predominant direction of bottom currents. Actually the
sediments of the section have accumulated on the western flank of the EPR
and a correction for the bottom currents has not been made in the reconstruc-
ted values of Fe,* at a distance of 20 km to the west of the EPR axis.
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Fig. 5.17. Diagrams of paleodistribution of Fey* in bottom sediments to the west
of the EPR axis and reconstructed positions and relative intensities of hydrother-
mal activity on the EPR axis for the last 12 Ma. The positions of the hydrothermal
fields that existed are from Hekinian et al. (1983, 1985), Hekinian and Fouquet
(1985), Gente et al. (1986), McConachy et al. (1986), Fouquet et al. (1988, 1996),
Haymon et al. (1991), Poroshina et al. (1992), Baker et al. (1994), Von Damm
(1995), Shank et al. (2000), Hannington et al. (2002).

12 to 10.5 Ma BP. Sediments accumulated during this time have been
collected at Sites 848-850, 852, 845, 846, and 83 (Fig. 5.16). Low values
of Fe,* (<2.5 mg cm™ ka™) in the basal sediments from Site 848, accumu-
lated >11 Ma BP (Fig. 5.17a), are evidence of the absence of hydrothermal
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activity in the vicinity of their deposition points. Later, 11-10 Ma BP, hyd-
rothermal activity of low intensity may have developed in this area. High
values of Fey*, up to 60 mg cm? ka™, occur in the near-axial sediments
from Site 849 that accumulated 11.5 to 11 Ma BP. Apparently this is evi-
dence of the existence of very intensive hydrothermal activity at this time
on the EPR axis in the area of 2°-3°S (Fig. 5.17a). This activity existed
during ~1.5 Ma. High values of Fe,* (>25 mg cm™ ka™) in the basal sedi-
ments from Site 83 and, probably, from Site 852 (there are no data for
these sediments) (Fig. 5.16) are evidence that indicates that from ~11 to
10.5 Ma BP very intensive hydrothermal activity existed on the EPR axis
in the area of ~3°N (Fig. 5.17a) and that about 10 Ma BP it decreased.

10.5 to 9 Ma BP. In sediments from Site 845 that accumulated at this time
at a distance about 400 km from the EPR axis the values of Fe,*, ~10 mg
cm™ ka?, are comparable to those for Fe,* in sediments from Site 83 that
accumulated approximately 40 to 50 km from the EPR axis (Fig. 5.16). Ob-
viously this is evidence of the existence of very intensive hydrothermal ac-
tivity ~10 Ma BP on the EPR axis that was located to the north of the point
of accumulation of the sediments from Site 83, and presumably it was in the
area between 5°S and 7°S. Increased values of Fe,* occur in the non-basal
sediments from Sites 848, 850, 851 that accumulated during this time period
(Fig. 5.16). Apparently this is evidence of hydrothermal activity on the EPR
axis in the areas 5°S and 1°N (Fig. 5.17b). According to the reconstructed
values of Fen*, at 5°—7°N and 1°N there was very intensive hydrothermal
activity and it was less intensive at 5°S. About 9 Ma BP an increase occur-
red in the values of Fe,* in the sediments in the southern and northern sec-
tions in the Pacific Ocean apparently as a result of an increase in the sprea-
ding rate (Fig. 5.12).

9 to 8 Ma BP the values of Fe,* in the sediments from Sites 848-852
were relatively low, <5 mg cm™ ka ™ or zero (Fig. 5.16). The reconstructed
values of Fenyg* (Fig. 5.17¢) are evidence of hydrothermal activity of low
intensity or its absence on the EPR axis in the southern part of the area in
guestion. Only in the area 0° to 1°S near the axis of the EPR are the recon-
structed values of Fey* from 10 to 25 mg cm™ ka™ (Fig. 5.17¢), and the
reconstructed values of Feno* in the sediments from Sites 845, 853, and 83
are evidence of the existence of hydrothermal activity in the central part of
the area. Apparently the highest intensity was located between 5°N and
7°N (Fig. 5.17¢). Hydrothermal activity was low in intensity or absent in
the northern part of the area.

8 to 7 Ma BP the values of Fey* in the sediments from Sites 848 to 852
were low, <2.5 mg cm™ ka ™ or zero (Fig. 5.16). The reconstructed values
near the axis (Fig. 5.17d) are evidence of hydrothermal activity of low in-
tensity or its absence on the EPR axis in the southern half of the area. In
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the sediments from other sites and especially from Sites 853 and 845 the
values of Fey* were much higher (Fig. 5.16). The reconstructed values of
Fenao*, 10 to 25 mg cm™? ka™, in the sediments to the west of the EPR (Fig.
5.17d) are evidence that 8 to 7 Ma BP intensive hydrothermal activity exi-
sted only in the area of 5°~6°N. At this time hydrothermal activity of low
intensity probably appeared to the north of the Clipperton Fracture Zone.

7 to 6 Ma BP the pattern in general was similar. Hydrothermal activity
persisted in the area of 5°—6°N. However, the increase in Fep* in the sedi-
ments from Site 854 (Fig. 5.16) is evidence that hydrothermal activity
north of the Clipperton Fracture Zone increased at this time and the
reconstructed values of Fey™ are 10 to 25 mg cm™ ka™* (Fig. 5.17€).

The increase in Fey* in the sediments from Site 846 accumulated ~8-6.5
Ma BP (Fig. 5.16), presumably, can be attributed to the deposition point of
these sediments. They accumulated directly north of the ancient Galapagos
Rise at the period of time from 8.2 to 6.5 Ma BP when both the EPR and
the ancient Galapagos Rise were active (Mammerickx et al. 1980).

6 to 5 Ma BP the values of Fey* in the sediments from Sites 848 to 851
and 846 were low, <2.5 mg cm™ ka™ or zero. The value of Fe,* in the se-
diments from Site 852 increased in spite of the increase in the distance
from the place of their deposition to the EPR axis. In sediments from Site
853 the value of Fe,* persisted (Fig. 5.16). The reconstructed value of
Fenxo™ at ~5°—6°N exceeds 25 mg cm™ ka™ (Fig. 5.17f). This is evidence
of very intensive hydrothermal activity on the EPR axis. Hydrothermal
activity persisted to the north of the Clipperton Fracture Zone, however a
decrease in the Fep* values in the sediments from Site 854 (Fig. 5.16) indi-
cates that it became less intensive.

5 to 3 Ma BP the values of Fe,* in the sediments from Sites 848 to 850,
and 846 were low, <2,5 mg cm™ ka* or zero. The increase in the Fe,* va-
lues in the sediments from Site 852 persisted and reached a maximum, >5
mg cm? ka™?, 5-4 Ma BP. About 4-3 Ma BP the value of Fe,* in the sedi-
ments from Site 851 increased to 2.5-5 mg cm? kat. The value of Fey*
also increased in the sediments from Site 83 and was >10 mg cm™ ka™ in
the time period from 4 to 3 Ma BP. In the sediments from Sites 853, 854,
and 845 the values of Fe,* gradually decreased (Fig. 5.16). The reconstruc-
ted values of Fen* (Fig. 5.17g,h) indicate that in the southern part of the
area in question from 5 to 3 Ma BP the hydrothermal activity on the EPR
axis was low in intensity or absent. In the northern part of the area, from
2°-3°N to 5°-6°N, it was more intensive. Hydrothermal activity decreased
to the north of the Clipperton Fracture Zone.

3 to 2 Ma BP the values of Fey* in the sediments of all of the sites, ex-
cept for Sites 851 and 83, were very low or zero (Fig. 5.16). The reconstru-
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cted values of Fepy™ are evidence that at this time very intensive hydro-
thermal activity occurred in the area at ~2°N (Fig. 5.171).

From 6-5 Ma BP to 3-2 Ma BP the area of very intensive hydrothermal
activity moved along the EPR axis over a distance of 400-450 km (from
5°—6°N to ~2°N). The average rate of this movement was about 15 cm a™.

2 to 0.5 Ma BP the values of Fe,* in the sediments from Sites 848 to 850,
and 846 were very low or zero. In the sediments from Sites 851 to 853 accu-
mulated ~700 km to the west of the EPR axis the values of Fey* increased to
>2.5 mg cm™ ka™*. A maximum in the Fe,* values was reached ~1 Ma BP.
The value of Fey* also increased and exceeded 2.5 mg cm™ ka™ in the sedi-
ments from Site 854 in the time period from ~2-1.5 Ma BP to at least 0.3
Ma BP (when the youngest sediments studied from Site 854 accumulated).
On the eastern flank of the EPR, in the sediments from Sites 845 and 83, the
value of the Fey* increased, reached a maximum about 1.5 Ma BP, and then
decreased (Fig. 5.16). Apparently the distribution of the reconstructed values
of Fen™ (Fig. 5.17j) indicates the existence of very intensive hydrothermal
activity between the Siqueiros Fracture Zone and the area of the Galapagos
Triple Junction from 2 to 0.5 Ma BP, on the one hand, and on the other hand
they may indicate the appearance of very intensive hydrothermal activity
north of the Clipperton Fracture Zone. There are other data that are evidence
of the latter. Basal metalliferous sediments that accumulated from 2.2 to 1.1
Ma BP were sampled in the vicinity of the Clipperton Fracture Zone during
DSDP Leg 54 (Rosendahl et al. 1980). According to the estimations that
were based on the results from this Leg (Rosendahl et al. 1980; Donnelly
1980a,b; Schrader et al. 1980), the values of Fe,* in these sediments range
from tens to hundreds of mg cm™ ka™.

0.5 to 0 Ma BP the values of Fey* in the sediments from all the sites to
the west of the EPR axis, except for Sites 854 and 853, were zero. In the
sediments from Site 854 the value of Fe,* exceeded 2.5 mg cm™ ka™ (Fig.
5.16), in the sediments from Site 853 it was about 2 mg cm™ ka™. The
distribution of the reconstructed values of Fen* (Fig. 5.17k) is an eviden-
ce of the existence of very intensive hydrothermal activity north of 11°N,
and of intensive hydrothermal activity between 11° and 7°N. Apparently
the very intensive hydrothermal activity that existed from 2 to 0.5 Ma BP
in the area between the Siqueiros Fracture Zone and the area of the Gala-
pagos Triple Junction became extinct.

The reconstructed values of Fen* between 11°N and 12°N, >25 mg
cm? ka™, and between 7°N and 11°N, 10-25 mg cm™ ka ™, are close to the
average values of Fep* in recent metalliferous sediments in the vicinity of
the EPR axis in the area between 11°N and 14°N where the values, estima-
ted from data of Lisitzin (1978) and Cherkashev (1990, 1992), range from
20 to 50 mg cm™ ka™*. Agreement in the data such as this encourages and
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allows one to consider the diagrams in Fig. 5.17a-k as reasonably accurate,
especially since the accuracy of the reconstructed values for the recent se-
diments, accumulated at the longest distance (~600 km) from the EPR
axis, is the lowest.

The reconstructed locations of recent (0.5-0 Ma BP) areas of hydrother-
mal activity coincide with the positions of the existing hydrothermal fields
along the EPR axis (Fig. 5.17K). At present hydrothermal activity of greatest
intensity and associated mineral formation on the EPR axis within the area
in question exists to the north of the Clipperton Fracture Zone between 11°N
and 13°N; the areas of intensive hydrothermal activity and mineral forma-
tion occur between the Clipperton and Siqueiros Fracture Zones; the areas
with hydrothermal activity of lower intensity and mineral formation are at
~7°N, ~4°N, and ~2°N (Fig. 5.17K). If the reconstruction for the time period
from 2 to 0.5 Ma BP is correct, it is evident that very intensive hydrothermal
activity developed at this time on the EPR axis between 11°N and 13°N.

During the last 12 Ma massive accumulations of hydrothermal sulfide mi-
nerals formed in the hydrothermal fields along the EPR between 5°S and
12°N. The approximate place and time of their formation can be determined
from the locations of the reconstructed areas of hydrothermal activity (Fig.
5.17a-k). Because of the movement of the Pacific lithosphere plate at the
present time these accumulations or their remnants are located at different
distances from the EPR axis. If these accumulations have been preserved
and covered by sediments or lava flows, their present locations apparently
coincide with the areas that have high accumulation rates of hydrothermal
Fe in the lowermost basal sediments. The locations of these sediments and
the accumulation rates of hydrothermal Fe on the EPR axis, reduced to the
distance of 2.5 m from hydrothermal vents (Fe,*,s), can be estimated from
the data for the sediments from the drilling cores of the section explored to
the west of the EPR axis (Fig. 5.16). In this reconstruction as well as in the
reconstructions based on the studies of sediment cores (Sect. 5.1) it is assu-
med that: a) the hydrothermal Fe has been contributed to the sediments only
from hydrothermal plumes or their fragments; and b) the accumulation rate
of the hydrothermal Fe at the time of deposition of the sediments was equal
to its settling flux. Estimations have been made by using a combination of
the two equations (4.1) and (4.3) and with the application of corrections for
bottom currents. The complex graph used in obtaining the reconstructed
values of Fey*,5 from the values of Fey* and the distance from the EPR axis
is shown in Fig. 5.14. In the case of the sediments from the western flank of
the EPR and the predominant easterly direction of the bottom currents the
line "for a flank oriented against a predominant bottom current direction™
can be used. The difference between figures on this line and the line "for a
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flank oriented to a predominant bottom current direction"# is a factor of
~0.5, which has been estimated by comparing the values for Fey* in sedi-
ments from the eastern and western flanks of the EPR that accumulated at
the same latitude and at similar distances from the EPR axis.

The calculated reconstructed values of Fep*,5 have been plotted along
the backtracked paths of the drilling sites with reference to the age of the
sediments from the lowermost part of the basal layer or the age of the crust
(Fig. 5.18B). The range of variations of the values of Fe,*,5 on the EPR
axis between 5°S and 12°N during the last 12 Ma is from <1000 to 7500
mg cm™ ka™. The values of Fe,*,5 corresponding to the more intensive,
>4000 mg cm™ ka™, and less intensive, 2000-4000 mg cm™ ka™*, hydro-
thermal activity are approximately twice as low as that on the EPR axis
between 20°30'S and 22°00'S during the last 50 ka (Fig. 5.9). This is in
good agreement with the general relationship of the accumulation rate of
the hydrothermal Fe with the spreading rate, other factors being consistent.
Between 5°S and 12°N the half-rate of spreading is 6 to 8 cm a™, and be-
tween 20°30'S and 22°00'S it is ~10 cm a™*. According to the general rela-
tionships shown in Figure 4.35, when the half-rate of spreading is 6 to 8 cm
a, the Fey* value is approximately twice as low as it is when the spreading
rate is 10 cm a™.

High settling fluxes and accumulation rates of the hydrothermal Fe in
sediments near hydrothermal vents usually accompany the formation and
accumulation of sulfide minerals within hydrothermal fields. That is why
Fig. 5.18B shows not only the reconstructed distribution of the near-vent
accumulation rates of the hydrothermal Fe and the values of Fe,* in the
lowermost part of the basal sediment layer, but also the recent locations of
the areas where there are buried accumulations of hydrothermal sulfide mi-
nerals (if they have been preserved) that formed during the last 12 Ma
along the EPR axis and moved to the west-northwest with the Pacific plate.
The higher the values of Fep* in the lowermost part of the basal sediment
layer the greater the probability of occurrence of buried accumulations of
hydrothermal sulfide minerals. Obviously the quantitative aspects of this
relationship will be defined in the future.

It must be noted that apparently huge masses of hydrothermal polyme-
tallic mineral matter that formed during the last ~150 Ma are buried in
the present ocean. This matter is rich in Fe, Cu, Zn, and other metals.
Estimates for the accumulation of the hydrothermal polymetallic mineral
matter formed on the axis of the East Pacific Rise and buried at present in

42 This line can be used for the sediments from the section located to the west of
the EPR axis between 20°30'S and 22°00'S (Fig. 5.9) where the westerly direc-
tion of the bottom currents prevails.
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Fig. 5.18. A — Temporal evolution of Fe,* [mg cm™ ka™] in surface sediments in
the last 12 Ma along a section subparallel to the EPR axis and gradually moving to
the west-northwest from the axis with the half-rate of spreading. B — Reconstruc-
tion of Fey*,5 [mg cm™ ka™] for the last 12 Ma as well as the distribution of Fe,*
[mg cm™ ka™] in the lowermost sediments of the basal sediment layer within the
area from the section to the EPR axis. Isochrones show sediment and crust age.
The distribution reflects the probability of present occurrence of buried accumu-
lations of hydrothermal sulfide minerals.

the Pacific can be made for the benefit of discussion and argument. In the
metalliferous sediments in the Southeast Pacific 550-10° tons of hydrother-
mal Fe accumulates annually (Table 1.2). If this amount is considered to
be dispersed hydrothermal Fe (actually the amount is greater because not
all of the dispersed hydrothermal Fe accumulates in the metalliferous sedi-
ments), but it comprises 95-98% of the total hydrothermal contribution of
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Fe, which is estimated (560+580)-10° t a™. 2-5% of this amount, that is
(10+30)-10% t a™*, accumulates in the massive hydrothermal metallic mine-
ral material. If this is considered to be an average amount, during 150-10°
years along the East Pacific Rise (1.5+4.5)-10" tons of the Fe accumulated
in the massive hydrothermal metallic mineral matter. If the average content
of Fe in this matter is ~30%, then an amount of the massive hydrothermal
metallic mineral matter for recovery and use is ca. (5+15)-10* tons. This
matter (if it is preserved) is covered by sediments or lava flows and it is lo-
cated in the Pacific Ocean to the west-northwest and to the east of the East
Pacific Rise axis.

5.3. Scale and dimension of reconstructions

In previous sections of this book it has been shown that metalliferous
and low-metalliferous sediments provide information that can be used in
the reconstruction of the history of hydrothermal activity and in the search
for accumulated and buried hydrothermal mineral deposits of significant
economic value as mineral resources. The data and concepts from the re-
search on the proximal and distal metalliferous sediments reported here
can be used for different kinds of reconstruction of the history of these de-
posits and can provide essential data for locating and evaluating them as
mineral resources.

The studies of the proximal metalliferous sediments enable the recon-
struction of the history of hydrothermal activity and mineral formation
within individual hydrothermal fields and the search of large hydrothermal
mineral accumulations and answer questions related to their position and
composition when exploring and evaluating them as resources. The para-
meters that can be reconstructed and that have been considered are shown
in Table 5.1.

The properties of the proximal metalliferous sediments that accumulated
within hydrothermal fields of fast, medium, and slow-spreading rifts are si-
milar. But the occurrence and intensity of high-temperature hydrothermal
activity on slow-spreading ridges is much lower than on medium- and fast-
spreading ridges. High-temperature hydrothermal fields are far apart on the
slow-spreading ridges (German and Parson 1998), and fields of distal me-
talliferous sediments are small or absent. If they do form they usually oc-
cur within deep rift valleys, because the nonbuoyant hydrothermal plumes
rarely extend beyond such valleys (Sect. 4.3). Fields of distal metalliferous
sediments of considerable size can form in the vicinity of groups or nume-
rous groups of hydrothermal fields, and only their combined contribution



363

5.3. Scale and dimension of reconstructions

dgen UOITeW.IO} [eJBUIW pue 158} = [eisip
D 0T U< sured J1ay) pue sueado _
HOTGT+0  Ananoe jewssypoipAy Jo Aususyul Mols [eqo|9
SUOITRINWINJJE [WISYI0IPAY JO SUOIIe|NWINIJE [RWIBYI0IPAY JO
39U31N220 J0 ANjIqeqold pue seale Jo 99U31IN220 JO Seale ‘syuawbas [eisip
daen _ LOTu LOTu 158} +
uonisod juasaid ‘uoiyewio) [elaul Ui abJe ulyum (Juaioue pue
oT'u=0 +.0TU =0T u wnipaw
T pue AlIAnoe [ewsylopAy usioue 1 T 1U3231) UOIIBWIOJ [eJ3UIW puR [euoibiay
pue Juadal JO seale Jo uonisod AIANDR [eWIBYI0IPAY JO Sseale ’
SUOITRINLINIE [RWIBL10IPAY
J0 82U8.1IN220 Jo Aljigeqoid pue SuoITR|NWINJJE [eWIaYI0IpAY [exsip
dgey seale Jo uonisod Jussaid ‘uopewsoy  OT-U 0T JO 32U81INJ20 JO Sease 5]
LOTU=+0 [eJauiw pue AjAnoe fewssylolpAy = 0TU +,0TU ‘sdnoJf 18y} Jojpue (101134 wnipaw
Jo Anisuajui ‘sdnoub J1sy) Jo/pue pue 8A19E) Sp|aly [eulayiolpAy [ealy
spIal) jewayloapAy Jo uonisod
uonezifeidads oluabojeraw SDISLL [eLLBUIOIA
‘WaLj) UO UOIRWLIO) [eeuI pIvY | YI0IpAY [ewnxoad
dgaey (2<1) ulgum (o1ja1 pue winipaw
pue AlAIoe [ewlaylolpAy 0Tu
oT'u=0 . +,0TU T 9AI0E) SUOIR|NLINIJ. + MOJS
1 J0 AlIsuajul ‘suone|nwindoe ¢
[ewLBy0IpAY abue| [e307]
[ewusyioipAy abuej jo uonisod
SUETES
UOINAISUO23S $198[qo Jo siaraweled . U _ u yoJess pue sajel paipnis
JosfentaLl 3U2JB3S pue PaloNJISu0dd s193fqo 01 'stoafgo Jo u0119N11suU093. J0 $198 Buipes.d
[eJodwia | Pay PUEp d SeouelSIq  suolsuswiIg : ¥ 1o IPERICS  sa1pms
JO sa[eas

"SJUBLLIPAS SNOJSLI|[RIBW-MO] pUE SNOJSI|[eI8W JO SBIPNIS WOy sjelisrew Buisn Aq ueado dasp syl Ul sUOIRINWNIJR
[ew.ayloIpAy J0J YoJess J0 pue UOITRWLIO) [eJaulw pue ANANJE [ewayloipAy Jo A10ISIY auy) JO UOIONIISU0Da) JO S3[RIS "T'G a|qe.l



364 CHAPTERS5 RECONSTRUCTION OF THE HISTORY

of hydrothermal matter can provide sufficient amounts of material for the
formation of these sediments. For this reason fields of distal metalliferous
sediments of considerable size can form only in and near medium-sprea-
ding and mainly fast-spreading ridges. The existence of such fields is
evidence of the medium and fast spreading rates of ridges that are or were
contributors of the metal-bearing matter to these sediments. It was shown
in Sects. 5.1 and 5.2 how the results of studies of the distal metalliferous
sediments enable the solving of problems in the reconstruction of their his-
tory, in the search and exploration for them and in determining their area
and regional distribution. The parameters that can be reconstructed are
shown in Table 5.1.

The manner of investigation and approach in the exploration and research
of sections parallel or subparallel to the axes of spreading ridges can vary
depending on the direction and velocities of bottom currents. The best areas
for locating sections for investigation are those where the bottom currents
are slow and their predominant directions of flow are across the spreading
axes. The section to the west of the EPR axis from 5°S to 12°N is a good
example (Fig. 5.16-5.18), where it has been shown that the distance of the
sections from the axes of the spreading ridges can be hundreds of kilometers.
Sections of minimum distance from the axes must enable the collection of
cores that are of sufficient length for the studies. It is not necessary to use
continuous core sections for the study and reconstruction of the sequence of
historical events. Fragments of core sections can be used for obtaining infor-
mation and data that are needed: the age of the sediments, the accumulation
rate of the hydrothermal Fe, and the distance from the axis of the spreading
ridge that contributed the hydrothermal matter to these sediments. However,
in such cases the accuracy of the reconstructed history is reduced. In general,
the closer the sediment strata studied are to the basement rocks the greater
the accuracy. The equations 4.1 and 4.3, which have been used for the re-
constructions, are not universal, and they describe the average relationships
in the present Pacific and recent Southeast Pacific Ocean. In other areas and
at other times in the geological history the character of such relationships
could have been different. Corrections can be obtained from materials lo-
cated at sections or strip-sections along spreading tracks or perpendicular to
the axes of spreading ridges, especially if they are located on both flanks of
ridges. They can give information on variations in the accumulation rates of
the hydrothermal Fe with increasing distances from the axes of spreading
ridges both at present and in the geological past.

It has been shown above that at the present time there are approaches
and methods for the study of the geology of metalliferous sediments, and
for the features or parameters that provide valuable information on the in-
tensity of hydrothermal activity that produced mineral formation, on their
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locations during geologic time, on the present position of areas and sites
where buried hydrothermal accumulations of sulfide minerals can occur,
and, in the case of proximal metalliferous sediments, on the locations and
special metallogenic features of the accumulations of hydrothermal sulfide
minerals that are formed simultaneously with these sediments.

Undoubtedly, with further development of research methods the oppor-
tunities for exploration and the possibilities of reconstructing the history
and genesis more specifically will be extended greatly in breadth and in
accuracy. Nevertheless, the data available at the present time, obtained in
the study of the metalliferous sediments, enable the solving of exploration
and research questions and the reconstruction of geological events on a lo-
cal and regional scale. A list of the geological features and parameters con-
sidered today in research and in the reconstruction of geological events,
the dimensions of features in different scales of studies and distances to
them, as well as intervals of time for different scales of studies, are shown
in Table 5.1.

Some notice is given in Table 5.1 to studies of a global scale. These can
provide new and very important perspectives in the study of hydrothermal
activity and mineral formation that have not as yet been considered.

There exists a number of approaches to the study of the global history of
hydrothermal activity in the ocean. It is considered important to know the
global evolution of hydrothermal mineral formation, climate of the Earth,
composition of ocean water, etc. In approaches of this kind the evolution in
the contents and ratios of chemical elements and/or their isotopes, which
are proxies indicating the hydrothermal contribution to the ocean, are studi-
ed. But most of these elements have residence times that exceed the mixing
time of the ocean water and cannot characterize particular oceans, let alone
any of their parts. Iron, which is used as the main proxy for the content of
hydrothermal material in metalliferous sediments, is of special and critical
interest. According to my estimates, the hydrothermal contribution of Fe to
the Pacific Ocean is about 40-50% of the total contribution of the labile Fe
(the dissolved plus that precipitated from solution) to the deep ocean, and
its residence time here is estimated about 10 years. From a geological point
of view, the response of ocean sediments, and most of all the metalliferous
sediments, to variations in the contributions of the hydrothermal Fe is prac-
tically instantaneous.

The physical-historical approach to studies of the accumulation of both
the proximal and distal metalliferous sediments, as well as knowledge of
the factors, which determine variations in the composition and accumulati-
on rates of the metalliferous sediments, enable the reconstruction of the hi-
story of the hydrothermal activity and mineral formation within hydrother-
mal fields and within particular segments of the spreading ridges. In the
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latter case the present positions of buried massive hydrothermal accumula-
tions can be determined with some probability. This has important signifi-
cance, especially for the East Pacific Rise, a part of the World Ocean rift
system where the most intensive hydrothermal activity and mineral form-
ing processes take place. On the EPR, at least during the last 150 million
years, from 5 to 15 trillion (1) tons of polymetallic hydrothermal metal-
bearing material have formed. This material has been covered by sedi-
ments and lava flows and is located in the Pacific Ocean to the east and to
the west-northwest of the EPR axis. At the present time this enormous mi-
neral resource that is rich in such elements as Fe, Cu, Zn, etc. is not reco-
verable. However, as engineering and technological methods are develop-
ed, specific attention will be paid to this obvious and enormous source of
metals and minerals. Research and the results of studies of the metallifero-
us sediments will provide essential information for use in the prospecting
and exploration for them.
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