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Konstantin Nikolaevich Fedorov
1927-1988

None of us present at the Joint Oceanographic Assembly in
Acapulco in late August, 1988, could have believed that it would be
the last time we would be fortunate enough to meet Konstantin
Fedorov. He died suddenly and unexpectedly on September 21, 1988.

At the Assembly he was energetic and active as usual and in the
plenary session at the end of this event he summarized his impressions
on the state of physical oceanography as reflected in the contributions
presented there. That he was chosen for this task was most natural
considering his knowledge of the field, both from the past and at the
present frontiers.

Konstantin Fedorov had a warm personality, and although we
mostly talked science, the subject easily shifted to family where his
pride in his own young family was obvious. It is a tragedy both for his
family and for the scientific community that he died so soon.

He was born in Leningrad on December 17, 1927. At twenty he
received a diploma in meteorology and six years later an oceanog-
raphy diploma at the university of his home town. He finished his
Ph.D. in physical oceanography in 1955 at the Institute of Oceanoclogy
in Moscow. The foundation of his excellent knowledge of English was
perhaps laid during a Unesco fellowships period in the United
Kingdom in 1958-1959 when he studied at universities both in Liver-
pool and London.

Konstantin Fedorov played an important role on the international
oceanographic scene, in both intergovernmental and nongovernmen-
tal bodies. He served as Secretary of the Intergovernmental

Oceanographic Commission of Unesco between 1963 and 1969.
Later, having returned to his scientific work in Moscow, he was elected
President of the Scientific Committee on Oceanic Research (SCOR)
of the International Council of Scientific Unions, serving from 1976
to 1980, followed by a term as Past President until 1988. In Acapulco
his last appearance as a member of the SCOR Executive Committee
was honored at a special gathering. In these positions, he helped to
promote cooperation in science between intergovernmental and non-
governmental organizations as well as between east and west.

Most of his scientific work related to fine-scale thermohaline
structure and mixing in the ocean. His research expanded considerably
our knowledge of such processes. Much of this work was based on
direct observations at sea, and his experience in work on research
vessels was considerable. His long list of publications presented in
journals and books, in many of which his wife, Ann Ginsburg col-
laborated, is a solid documentation of his important scientific contribu-
tions.

As a final word, I can’t do better than my predecessor, Professor
Gerold Siedler, in the SCOR Proceedings following the 19th General
Meeting in Acapulco: "The international oceanographic community
has lost one of its prominent scientists, SCOR has lost one of its most
committed members, and many of us have lost a friend. Konstantin
will be missed".

dJarl-Ove Stromberg
President of SCOR












Welcome Address

Agustin Ayala-Castariares
Instituto de Ciencias del Mar y Limnologia, UNAM, A.P. 70-157, México 04510, D.F.

It is a pleasure and an honor for me to welcome you on
behalf of the Mexican Organizing Committees of the
Joint Oceanographic Assembly. It is very stimulating to
realize that such an important group of scientists -repre-
sentatives of many disciplines and numerous countries
from all over the world- came to México to discuss
marine sciences and ocean research within a purely
scientific atmosphere.

The economic, political and social importance of the
ocean for mankind is obvious; it was fully recognized in
1982 when, a few months after the previous JOA, the
UN Convention on Law of the Sea was signed by 120
nations. This historical event marked, indeed, the begin-
ing of a new era of relations between mankind and the
oceans. It represents to some extent the culmination of
a long process of universal negotiation among states.

We are in a period where the nations, impulsed by a
series of pressures, are rediscovering the oceans,
reevaluating their importance and redefining their role
in vital aspects for mankind.

Recent technological advances have produced
great changes in oceanography, particularly in methods
of observation, data collection and sampling, as well as
the capacity of massive data processing. Today the seas
are used in ways never dreamed of a century ago. We
have reached the point in which managing the ocean at
global scale is a necessity and the interaction between
man and the environment cannot be ignored. The
limited existence of marine resources is also recognized
as well as the need of a solid scientific basis for their
proper management. Also, the capacity to predict in the
ocean depends upon our knowledge of the sea and its
processes.

The Joint Oceanographic Assembly provides a uni-
que opportunity for high level inter-, multi- and cross-
disciplinary exchange of ideas and experiences between
the oceanographic community of the world in a way
which is not accomplished in any other meeting. The
value of these assemblies lies primarily in their ability to
allows scientists from many disciplines and many
countries to meet and to learn one from each other. Not
only the individual papers are important, but also the
free communication and overall exchange of ideas,
including cultural aspects, particularly between in-
dividuals from developed and developing nations.
Developing countries had a very low participation in
previous JOA; although we -are convinced that if we
want to have a truly world-wide meeting it is necessary
to increase such participation. In JOA México 88 we are
interested in promoting this dialogue maintaining the
high academic quality of this event. I hope JOA México
88 really allows us to gain a better view of the structure
of global oceanography.

We expect to be able to evaluate advances in marine
research, identifying outstanding new developments,
and assessments for research. When doing so, we con-
tribute to promote mankind’s understanding and in this
manner improve the positive relations among nations of
the world.

In the program of JOA México 88 we are dealing
with 509 abstracts; the number of authors is 930 repre-
senting 58 countries, twenty countries more than in JOA
Halifax.

As you know the Assembly belongs to a series of
meetings established long time ago. They include, first,
the International Oceanographic Congresses held in
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New York (1959) and Moscow (1966); and later the Joint
Oceanographic Assembly, with sessions in Tokyo
(1970), Edinburg (1976) and Halifax (1982). It is a
privilege to host this important meeting in México and
it is a great satisfaction that our nation was the first
developing country selected by SCOR to do so.

The level of the scientists attending this meeting and
the program are, by themselves, demostrations of the
universality of science and particularly oceanography.
It also reinforces the concept that the ocean requires

cooperation between states and that no nation can do
all by itself.

We are glad to note the significant contribution made
by scientists from developing countries to our meeting.
It is, without a doubit, a clear indication of the advances
made in such countries in recent years, regardless of the
serious problems they are facing with the economic
crisis. It proves their potential, even recognizing their
limitations, reflected in the topics involved; mostly re-
lated to coastal and resource problems.

I hope that their participation in the JOA contributes
to world oceanography, to consolidate their experience
and to reaffirm their convictions. We should be prepared
to incorporate their scientific results, as much as pos-
sible, in international regional and global projects; with
the idea that cooperation in marine sciences is not only
desirable but indispensable. The workshop organized
by IAPSO on physical oceanography in developing
countries is a step along this line.

Therefore, the spirit that we want to convey is that
we are convinced of the immense potential of marine
sciences and technologies for the benefit of mankind,
but also that they offer the oportunity, if we are imagina-
tive enough, to strengthen cooperation between in-
dustrialized and developing countries. This should
happen in a spirit of partnership, using all available
possibilities, both governmental and non-governmen-
tal. The presence of our friends professors Federico
Mayor, Director General of Unesco, Gerold Siedler,

President of SCOR and Ulf Lie, Chairman of IOC is
stimulating.

[ hope that in the future this situation will continue
and that the marine scientific community of the world,
with a generous attitude and with solid cooperation
links, advocates the study of the complex and exciting
problems of modern oceanography making good use of
recent technological advances.

I would like to make some reflections concerning my
country; the oceanographic problems which México
faces largely reflect those of the rest of the world; they

may look national but their solution requires global
action.

México has large marine areas and an enormous
oceanic potential. The petroleum industry, supported
with vast amounts of oil coming from the submarine
shelf is one of the pillars of our economy and is con-
sidered one of the largest in the world. Fishery produc-
tion plays an important role in our economy. Our
harbors are fundamental to consolidate our marine
transport system and require strong support with solid
technical basis. There are strategic submarine mineral
deposits in the Mexican Pacific. Our coastal areas are
well recognized for their extension, variety, resources
and beauty.

We can say that we live in a country in which destiny
and future are linked with the ocean and where develop-
ment will largely depend on the proper application of
marine scientific and technological knowledge.

The Mexican Government has demonstrated a deep
interest in the ocean. As a consequence, we participated
actively in the 3rd. UN Conference on the Law of the
Sea; México signed and ratified the Convention and
later adopted the Federal Law of the Sea, adjusting the
Mexican legislation to the Convention.

México has limited tradition in science and technol-
ogy; although it has increased particularly in the last 20
years. The main efforts have been oriented towards
building the scientific structure and the preparation of
highly qualified human resources. This has been at-
tained through long-term scholarship programs, sup-
porting young scientists to study their doctoral degrees
in different institutions, national and abroad, and by
strengthening our universities and higher education
centres. After 1970, due to joint efforts between C-
ONACyT, the UNAM and other institutions, marine
specialized units, were created, like the Instituto de
Ciencias del Mar y Limnologia-UNAM, the CICESE, the
CIB and the Unidad Merida of CINVESTAV.

In addition, large investments in facilities, vessels and
equipment have been made with great effort. As a
consequence, now we have a young, small but
vigorous, marine scientific community properly
prepared to contribute towards the understanding and
preservation of the ocean, making good use of the
Mexican marine resources. It is ready to participate in
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Throughout the 30 years since the first Congress,
major changes have occured as a result of trends in
science and in evolving perceptions on both national
and international levels. Despite the growing gap be-
tween industrialized and developing countries, the num-
ber of scientists, including those in developing countries,
has increased manyfold in the last few decades. Many
countries -as this meeting demonstrates- have
strengthened their capabilities in ocean research and a
better understanding of common interest has led 1o
improved cooperation in research and to the estab-
lishment of ocean services and monitoring systems for
modelling and forecasting, as well as a much closer
relation between scientific knowledge, technological
development and social welfare.

Unesco is proud of its role in creating IOC, and in
supporting the efforts of the international marine scien-
tific community for almost a half century. In so doing,
we have contributed fo the progress of oceanography
and its applications and we have facilitated the involve-
ment of developing countries through relevant training,
education and mutual assistance. A special effort is also
required in the mobilization of the required means
through the formulation and implementation of techni-
cal assistance projects under the Unesco-IOC Com-
prehensive Plan for a Major Assistance Programme to
Enhance the Marine Science Capabilities of Developing
Countries.

We hope, by these measures, to respond better to the
increasing needs of the scientific communities of the
Member States and thus to prepare ourselves to assist
with the new generation of programmes aimed at
responding to global changes -- of which the effect of
the ocean on climate is a most notable example. These
research efforts depend on long-term commitment.
They can only be achieved through the joint efforts of
the relevant non-governmental bodies, such as SCOR,
the Scientific Committee on Oceanic Research, operat-
ing in the framework of ICSU, and intergovernmental
organizations, especially those part of the UN Systems,
including -- Unesco and its IOC, which is responsible for
coordination of the Long-term and Expanded
Programme of Oceanic Exploration and Research
(LEPOR).

Exciting challenges are therefore facing human
societies with regard to the multiple use of the oceans
and the need to protect the human environment as a
whole, while ensuring sustainable development. As far
as the oceans are concerned [ note in passing that the
communique issued after the Oslo meeting of the UN
Agency heads and the Prime Minister Brundiland last
July gave its rightful place to the oceans! In all of this,
as | have said earlier, scientists will play an increasing,
vital role. Your assessment and your aspirations would
be a valuable input as we proceed with the drafting of
the next Medium-Term Plan of Unesco, which will cover
the period 1980-85, but those effects will continue to be
felt well into the new millenium.

Science is for the scientists to conduct. Its results and
conclusion, if they are to be relevant, must be incor-
porated into the policies and strategies of the nations,
Unesco can play a very effective role here, as it is an
intergovernmental organization. I am thus determined
to give the floor to the scientific comminity to provide it
with every possible support. It is indeed quite clear to
me from my own experience as a scientist, and now seen
from the Unesco viewpoint, that the complex tasks and
ambitious objectives before us can only be achieved
through a spirit of full and open cooperation.

Scientists with the requisite intellectual freedom and
independence and a deep sense of social responsability,
working together with Governments and international
organizations imbued with the same ideals to achieve
universally acceptable socio-economic goals for the
common benefit of humankind, will I am sure, bring our
expectations to realization.

Acapulco, this wondeful city, is a symbol. It is a
symbol because of its history, but also as a result of its
present dynamism, as exemplified by the meeting held
here last November, after which eight prominent Latin
American countries, represented at the highest level,
issued such a clear-sighted Declaration on how
humankind should proceed in its common endeavours.
The key is openness to all kinds, boldness, knowledge,
and above all. trust in what is the human race’s distinc-
tive capacity: imagination, creativity and will.









Opening Address

UIf Lie
Chairman, Intergovernmental Oceanographic Commission, Unesco

Distinguished guests, Honorable Presidium, Fellow
scientists, Ladies and Gentlemen:

It is a pleasure and an honour for me, on behalf of
the Intergovernmental Oceanographic Commission to
address the Joint Oceanographic Assembly. Before us
we have eight days of interesting and challenging scien-
tific contributions in the beautiful setting of the city of
Acapulco.

The choice of Mexico as the site for the first JOA in
a developing country is by no means coincidental. Not
only has this country considerable experience with the
organization of large international meetings, but Mexico
is also a country which has had a spectacular develop-
ment of its marine sciences during the recent two
decades.

The Joint Oceanography Assembly is the olympiad
of the marine sciences with emphasis on communication
instead of competition. It might be argued, that the large
scientific confereces are anachronisms in our day of data
networks, marine information databases and advanced
information technology. Still, scientific cooperation
often starts as a result of direct contacts between sien-
tists at conferences, and the importance of the critique
and encouragement of peers at such conferences cannot
be overrated.

I therefore feel that the Joint Oceanography Assemb-
ly defends its important position for the development of
marine sciences and 1 hope that scientists also in the
future will recognize the value of direct scientist to scien-
tist communication. Although I believe that govern-

ments have a decisive role to play in the advancement -

of science; the major functional unit is the individual
scientist.

The increasing complexity at all levels of society calls
for utilization of science and technology, and national
development has therefore to some extent become
synonymous with the ability to apply science in master-
ing society’s affairs. Therefore, at the United Nations
Conference on Science and Technology for Develop-
ment in Vienna in 1979, developing countries stressed
that an enhanced level of science and technology is a
prerequisite for development.

The realization of the importance of science in society
has resulted in interesting developments in science itself.
The scientist has been invited out of his ivory tower in
order to participate fully in the development of society,
and as a result we now see that the former distinct
boundaries between basic science and applied science
are breaking down; major contributions to basic science
take place in laboratories of industry or government,
whereas university scientists seek participation in scien-
tific projects leading to practical applications. On the
national scene this development has led to organizations
representing the full scope of marine science and tech-
nology and on the international scene we see close
cooperation between organizations representing the
academic sciences, such as SCOR, and inter-
governmental scientific organizations such as the IOC.

Since the 1960’ies we have witnessed a spectacular
increase in the development of marine sciences. The
total number of marine scientists in the world increased
from about 2500 in 1964 to about 18000 in 1983, and
the increase is to a considerable extent linked to utiliza-
tion of marine resources and the related applied scien-



ces. Perhaps even more significant than the increase in
total number of marine scientists is the realization of the
importance of marine sciences in developing countries.
This was stimulated by the new ocean regime emerging
from the Third United Nations Conference on the Law
of the Sea, which gave coastal nations jurisdiction and
thereby the right and duty to make scientific studies of
about 40% of the surface of the oceans.

An indication of the increasing awareness in develop-
ing countries for strengthening marine science and tech-
nology can be seen in the increased membership of my
own organization, the Intergovernmental
Oceanographic Commission. When the organization as
founded in 1961 the total membership was 40 mostly
developed countries, whereas the 117 Member states
today are dominated by developing countries.

In keeping with this general trend I find it highly
pertinent that we now also for the first time have the
Joint Oceanographic Assembly in a developing country,
and the programme before us demonstrates a very
considerable contribution from scientists from develop-
ing countries.

A characteristic feature of our time is the realization
that man contributes to the destruction of our environ-
ment at a scale which may have serious socio-economic
consequences affecting the entire world population. The
solution to these large scale problems must be sought in
global international political cooperation, based on solid
scientific know-how. To provide this scientific platform
is not a task for the few but for all of us, and the World
Commission on the Environmet and Development has
therefore in their report pointed to the close relationship
between protection of the environment and national
development. The World Commission has stressed that
the existing inequality in the distribution of wealth and
exploitation of resources must be diminished, and that
a balance between economic growth and ecological
capacity must be sought under the concept of "sus-
tainable development". The ability to determine the
ecological capacity is in the realm of the natural sciences.

. LIE

Sustainable development depends upon a rational
and closely managed utilization of both renewable and
non-renewable resources. As pointed out by the World
Commission on the Environment and Development, the
terrestrial resources are to a large extent already over-
exploited, and the marine resources may indeed be the
world’s last resources. Sustainable development on a
global scale therefore depends on our ability to manage
the marine resources rationally, and that calls for a full
mobilization of the marine sciences and for cooperation
among governments to take full advantage of the scien-
tific results regarding exploitation of resources and
protection of the environment.

The marine sciences are particularly well prepared to
contribute to these tasks. The marine sciences are
naturally interdisciplinary. One can hardly conceive of
a large-scale marine research project which does not
have components of both physical, chemical, biological
and geological oceanography, and all these components
rest on a solid foundation on fundamental sciences such
as mathematics, physics, chemistry, biology and geo-
logy.

The marine sciences are therefore also in their ap-
plication both multidisciplinary and interdisciplinary.
Furthermore, as our research environment is more or
less the same and even has the ability to flow among
countries, marine scientists have traditionally been con-
centrating on large scale and even global processes in
international research programme. Therefore, in our
time when mankind is facing problems on a global scale
the marine scientific community is well prepared and
organized to tackle the problems at their proper scale.
The excellent programme drawn up by the organizers
of this Joint Oceanographic Assembly will give all of us
a view of the state of the art in our science and provide
intellectual stimulating for further advancement.

I want to congratulate SCOR and the Mexican Or-
ganizing Committee for their thorough preparation of
the Mexico Joint Oceanographic Assembly in Acapulco
and I look forward to an exciting scientific meeting.



Scientific Programme

GENERAL SYMPOSIA

G1. New Developments (current topics of special
interest)

G2. Ocean and climate
G3. Hydrothermal processes
G4. State of the art

SPECIAL SYMPOSIA

$1. Oceanography in México

$2. Physical and ecosystem models

S$3. New observation methods

$4. Large scale changes from human activity

$5. Life strategies in extreme environmental condi-
tions

S$6. Small scale ocean processes in the surface layer
§7. Tropical coastal systems

$8. Global ocean storage and fluxes

$9. Pollution in the marine environment

§10. Ocean variability and biological change

S11. Global sea level change

$12. Scientific basis for ocean resource use

ASSOCIATION SESSIONS

Al. International Association for Biological
Oceancgraphy (IABO)

A2. International Association of Meteorology and
Atmospheric Physics (IAMAP)

A3. Internationai Association for Physical Sciences
of the Ocean (IAPSO)

A4. Commission for Marine Geology (CMG) Scien-
tific Committee on Oceanic Research (SCOR)

ALLIED MEETINGS

SCOR General Meeting
IABO General Assembly

IAPSO Workshop on Physical Oceanography in
Developing Countries

SCOR Working Group 82
JPOTS Subpanel on CO2 Standards

POSTER SESSIONS

$1. Oceanography in México
S§9. Pollution in the marine environment

Al. International Association for Biological
Oceanography (IABO)

A2. International Association of Meteorology and
Atmospheric Physics (IAMAP)

A3. International Association for Physical Sciences
of the Ocean (IAPSO)

A4. Commission for Marine Geology (CMG)

JOA 1988 Scientific Programme Committee

Dr. W. Wooster, USA (President)

Dr. A. Ayala-Castanares, México (SCOR Mex. Com.)
Dr. A. McIntyre , UK (IABO)

Dr. M. Ruivo, Portugal, IOC (Log. Com.)

Dr. R. Stevenson, USA (IAPSO)

Dr. J. Thiede, FRG (CMG)

Dr. G. McBean, Canada (IAMAP)

Acad. L.M. Brekhouskikh, USSR (SCOR)
Dr. Mao Hanli, PRC (SCOR)
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year crossover difference time series is computed from
April 1985 to November 1987. This record extends
through the first year of the ERM. Note that in such a
solution the EFRM passes are analyzed strictly in terms of
their crossover differences. Next a 2-year collinear dif-
ference time series is computed from November 1986
to October 1988 at the same location. The 1-year
overlap between these two solutions (November 1986-
87) is used to adjust the collinear solution relative to the
crossover solution, resulting in a continuous record
beginning in 1985. As more ERM data are collected, the
time series is simply extended. The example in figure 3
is for a 2x1 degree cell in the central equatorial Pacific.
The agreement between the two solutions in the 1-year
overlap is almost perfect. Construction of long time
series such as these over entire ocean basins is enabling
us to look at large-scale, interannual changes in total
water volume, something never before possible.
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Figure 3. GEOSAT time series for an 8x1 degree region in the central
equatorial Pacific. A continuous 3.5-year record has been constructed
by combining crossover and collinear time series. The first 2.5-year
record (solid line) is a crossover difference solution. The last 2 years
is sea level determined from collinear differences (dotted line). The
1.year overlap has enabled the two separaie records to be combined
into a single time series dating back to 1985. The record can be
extended into the future with additional altimeter data.
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Figure 4. Comparison of GEOSAT sea level time series with island
tide gauge data from Funafuti (8595, 179.2°E). RMS difference is
3.8 em with 0.87 correlation. Calculations are based on monthly
means: squares/solid lines for the altimeter and triangles/dashed lines
for the gauge. Tide gauge values were obtained from Wyriki et of.

1988.

Accuracy of the Geosat Time Series

Sea level records computed this way from GEOSAT
can be compared with in situ measurements to obtain a
measure of their accuracy. Island tide gauges are one
obvious source of surface data for such comparisons, as
they are the only instruments capable of measuring sea
level directly. Dynamic height computed from moored
thermistor arrays are alsc valuable because they can
provide surface truth in the open ocean where island
data are not available. In a previous paper {Cheney et
al. 1989) we compared GEOSAT geodetic mission time
series with 14 tide gauge records and 2 moorings in the
tropical Pacific. Average agreement of GEOSAT with
the surface measurements was 3.7 cm rms with a cor-
relation of 0.68. A typical tide gauge comparison is
shown in figure 4 and a scatter plot based on all 16 sites
in shown in figure 5. The scatter plot illustrates the very
small sea height anomalies present in the tropical Pacific;
two-thirds of the observations are less than 5 cm (rela-
tive to the mean for the 18-month period). From these
comparisons we conclude that the GEOSAT time series
are sufficiently accurate to enable study of tropical
ocean phenomena.
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Figure 5. Scatter plot of all 282 monthly mean GEOSAT comparisons
from 16 surface-data sites presented by Cheney et al. (1989). The
ensemble rms is 3.7 cm and correlation is 0.68. Solid line indicates
perfect agreement. Two-thirds of the surface measurements have a
dynamic range of 5 cm or less (relative o the 18-month mean sea
level).
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from Antarctic ice cores (Fig. 2) show atmospheric COg
variations between about 120 x 10 atm and 270 x 10"

atm, the latter correlating with variations in surface
temperature (Barnola et al. 1987). The apparent
cause/effect relationship of this glacial / interglacial COz2
shift (Neftel et al. 1988) is the subject of considerable
debate (Knox and McElroy 1984, Broecker 1982, 1987,
Sarmiento and Toggweiler 1984, Mix and Fairbanks
1985, Boyle 1986, 1988). Yet there is no doubt that the
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Figure 2. CO3 concentrations ("best estimates") and smoothed values
(spline function) in parts per million (volumetrically) plotted againts
age in the Vostok record (upper curve). The deuterium scale cor-
responds to values after correction for deuterium changes of ocean
water. Taken from Barnola et al. 1987.

oceans, through variations in circulation, biological
productivity, nutrient regime, etc., play a crucial role
{Sundquist and Broecker 1985, Moore and Bolin 1986,
Bolin et al. 1986, Broecker and Peng 1987; Sarnthein
et al. 1988, Berger et al., 1989).

CO2 and Global Warming

During the past century mankind has begun to in-
fluence the geochemical system on a global scale. With
respect to the C cycle there is the well documented
emission of CO2, exponentially increasing in time until
about 1973, to an annual rate which is currently more
or less stable at about 5-6 GtC/yr (Fig. 1). Time series
observations (Keeling et al. 1976a,b) have shown an
mcrease in atmospheric COg2 levels from about 270 x
10°¢ atm in the nineteenth century through about 315
x 10%atm in 1958 to about 350 x 10" atm in 1988 (Fig.
3). This level is still increasing, and is already much

higher than ever before in the past 160,000 years (Fig.
2). Mankind has truly ventured into its 'greatest’ experi-
ment ever (Revelle as cited by Bryan 1986). The grow-
ing envelope of atmospheric CO2 may, through
enhanced heat absorption, lead to a global warming
trend, the so-called 'greenhouse effect’, possibly accom-
panied by melting of ice caps and a general sea level rise
(Tyndall 1863, Callendar 1938! National Academy of
Sciences 1983! Schlesinger, Gates and Han 1985,
Trabalka and Reichle 1986, Ferguson 1988). The
likelihood of such COg induced global warming is high
{also judging from aforementioned ice core records), but
accurate prediction of the timing and magnitude of this
event is not yet possible. Keen observers have reported
an increase in global surface air temperature of about
0.5 °C over the past century (Jones et al. 1988). Yet the
underlying database as well as the statistical (long vs.
short term, signal vs. noise) significance is debatable
(Hare 1988). More importantly the suggested trend may
also be ascribed to the fact that the deep ocean (with a
response time of centuries) and atmosphere are probab-
ly still adjusting (Bryan 1986) from the ’Little Ice Age’
(Grove 1988). That event was most severe in the early
17th century (Fig. 4), a period also known for the
unusually high number of ’ice-scapes’ with skating
figures, created by Flemish and Dutch masters (Fig. 5).

Comparison of emission rates derived from fossil fuel
{coal, oil, gas) statistics (National Academy of Sciences
1983) with the observed COgz increase has showed that
only about half (estimates vary between 25-60 percent)
of the fossil fuel derived CO2 is retained in the atmos-
phere. The other half (range 40-75 percent) is
presumably taken up by the oceans. The uncertainty
derives from the fact that net CO2 emissions due to
changes in terrestrial biomass (deforestation, agricul-
ture) are very difficult to assess. Estimates vary between
extremes of -1 and +4 GtClyr, corresponding to a small
increase or larger decrease of terrestrial biomass respec-
tively. Nevertheless it is obvious that the oceans serve
as major sink for atmospheric COz2. Through dissolution
of COg2 in the upper mixed layer (about 75m depth) of
the ocean as well as biological C-fixation (photosyn-
thesis) the surface ocean can take up about 2-3 GtC/yr,
with an upper extreme estimate of 7 GtC/yr (Fig. 1).
Biological activity may well be the most crucial factor
controlling the actual rate of CO2 uptake. The net
amount is only a fraction of the gross annual atmos-
phere/upper ocean exchange of 100 GtC/yr. The
physico-chemical uptake of COz2 in surface waters is
further predicted to actually decrease with increasing
COg2 levels (Revelle factor, see Takahashi et al  1980).
The actual effectiveness of the net ocean sink is other-
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Figure 3. The increasing level of atmospheric COz as a function of latitude over the 1980-1986 period. The pronounced seasonal oscillation in
the Northern Hemisphere reflects the growth season of terrestrial plants, the latter being more abundant due to the predominance of landmasses

in the Northern Hemisphere.
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Figure 4. Trends in seasonal and annual mean temperature as
measured from 1735 onwards, data from the Royal Netherlands
Meteorological Institute (KNMI). Values shown represent means over
ten year time intervals. The accuracy is 0.5° C. The winter series is
extended by inclusion of {indirect) data on frozen conditions of canals
used by tow barges, taken from diaries of inland shipping companies.
Calibration of the latter versus the first record over the 1735-1839
period yields an accuracy of 0.7° C for the canal record. The overall
winter and spring records suggest a weak warming trend, not observed
in the annual mean.

wise not well known anyway and also varies from year
to year. For example, significant changes in atmospheric
CO2 were noted during El Nifio - Southern Oscillation
events in the South Pacific Ocean (Bacastow 1976,
1977, Keeling and Revelle 1985). The exchange of CO2
between atmosphere and ocean is clearly not in steady
state but subject to dynamic variability throughout the
frequency domain, further enhanced by the recent
changes generated by industrial CO2 emissions and
dramatic clearing of tropical forests.

The excess COg, say 2-3 GtClyr, taken up in the
surface ocean is eventually carried downward both by
water circulation (sinking of COg-saturated water at the
poles) and biogeochemical processes. We are now how-
ever not able to quantify whether the physical and
chemical processes alone (ocean heating, cooling,
mixing, COg2 dissolution) or the biological processes
{photosynthesis and respiration) dominate the contem-
porary oceanic sink, both with respect to capacity as well
as actual uptake rate of CO2 (Brewer 1986). Clearly a
better understanding and quantification of latter proces-
ses is crucial for modeling the atmospheric CO2 contfent
and ensuing 'greenhouse’ effect. Scenarios for the latter
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(while settling but also at the seaflocr). From the vertical
and interoceanic distribution of various dissolved
tracers (nitrate, phosphate, COz2, 13(:, efc.) in the world
ocean, we know that the net flux of organic matter
originating from the surface ocean is remineralized
within the deep sea and at the seafloor. We are not
certain whether this organic matter is brought into the
deep sea largely as particles setiling from the euphotic
zone, or mostly as DOC carried along with the general
water circulation.

The water balance of the surface ocean is restored by
a mean upward advective flow or upwelling in the order
of 4 m per year. In certain regions, e.q. in the equatorial

Atlantic, more intense upwelling is evidenced by excess
CO2 content of the water as compared with the atmos-
phere (Broecker and Peng, 1982, see alsc figure 5).
Some of this excess is fixed by photosynthesis, and some
esca;l)es into the atmosphere, as was concluded from
°C ana lyses of atmospheric CO2 (Keeling et al.
1984). The short mixing time of the atmosphere makes
each hemisphere fairly homogeneous with respect to
COg; the ocean "breathes’ COg by inhaling at the poles
and exhaling at the equator. This ocean/atmosphere
COg exchange is massive (about 100 GtC/a) compared
with the modern fossil fuel COg additions {about 4
GtCla) (Fig. 1).

3. BIOLOGICAL PRODUCTION

Within the context of a global study of the marine
carbon cycle the marine ecosystem receives much atten-
tion (e.g. U.S5.GOFS Report 7 1988, NERC 1987,
Netherlands SSG 1988, Mills et al. 1987). In this paper
we ignore the important infricacies of the marine food-
web, limiting ourselves instead to a simplified black box
approach.

The biclogical fixation of C within the euphotic zone
is requlated by physical forcing: light regime, tempera-
ture as well as the physical mixing (e.g. tides, wind,
internal waves) required to replenish the limited supply
of essential (typically N) nutrients (Dickey and Siegel
1988, Glover and Brewer 1988). Ini different areas of
the world ocean (e.g. the euphotic zone of the North
Atlantic, the North Pacific and the Antarctic Circumpolar
waters) very different ecosystems exist with their own
dynamics (diel to seasonal to interannual variability).
The ensuing export or New Production term varies
accordingly, as does the "efficiency’ or

f-ratio = New Production/Gross Primary Production

In other words, the fluctuating or outright episodic
nature of the physical forcing and biological response
yield considerable paichiness of the overall marine
ecosystemn. This patchiness largely prevents adequate in
situ sampling on a global scale. However, biochemical
tracers {e.g. nutrients, dissolved Og2} in the deep ocean
provide a 'time-and-space’ averaged record of the deep
mineralization driven by new production imported from
above. By combining Apparent Oxygen Utilizaticn
{AOU) derived from dissolved Oz distributions with time
scales derived from transient tracers °H and 3He,
Jenkins and co-workers arrived at estimates of New

Production about an order of magnitude higher than
assessed by other methods, roughly equalling rates
commonly reported for Gross Primary Production
(Jenkins 1982; Jenkins and Goldman 1985; Jenkins
1988). Reconciliation between this and various other
approaches is of course being sought (e.g. Platt and
Harrison 1985, 1986, Key 1987). If nothing else, these
contradictory results have led us to a fresh look at the
concepts of Gross Primary and New Production and the
methods to measure these entities. Between the tracer
approach and other methods (for GPP and NP) there is
definitely a difference with respect to sampling of the
ocean. Possible artefacts of the incubation methods
have been described by Steeman-Nielsen 1952, Venrick
etal. 1977, Gieskes et al. 1979, Fizwater et al. 1982,
Alldredge and Cox 1982, Ward 1984. In the PRPOOS
expemment various incubation methods, including the
nove Hz 80 method {Bender and Grande 1987}, were
in good agreement, provided that state-of-the-art tech-
niques (e.g. ultraclean to avoid trace metal interferen-
ces) are employed (Grande et al. 1989). Further
intercalibration studies, refinements of existing methods
and new methods for shipboard assessment of GPP and
NP are currently under examination. The problem of
inadequate in-situ sampling remains. Both the tracer
approach and long term time series (moorings, free
drifiing buoys, weather ships} would somewhat fill the
gaps by providing time-averaged information. Other-
wise, only satellite observations (see below) would pro-
vide some synoptical sampling, at least of the sea surface
{Platt and Satyendranath 1988).

In many open ocean areas the surface waters are
extremely oligotrophic most of the year. The nancmolar
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The Scientific Committee on Oceanic Research,
SCOR, of the International Council for Scientific
Unions, ICSU has taken the lead in organizing JGOFS,
and supporting national programs are being developed
in a number of countries (SCOR 1987a; SCOR/JGOFS
1988a, b). A North Atlantic Pilot Study has been
planned for 1989-1990 and is now well underway
(SCOR 1987b, 1988b).

Major aspects of JGOFS include:
1. The need for fundamental field data:

Climate and the oceanic carbon cycle are linked;
quantitative insight into the cycle of the modern ocean
is required as a benchmark for climate studies, with an
emphasis on modern variability in time {from day to
decade} and space.

The marine C budget is intimately related with that
of other common (N, S, P) and trace (Fe, Mn, Cd, Cu,
Th) chemical elements. Cycles of these biogenic ele-
ments deserve better understanding, also with respect
to ocean/atmosphere exchange.

The existing archive database for marine primary
productivity is biased in time and space and also suffers
from artefacts of methods that were used. Significant
global coverage suitable for global budget modeling can
never be realized from shipboard measurements.

Process studies, based on state of the art methodol-
ogy, in a number of judiciously chosen areas are now
feasible and provide the basis for worldwide extrapola-
tion based on satellite observation.

The important concept of new production and the
ensuing F-ratio (new / total primary production) needs
to be defined more precisely through innovative ex-
perimental approaches in the field. Quantification in
various oceanic areas is required so as to assess the
"biological pump’ that forces carbon from the euphotic
zone to depth.

Process studies of fluxes (primary productivity,
new production) should be complemented by species
level studies of bacterio/phyto/zooplankton, their
physiology, biochemistry (notably pigments) and their
interactions within the overall marine foodweb.

Similarly the structure of the benthic community as
related to regenerative fluxes from the seafloor deserves
attention.

Organic chemical cycles in the ocean are relatively
well understood and shown to be fascinating in them-
selves for several compound classes (Farrington 1987),
but are largely obscure for other compounds or the total
organic pools {notably DOC, DON, DOP). Develop-
ment of improved analytical methodology (e.g. Mopper
1986 Sugimura and Suzuki 1988) is crucial.

Internally consistent datasets encompassing physi-
cal, biological and chemical variables are needed for
well defined areas, also for those parameters which can
already be measured satisfactorily (e.g. salt, nutrients),
in order to constrain local, basinwide or global (mass
balance) models.

2. The need for time series observations over several
decades, to allow observation on global change.

Time series of vertical fluxes collected with sedi-
ment traps, as already in place near Bermuda, at various
key oceanic stations.

Time series of chemical and biological parameters,
with data being collected from ships or buoys.

Time series of plankton species abundance and
provenance, such as the UK Continuous Plankton Re-
corder Survey.

Time series of phytoplankton pigment abundance,
sea surface temperature and other parameters now
available from satellite sensors.

3. Opportunities from new technology.

Satellite observation (NOAA/AVHRR) already
provides data in the Infrared (Sea Surface Temperature)
and Visible (Total Particulate Matter) region. Assess-
ments of wind stress, sea state and ocean currents will
become available from ERS-1 and TOPEX/
POSEIDON. Most essential will be the ocean color data
from the compact wide field sensor (Sea-WIFS) which
will be launched aboard U.S. LANDSAT-6 in late 1991.
The selected wavelengths of Sea-WIFS are compatible
with those of CZCS (1979-1986) so that the algorithms
for processing CZCS data can be utilized.

Modern computers have allowed development of
sophisticated models of the ocean, models quite suitable
for biogeochemical purposes. Validation requires collec-
tion of field data.
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New or currently developed methodology is
suitable for the necessary application at a larger scale:
realistic measurements of nanomolar levels of nitrate,
nitrite, ammonia in oligotrophic waters; accurate CO2
determination by coulometry; clean techniques for as-
sessing primary productivity; plankton characterization
by flow cytometry; in situ sensors (pH, CO2); photosyn-
thetic pigments by HPLC; organic biomarkers and their
transformations; DOC/DON; sediment traps and ben-
thic instrument packages.

Large scale physical programmes like WOCE
(1986, 1988) and TOGA are also oriented towards
assessing the role of the ocean in climate; the physical
insights (circulation, heat and salt exchange, predictive
models, etc) to be gained with state of the art physical
tools will complement the JGOFS focus on marine
biological and chemical driving forces of climate.

12. PLANNING AND IMPLEMENTATION

The planning being undertaken through the SCOR
Committee for JGOFS is beyond the scope of this paper.
Briefly, JGOFS will pivot around three themes:

1. Process studies in judiciously chosen locales.
2. Time series studies (e.g., sediment trap moorings).
3. Global survey through satellite observations.

With respect to the process studies, the merits of
selected sites in four regions -- Pacific basin, Southern
Ocean, northwest Indian Ocean, North Atlantic Ocean
-- are currently being explored (SCOR/JGOFS 1989).

=}
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Figure 8. The 20°W transect as studied in the North Atlantic Pilot
Study. The emphasis will be on the assessment of temporal and spatial
scales at the three indicated stations: 30°N, 48°N and 60°N

The ongoing North Atlantic Pilot Study serves to il-
lustrate this approach (SCOR 1987b, 1988b). The Pilot
Study is focusing on three areas (33°N, 48°N, 60°N)
along the 20°W transect (Fig. 8) with special emphasis
on mesoscale variability. Throughout the seasons, a
wide range of mixing regimes will be encountered,
driving the spring and autumn plankton blooms (Fig. 9).
On each participating ship, a standard suite of key
variables is being measured, following accepted
protocols and including proper intercalibration (Table
1). The experience gained in this pilot bloom study will
be useful when setting up other process studies later on
in the 1990’s.

Month
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Depth (m)
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Figure 9. Mixed layer depth versus month at 30, 40, 47, 54, and 61°N
latitude along the 20 W Pilot Study transect. Original data taken from
Robinson et al. (1979).
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Radionuclides and Particle Associated Processes in
Ocean Water Column

S. Krishnaswami
Physical Research Laboratory, Navrangpura, Ahmedabad 380 009, India.

ABSTRACT

The role of occanic particles in controlling the distribution and cycling of elements in the water column is well
recognised. Recent years have witnessed major advances in studies relating to the dynamics and sedimentation
of particles in the water column and in particle/solute interactions. Many of these studies rely on the
application of radionuclides, particularly those belonging to the natural radioactive series. As particles
descend through water they adsorb onto them radionuclides dissolved in water, and remove them from
solution, thereby creating radioactive discquilibrium within the decay scries. The extent of radioactive
disequilibrium provides data on the kinctics of the adsorption/desorption processes and particle transforma-
tion rates. Thorium isotopes, Pb-210 and Pa-231 arc the commonly used nuclides for thesc studies. This paper
focuses on the application of Th isotopes to study particle-associated processcs in the oceans.

Environmental radioactive isotopes have proved to be
powerful tools to understand the dynamics and trans-
formation rates of particles and kinetics of elemental
scavenging in the oceans. Inaddition, the measurement
of their fluxes in sediment traps, employed to determine
elemental fluxes through the water column, allows one
to place constraints on their trapping efficiencies. In this
paper the use of radionuclides as tracers to determine
rates of pariicle settling and transformation and kinetics
of elemental scavenging in the sea is discussed. The
prerequisites for a radioactive isotope to be useful as a
particle process tracer are (i) it should be 'particle-
reactive’ i.e. it should attach itself to particles in the water
column, and (ii) the processes and rates of its supply
should be known. This would enable quantitative
modeling of iits distribution to derive parameters of
interest. In addition, from a practical point of view, its
concentration in dissolved and different particulate
pools should be measurable to a reasonable precision.

Many isotopes belonging to the U-Th natural series and
those released to the environment through nuclear
weapon tests and from nuclear reactors satisfy some of
these requirements. The naturally occurring isotopes
are more commonly used to probe into particle as-
sociated processes as their supply rates to the oceans
can be determined reasonably well. In contrast, the
supply rates of artificially injected isotopes are difficult
o ascertain and hence they serve more as markers to
place limits on the time elapsed since the particles left
the upper layers of the ocean. In this faper. the focus
is on the three isotopes of thorium, 2 4Th, 228Th and
230Th. All these isotopes are produced in the water
column by the radicactive decay of their parents;
238234 228, (228Ty) g 234(5230T).

Since the uranium concentration i§4 sea water is
nearly uniform, the production rates of “~ “Th and 2301y
are also uniform through the ocean.
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oceans (Bacon and Anderson 1982, Bacon 1988).
These studies show that it is possible fo estimate elemen-
tal residence times in deep sea if data on the particle
residence times and on the distribution of elements
between soluble and suspended phases are available.
As discussed earlier, pariicle residence times can be
determined from Th isotope data.

The advent of sediment traps and direct measure-
ment of radionuclide {luxes have provided more infor-
mation about particle transformation process (i.e.,
aggregation/breakup) in the ocean interior. Traps collect
settling particles which are dominated by larger particle
size and have velocities in the range of 100 m/day.
Further there is evidence suggesting that these large
particles are responsible for the majority of downward
flux of materials in the sea (Fowler and Knauer 1986).
One such evidence is the near equality of 230Th flux
measured in the traps to that expected from its deficiency
in the overlying water column (Bacon 1988). These
results, in a way, coniradict those obtained from 2301h
profiles in filtered particles (Fig. 2) which suggest that
particles in the ocean setfle with"a mean velocity of
1m/day. This apparent contradiction can be resolved by
hypothesising two classes of particles and continuous
exchange of materials between them (Fig. 4). These two
classes of particles are the relatively rare, larger settling
particles collected by the trap and the fine suspended
matter recovered by filtration and which make up the
bulk of the standing crop of particles. The exchange of
materials between these two classes of particles takes

place through aggregation-disaggregation processes oc-
curing throughout the water column. The dissolved and
particulate 230Th profiles have helped place constraints
on the time scales of particle aggregation-disaggration
processes (Nozaki et al. 1987). Model-derived time
scales for aggregation of fine particles into rapidly sink-
ing large particles are a few months whereas the break
up occurs much faster, on time scales of a few days.
Thus materials are exchanged several times between
fine particles and larger aggregates, resulting in a net
downward drift of 1m/day.

In the foregoing discussions, 1 have shown that Th
isotopes serve as in-situ probes to study particle
scavenging and transformation processes in the ocean.
The models used to interpret the Th isotope data and to
derive the kinetics of various particle associated proces-
ses have been reasonably successful, though they are
quite simple. It now remains to be ascertained how the
Th isotope-based rates of scavenging and particle trans-
formation compare with those determined from other
tracers, particularly those elements which are actively
taken up by biological organisms. It is also necessary to
improve the available scavenging models by incorporat-
ing other parameters, such as particle concentration and
size spectra which affect adsorption - desorption and
biological processes which would consider the role of
active uptake of elements. Future research on particle
dynamics and transformation in the ocean interior
should focus on some of these aspects.

TABLE 1
EXAMPLES OF PARTICLE-REACTIVE RADIONUCLIDE TRACERS

Nuclide Half life
NATURAL
U-Th decay chain Th-234 24.1d
Th-228 181y
Th-230 75,200 y
Pb-210 203y
Po-210 138d
Cosmic ray produced Be-7 53d
Be-10 1.6My
C-14 5730y
ARTIFICIAL
Zr-95 65d
Ce-144 285d
Fe-55 26y
C-14 5730y
Pu-239 24,400 y
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SEDIMENTS AND HISTORY OF THE

ARCTIC OCEAN

8 MAGN.STRAT.

2 ‘> }-HU}mHC) B l;——‘[;‘g‘]‘r—vE}LITHOSTRAT

| cHRONOSTRAT

MIQCENE]| PLIOCENE JQUATERNARY

901

TEMPORAL DOCUMENTATION

| HlcHronosTRAT

: > &
ATE CRETACEQUS |PAL] EOCENE [CLICOC]MIGCENE

100

<L

Numerous cores:

Fassil-rich and - poor layers of
cloys with ice-rafted debris.
Episodic ice-free?

TEE LITHOSTRAT

Qne core:
Orange-yellow sediment with
siticoflagellates and diatoms.
Affinities to te mperate floras

[t Sp—

QOnecore:
Orange-yellow sediment with
silicoflagellates and diatoms,

Opecore; Approx. 2m of

laminated diatom-ooze.
One core;

Black shale with marine
dinoflageliates and
terrestrial plant debris.

X ?

R

[P Sy o

Figure 2. Ages and composition of Arctic deep-sea sediment cores (from Thiede et al. 1988b).

We can begin to answer questions about the tectonic
and palecenvironmental evolution of the Arctic only if
we obtain long, continuous and undisturbed cores of
Arctic deep-sea sediment in carefully chosen and well-
surveyed locations. Arctic drilling, although difficult, is
not impossible if tackled by the international scientific
community. Various technological solutions to drilling in
this ice-covered ocean are in preparation. Our challenge
is to design a drilling program which will achieve the
maximum in scientific results, while minimizing cost. A
working concept for organization of this program, in-
cluding scientific goals and a suite of technological
approaches is outlined in this paper.

Nansen Arctic Drilling Program

The meeting on Arctic drilling in Ottawa, Canada,
23-24 June 1988 (Table 1), brought into focus the major

outlines of the international arctic drilling program. To
commemorate the pioneering work of Fridtiof Nansen
with the FRAM expedition in 1893-1896, nearly 100
years ago, the program will be called the Nansen Arctic
Ocean Drilling Program (NAD).

The primary goals of NAD are to understand:

A) the climate and paleoceanographic evolution of
the Arctic region and its effects on global climate, bio-
sphere and the dynamics of the world’s ocean and

atmosphere; and

B) the nature and evolution of the major structural
features of the Arctic Ocean Basin and circum-Arctic
continental margins.
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TABLE 1
ARTIC DRILLING PROGRAM: STATUS AND FUTURE PLANS

ODP legs 104, 105. Linked high latitude subarctic biostratigraphy with North
Atlantic standard biochronology, established ages of some endemic Arctic biota
and major regional reflectors. Sampled 1 km of volcanics on a marginal
plateau.

Mesting of the ICL Arctic Subcommitiee, Kiel. Workshop was proposed on
technological feasibility of Arctic drilling.

Canadian ODP Workshop, Montreal. 11 proposals were submitted, mostly for
drilling in the western Arctic and Canadian polar margin.

IUGG Arctic drilling workshop, Halifax. Sites were submitted as follows: 8 on
Yermak Plateau (Norway and USA), 6 on Alpha Ridge (USA and Canada), and
2 on Chukchi Plateau (USGS).

Workshop on “Feasibility of Deep~Sea Drilling in the Arctic”, Dartmouth.
Supported by IUGS-CMG, IUGG-ICL Subcommittee on Arctic, and SCOR
WG 82. Arctic drilling was determined to be feasible (Blasco et. al, 1987).

ECOD Workshop at Gwatt, Switzerland.

Second Conference of Scientific Ocean Drilling (COSOD II), Strasbourg. Arctic
drilling was defined as a “Major Opportunity” (p. 40, Munsch, 1987) and
labelled “Priority One” (p. 42, Munsch, 1987).

interagency Arctic Research Policy Committee publication of the United States
Arctic Research Plan. Deep sea drilling in the Arctic was called “a paramount
scientific need” (p. 140).

“Science and Politics of Drilling and Site Surveying in Arctic Deep Basins”,
a special session at the workshop on “Late Cenozoic Palecenvironments and
Geology of the Arctic” at the Spidsbergseter Fjelistue, Norway.

Nordic Workshop, Copenhagen.

ODP Regional Panels and SOHP urged submittal of Arctic drilling proposal
and specific sites.

"Drilling in High Latitudes” Workshop at the "Kolloguium des DFG-Schwerpunki-
programms ODP/DSDP”, Kiel.

Meeting on European interests in and commitments to Arctic drilling,
Copenhagen.

"Drilling in the Atlantic", ECOD Waoarkshop, Helsinki. Sites were proposed on
Yermak Plateau, Hovgaard Fracture Zone, north and south of Jan Mayen
Fracture Zone, Norway Basin, and lceland Plateau.
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PREVIOUS EXPEDITIONS (SELECTED)

90 |

90°E

70°

e [ 30 {1V
@ om oo T MRP

e L OPRX

wasose Afk IV/3

4 Locations of cores which

sampled sediment > 40 Ma

Figure 4. Some of the Arctic expeditions which have obtained data useful for drill site selection. Location of cores which sampled sediment 40 Ma

from Clark et of. (1986b)

tectonized and hydrothermally altered basalt from the
rift valley of the Nansen-Gakkel Ridge (Thiede 1988).

Scientific Goals

The Arctic remains the final frontier in geosciences
because investigations in this hostile environment re-
quire large logistical and financial commitments, and
therefore occur infrequently. Although studies specific

for drilling will be designed within the new NAD com-
mittees, by incorporating the future goal of drilling in
already planned research activities in the Arctic, many
aspects of site-surveying and logistic reconnaissance
can be carried out with on-going programs, paving the
way for future drilling activity.

The two major scientific goals in the Arctic as defined
by NAD, understanding the palecenvironmental and
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limiting the amount of time available to drill at one site.
The combination of a drill platform and icebreaker
support provides maximum mobility and the highest
probability of being able to move to pre-selected loca-
tions and maintaining position while drilling.

Proposed Drilling Locations:

Rationale and Technology

A number of sites has been proposed for drilling in
the Arctic Ocean (Fig. 5; Blasco et al. 1987 and Mudie
et al. 1988). These sites are presented below together
with additional sites in the seasonally ice-covered Nor-
wegian-Greenland Sea.

Greenland and Houvgdrd Fracture Zones

The Greenland Fracture Zone (Fig. 5, site A) is a
linear aseismic ridge, with water depths less than
1500m, extending southeastward from the continental
slope of Greenland. No samples of basement have been
obtained from this ridge. The fracture zone appears to
be essentially non-magnetic and has an elongated
gravity high (Vogt 1986). It apparently had a left-lateral
offset of about 100 km before anomaly 13 time and the
north side may be 15 to 20 million years younger than
the southern part (Vogt 1986).

The so-called Hovgérd Fracture Zone (Fig. 5, site B)
is formed by two linear ridges, less than 1500m deep,
arranged in an en echelon pattern with a 2600m deep
trough in between (Perry 1986). The two segments have
high gravity and magnetic anomalies (Vogt 1986), and
Gronlie and Talwani (1982) have shown that dense,
possibly gabbroic bodies underlie the ridge (Vogt 1986).
To date, no samples of bedrock exist. Vogt (1986)
proposes that the Hovgérd Fracture Zone may not be a
true fracture zone, but may be a band of high rift-moun-
tain topography associated with and produced by the
Knipovich Ridge. Myhre and Eldholm (1988) interpret
the ridge to be a slice of the Svalbard continent which
was rafted from the margin 36 Ma bp. If bedrock could
be sampled by drilling, the origin and development of
this important geomorphologic structure could be
resolved.

Although the depth of these features has probably
increased with age, even iocday the Greenland and
Hovgérd Fracture Zones play decisive roles in water
circulation which ultimately determines the properties of
deep water formed in the Greenland Basin. Mor-
phologic and paleobathymetric evolution of these fea-
tures is important to document especially during early

phases of opening of Fram Strait, when water exchange
with the Arctic is thought to have had large-scale
climatic, floral, faunal, as well as sedimentological con-
sequences. Drilling several sites along each ridge crest
would indicate if there are age or paleodepth variations.
In addition, these drill locations would provide a
framework for mapping paleocirculation and ice-rafting
influence by sampling from the western margin of the
Norwegian-Greenland Sea, presently under the in-
fluence of the sea-ice-bearing East Greenland Current,
on into the central basin region which is influenced by
Atlantic water.

The Greenland and Hovgérd Fracture Zones are
seasonally free of ice and could be drilled with the
JOIDES RESOLUTION with no icebreaker support.

Yermak Plateau and Morris Jesup Rise

Based on superficial geomorphological considera-
tions, the Yermak Plateau (Fig. 5, sites 1-6, 53 & 54,66)
and the Morris Jesup Rise (Fig. 5 sites 7 & 8, 68) are
thought to be paired plateaus composed of excess
oceanic crust. These plateaus are located in the vicinity
of Fram Strait, presently the only deep water connection
between the Arctic and the rest of the world ocean.
Knowledge of their tectonic and physiographic evolu-
tion is crucial to reconstruction of the timing of estab-
lishment of the deep-water connection. Drilling these
features is expected to provide data on the nature and
age of the basement and its depth-age relationship;
Aflantic vs. Arctic water inflow and outflow; onset of ice
rafting and variations in glacial-interglacial sediment
input; and ages of unconformities.

The Yermak Plateau is periodically free of sea ice and
in a light ice year could be drilled with the JOIDES
RESOLUTION, perhaps with emergency icebreaker
support. Drill locations are in less than 1000m water
depth. The plateau comes under the territorial jurisdic-
tion of Norway. The Morris Jesup Rise is located in a
region with perennial, generally thick ice (Fig. 1) which
would be difficult to penetrate even with icebreaker
support. Sea ice in this region moves at relatively low
speed (Fig. 1), and therefore the best drilling approach
might be a rig deployed on the ice, especially in view of
the logistic support available near-by in Greenland.
Water depths are about 1000m and the rise comes
under the territorial jurisdiction of Greenland.

Lomonosov Ridge

Based on geomorphologic considerations and mag-
netic lineations in the Eurasian Basin, the Lomonsosov
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rates and sediment sources during Pleistocene to Recent
times than do central Arctic cores {Clark et al. 1980,
Aksu and Mudie 1985: Clark et al. 1986a). It is not
known if these characteristics gradually shift toward the
basin interior, or if sea ice and water circulation patterns,
together with varying sediment soutrces, create distinct
sedimentological provinces. Drilling in the deep basins
will provide a basis for comparison of the sedimentary
record and oceanic environment, and will aid in
reconstruction of paleogeography, paleobathymetry
and paleoceanography.

Drilling in these central Arctic regions (Fig. 5, sites 1,
24,60 & 61, 55, 69, 73, 77) with rapid ice movement,
relatively thin ice and seasonally open leads (Fig. 1)
would require icebreaker support for maintaining posi-
tion. Penetration as far north as the Makarov Basin has
been proposed for the TRAPOLEX expedition
(Polarstern Shipboard Scientific Party 1988 Thiede et
al. 1988a). This expedition could provide data on

possible drilling locations as well as information on
logistical requiremenis.

Laptev Sea - Nansen-Gakkel Ridge

The active midocean spreading center forming the
Nansen-Gakkel Ridge intersects the Siberian continen-
tal margin in the Laptev Sea (Fig. 5, site 36}. Not much
is known of this intersection, although some bathymetric
maps show the region to be draped by a large deep-sea
fan. If surveys can be carried out fo a sufficient degree
to map the structural features, drilling could provide
insight on their age and nature, thus advancing our
understanding of this unusual plate junction.

Sea ice movernent tends to be rapid in this region and
drilling would therefore require icebreaker support. The
proposed TRAPOLEX expedition would provide an
opportunity for obtaining some site survey data and
could provide information on logistic requirements.

Z. SUMMARY AND CONCLUSIONS

One of the greatest challenges for the scientific com-
munily is the understanding of past environmental
changes in order to predict possible effects of future
alterations in global climate.

Analysis of sea floor sediment cores provides
palecenvironmental information on:

A. the geographical extent of sea ice and glaciation,

B. variations in oceanic and atmospheric circulation
and material flux from the continents, and

C. changes in surface and deep water temperature,
chemistry and productivity.

When coupled with global models, these data will aid
in determination of interactions within the atmosphere,
cryosphere, biosphere, and ocean systems.

The Arctic Ocean is a region crucial to today’s climate.
The paleoenvironmental development of this region is,
however, only poorly known. Therefore the exact role
of the Arctic in climatic developments remains a mystery
to both local specialists and global modellers. In a back-
ground workshop (Blasco et al. 1987}, it was shown
that it is feasible to obtain the material required to

document the evolution of the Arctic Basin, e.g. long,
undisturbed sediment cores and samples of bedrock,
with a coordinated effort of site surveying and drilling
in the Arctic. Drilling in the Arctic has been given
"Priority One" in the COSOD II report (Munsch 1987)
and was called a "paramount scientific need" by the
United States Interagency Arctic Research Policy Com-
mittee (1987).

This paper has outlined the scientific rationale and
presented an organizational scheme, together with a
discussion of the various technological options for drill-
ing in this hostile environment. The Nansen Arctic Driil-
ing Program will be formalized in the near future to
provide coordination for this international and multi-
disciplinary effort. Expected results are:

A) determination of the palecenvironmental evolu-
tion of the Arctic Ocean,

B) increased understanding of the influence of the
Arctic on the global ocean circulation and climate sys-
tems, and

C) documentation of the tectonic development of the
Arctic Ocean basin and its relationship to late Mesozoic
and Cenozoic Northern Hemisphere plate motions.
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Figure 10. Streamlines for a fixed time t for the Larichev-Reznik
barotropic soliton (Larichev and Reznik 1976). § = ¥%- ¢t

wir=BK1 (VBcr)Sing atr>a 2
where v is the stream function, r, 6 are polar coor-
dinates in the x,y plane, J,, is the Bessel function of order
n; Kq is the Macdonald function of order n; [ is the
latitudinal variation of the Coriolis parameter; ¢ >0 is the
propagation velocity; A, B, a and kare constants (among
the constants A, B, a, k, ¢, only two are independent).

Second, I'shall point out the Kizner baroclinic soliton
localized in the x,y direction (Fig. 11).

YK =yYLR(r, 0) + ¢() F1 (2) 3
¢ =M (VETIIT + C atr<a 4
¢ = BKo (v flc +717) atr>a 5

where Fi{z) is the first baroclinic eigenmode for
Rossby waves, 41 is the corresponding eigenvalue, z is
the vertical coordinate, and A. B, C, a are constants.

Finally, I shall point out the Berestov baroclinic
soliton which is localized in the space %, v, z (Fig.12).
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Figure 11. Isolines of stream function Y (in percent of maximum
value) for a fixed time t for the Kizner baroclinic soliton in the vertical
plane g = 0 and the horizontal planes z = 0; z = -2 {Kizner 1984
with some details omited). The pattern at z = -y differs from the
pattern atz =0 in the directions of the arrows only.

¥ B=[(ANVDJ3/2(k)-(B+ZKA)rISin 6 Sinp 6
atr<a

atr > a
7

v B=(B/V1)Kg/2(V Blcr) Sin6 Sin ¢

where r, 8, g are spherical coordinates and A, B,k a
are constants.

There are various generalizations of these solutions
and many investigations of the collision of the con-
structed solitons and their stability (Kamenkovich et al.,

1986a, Ch. 2, 4).

To conclude this section, I mention the forecast prob-
lem for synoptic motions in an open local oceanic area
where studies have shown the possibility of forecasting
such motions for a period of approximately one month
(Kamenkovich et al., 1986b, Pinardi and Robinson
1987).

Synoptic motions and climate

Unfortunately, there are very few data for an analysis
of this problem; I have in mind both observations and
simulated data obtained in numerical models of ocean
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Figure 12. Isclines of streamfunction ¢’ {in percent of maximum value)
for a fixed time t for the Berestov baroclinic soliton in the horizontal
plane z = 0 and the vertical plane E = 0 (Ramenkovich et al. 1986a,
Ch. 2.4, with some details omiited).

circulation. That is why in the literature we find various
opinions on the role of eddies in climate formation,
including the opinion that the role of eddies in general
ocean circulation and integral heat transport is insig-
nificant (Korotaev 1988, Infroduction; Cox 1985,
Bryan 1986, also the discussion in Harrison 1983). 1
present here certain reasons which, in my opinion, favor
a substantial role for synoptic eddies in formation of the
earth’s climate.

First] consider the role of synoptic motions in forma-
tion of the mean general ccean circulation. First, con-
sider the question of how the general ceean circulation
can be defined. Monin {Kamenkovichet al., 1986b, Ch.
1.1) suggested defining the general ocean circulation as
a statistical ensemble of synoptic and global scale mo-

tions. Following this definition, to determine the mean
general ocean circulation it is necessary to perform
averaging over the entire ensemble. Usually this is
replaced by time averaging of one realization. I refer to
results of the numerical model of Holland who used a
five-year averaging period for calculating mean cur-
rents.

Figure 13 shows calculation resulis for mean currents
from the Holland eddy resolving general circulation

30w i 80" By

Figure 13. Strearlines of mean currents at levels 150 m (a) and 3000
m (b} in the North Atlantic caleulated in the eddy-resolving general
circulation model of Holland {1986). Only the western half of the
domain is shown; some details are omitted.
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Global Ocean Circulation During the Last Ice Age:
Enhanced Intermediate Water Formation and Reduced
Deep Water Circulation
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ABSTRACT

Oxygen and carbon isotope analyses of the benthic foraminifera genus Cibicides from the major oceanic basins
have been used to reconstruct the major trends of the global deep and intermediate water circulation during
the last glacial maximum. The major characteristic of the deep water circulation was the strong decrease in
production of North Atlantic Deep Water, whereas the Antarctic Bottom Water invaded all deep oceanic basins.
This water was cooler than now with a temperature close to the freezing point and was also very depleted in
carbon-13 (and thus with a low-oxygen and high-CO, content). Carbon-14 analysis of planktonic and benthic
foraminifera performed by Accelerator Mass Spectrometry indicates that the residence time of the carbon in
this water was 500 years greater than today. Above the deep water, well-identified intermediate water masses
were present in the Atlantic, Indian and Pacific oceans. These three water masses had a carbon-13 content
higher than that of the deep water and thus were better oxygenated. Consequently, a major contrast between
the glacial and modern oceanic circulation is the shift of the low-oxygen/high-CO3 layer from a deeper level
during the last ice age to intermediate depth under modern conditions.

1. INTRODUCTION

Deep water is formed at high latitudes, where the atmos- climatic cycle), because conditions prevailing in the high
phere extracts heat from the sea surface and where latitude surface water of the northern hemisphere have
salinity increases from sea ice formation during winter varied considerably. For example, the Norwegian Sea
conditions. Both processes make the surface water suf- was permanently ice-covered during most of the last
ficlently dense to sink to great depth and flow toward glaciation (isotope stages 2-4). This sea was thus strong-
the equator. Above the deep and bottom water masses ly stratified and did not form any bottom water until the
of the ocean lie the intermediate water masses, which last deglaciation {Duplessy et al. 1988b).
originate in the subpolar convergence zones of both
hemispheres. Similarly, the location of intermediate water forma-
tion experienced large climate-related changes. Al-
The global deep water circulation has changed though they are less documented than those of deep

dramatically during the last 150,000 years (the last water, several modifications of the intermediate water
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5. VENTILATION AGE OF PACIFIC DEEP WATERS

Shackleton et al. {1988) estimated the variations of
the ventilation age of the Pacific deep water at a depth
of 3,210 m during the ‘end of the last glaciation { from
14 10 30 Kyears B.P) by comparing the C-14 age of the
planktonic and benthic foraminifera from core TR 163-
31 B from the Panama Basin. Their results show that the
ventilation age of the Pacific deep water was about 500
years greater in last glacial times than it is today. How-

ever, during the beginning of the glacial to interglacial
transition (i.e. from 17 to 14 K years B.P}, this situation
was apparently reversed and the ventilation rate
dropped to about 500 years. The turnover of the ocean
was therefore rather rapid at that time, just when, on
intuitive grounds, one would expect the opposite on the
basis that the ocean should have begun o stabilize as a
result of meltwater influx.

6. CONCLUSION

On the time scale of 10* years, the circulation of
intermediate and deep waters is at least as variable as
that of the surface water. It has apparently responded
strongly to the climatic changes of the last 150,000
years. This is largely because much of the circulation at
18 K years B.P and earlier was driven by processes
occurring at high latitudes (as today), i.e. in regions
where climatic changes have been largest.

During the last glacial maximum, the northern hemi-
sphere source of deep water was relatively Inactive in
the North Atlantic and moest of the ocean’s bottom and

deep water originated from poorly-oxygenated surface
water sinking in the high latitudes of the Southern
Ocean. By contrast, intermediate waters extended
somewhat deeper than under modern conditions and
were rnuch more oxygenated than today in the Aflantic,
Indian and Pacific oceans. In the Indian and Pacific
oceans, intermediate waters were separated from the
deep water by a well-developed deep thermocline.
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ABSTRACT

We investigate the effect of enhanced riverine freshwater input on the circulation of the northern Atlantic. It
has been suggested by several authors that during the last deglaciation the melt water may have blocked the
formation of deep water in the Atlantic and, consequently, reduced the meridional heat transport. The
subsequent cooling of this region is identified with the Younger Dryas epoch. We found that the freshwater
input rates of the deglaciation were more than sufficient to change the Aflantic circulation significantly. A
doubling of the present St.Lawrence river could also be critical for the present circulation.

1. INTRODUCTION

It has been known for a long time that the last deglacia-
tion was not a monotonic development (cf. Ruddiman
and Duplessy 1985, and Broecker et al., 1988). Par-
ticularly in the region of the northern Atflantic, it was
characterized by an oscillatory behavior which was most
pronounced between 10,000 and 11,000 vears before
present. The retum of the glaciation, in the form of the
Younger Dryas event, was preceded by a strong release
of melt water into the northern Atlantic, probably due to
a deflection of the melt discharge from the Mississippi to
the St.Lawrence river. It has been suggested
{e.g.Broecker et al., loc.cit.; Berger and Killingley 1982)
that the reduction of deep water formation by the result-
ing strong stratification could drastically reduce the
meridional heat transport of the Atlantic and, conse-
quently, provide a substantial cooling of the Arctic. The
basic mechanism of this process is clear. However, it is
an open question whether the actual amount of glacier
melt was sufficient to trigger such an event.

The Aflantic is widely acknowledged to be a very
sensitive ocean with respect to the details of forcing
mechanisms. Recently experiments by Bryan (1986)
with an idealized model of the Atlantic have shown that
with a given forcing of the circulation with freshwater
fluxes, the ocean can develop at least two completely
different stable states of circulation, depending on the
initial state. This result was postulated on the basis of a
careful examination of geological evidence by Broecker
et al. (1985). It must be noted, however, that the design
of Bryan's basic experiment was not entirely realistic:
there is no way to increase the salinity of the northern
Atlantic suddenly by so much as 2 permille.

A rough estimate of the mean deglaciation rate yields
a glacial melt of about 0.1 Sv. The major part of this
originated from the continental ice sheets of the north-
ern hemisphere, with about 60 % aftributable o the
Laurentide ice sheet (cf. Hughes et al., 1981). It is
unlikely that the glacial melt reached more than twice
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Figure 1b. Zonally integrated mass transport stream function in Pacific. Confour interval is 2 Sv.

tracer model. The differences between this simulation
and more complex ocean carbon cycle models (Maier-
Reimer and Hasselman 1987, Bacastow and Maier-
Reimer 1989) are minor in the deep ocean. We prescribe
the gas exchange with the atmosphere by a constant
piston velocity of 6 m/year and treat the advection and
radioactive decay as a stationary problem. The resulting
set of equations is solved by a simple iterative procedure
which yields the stationary distribution in a few minutes
of computer time. This "quick ok computation has
proven to be a very effective diagnostic tool for the

validation and discrimination of different circulation
fields obtained with different choice of boundary con-
ditions. Figure 3 shows the resulting distribution for the
present day ocean. There is good agreement with the
corresponding GEOSECS sections (Stuiver and
Ostlund 1980; Ostlund and Stuiver 1980).

Figure 4 shows a block diagram of the large scale
fransports in the form commonly used in box models.
The upper panel shows the horizontal transports in the
top 1,500 m, the meridional components in the laterally
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Figure 7a. Meridional stream function of the experirnent M 0.22 after 200 years.

threshold value lies between 0.007 and 0.011 Sv. The
reduction of the melt water inputby a factor of 3 extends
the period in which the heat flux remains stable by at
least an order of magnitude. For the Mississippi outlet,
the corresponding threshold lies between 0.02 and
0.035 Sv.

So far, we have discussed only the heat flux. A more
direct climatic feedback is seen in the ice coverage. The
melt experiments were forced by exactly the same
terperature field as the control run. The creation of a
fresh water lens at the surface makes it more difficult for
the brine released by the ice formation o peneirate to

greater depths. As a-consequence, the melting of sea ice
by heating from below is inhibited, and the ice coverage
increases. Figure 8a shows the March ice coverage of
the control run. The polar front is clearly seen north of
Iceland. The ice edge is represented by the last 20 cm
isoline. The Labrador sea ice is bounded by a line from
Cape Farwell to Newfoundiand; the Irminger sea is ice
free. Figure 8b shows the same for the experiment M
0.22. Now, the Irminger sea is ice covered in March, and
the polar front lies across Iceland.
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Figure 1. Schematic view of the interactive coupled ocean-atmos-
phere system where the atmosphere drives the ocean through
momenturn flux, and the ocean drives the atmosphere through heat
flux. In this view, the hydrology cycle is passive, and the effect of clouds
is merely fo alter the tolal radiation at the surface.

1.2 The Coupled Ocean-Atmosphere System
with Interactive Hydrology

The implication of a fully interactive hydrology cycle
allows a richer array of joint modes to develop between
the ocean and the atmosphere than are evident from the
simple system shown in figure 1. The determination of
whether or not these modes are of the same order of
magnitude as the wind stress and heating, the primary
driving mechanisms, is the major purpose of this note.

Figure Z shows a schematic diagram of the coupled
ocean-atmosphere system where the atmospheric part
of the hydrosphere -- clouds, precipitation and the
ambient moisture distribution -- are allowed to become
fully interactive with the radiation field both within the
atmosphere and the ocean, and, in the case of the
precipitation, with the density structure of the ocean’s
upper layers. The ocean-atmosphere interaction
through stress and surface fluxes is still important but
now these components of the hydrology cycle modify
significantly the basic driving mechanisms. We will show
that the modification of the radiative flux divergence
between cloudy and clear regions, for example,
provides a radiative heating gradient V@ ad which is
of the same sign and between 30 and 50% of the
magnitude of the latent heating gradient V Qi .

ATMOSPHERE

fiL

yall |

2

Figure 2. Schematic view of the coupled ocean-atmosphere system
where, in addition to the traditional momentum and heat flux driving
of the system, the hydrology cycle is completely interactive. The
implications of the differences between the traditional system and this
are discussed in the text. It is argued that the active hydrology
components of the system are zero order.

Another aspect of clouds is that they severely perturb
the surface radiation balance in that while they heat the
atmospheric column above them, clouds cause a
decrease in the amount of solar radiation reaching the
sea surface (S). Below the clear regions an anomalous
heating of the upper ocean layer is generated creating
a heating gradient between clear and cloudy regions.
Ramanathan {1987} estimates that the differential heat-
ing is about 1°C/month averaged over 100 m within the
ocean. The cloud structure also influences the vertical
heating distribution in the ocean by changing the
proportion of infrared and solar radiation. This par-
titioning of the radiative stream possesses a strong spa-
tial variation with the changes in the cloud distribution
and also with the variation of the ambient moisture
distribution, especially below the cloud. It will be shown
that the downwelling IR from the cloud base is much
more variable at high latitudes so that much of the
reduction of the solar beam by the clouds is canceled by
the increased downward IR flux. However, at low
latitudes, the extremely moist boundary layer impedes
the downward flux so that the apparent radiating sur-
face at the ground may be well below the cloud base.
The impact of this will be 1o reduce the impact of cloud
on the downward IR flux at the ground.

It should be noted that the ocean surface layer heat-
ing gradient imposed by the cloudiness differences is in
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Geopotential

Geopotential JA 4 750 mb

Figure 6. The 250 and 750 mb geopotfential response of zonally symmetric boreal winter (left panel) and summer (right panel) to a heat source
placed in the central Pacific Ocean {0° N, 1807 E). Note the selective response of the winter hemisphere o the forcing. The model used was the
iterative, steady state model of Webster {1981).
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Figure 7(a). Modification of equatorially frapped modes as they
propagate through regions of longitudinal stretching deformation
along the equator. As the modes (e.g., eastward propagating Rossby
waves) propagate into regions of negative stretch (i.e., Uy, hatched
region of upper panel}, they must shorten their Jongitudinal scale and
increase their period in order fo conserve their Doppler shifted fre-
quency, as mandated for modes propagating through a time invariant
basic flow. In changing their characteristics, the modes may posses
zeros in their Doppler shifted group speed and accumulate energy in
the negative stretch regions (Webster and Chang 1988).
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Figure 10. Amplitude variation of the solar spectra as a function of de

pth through the upper layers of the ocean. Percentage refers to the amount

of the incident solar beam reaching the indicated depths. Inset shows the attenuation of the total irradiance {solar plus IR) as a function of depth.
The lettering A, ...D refers to mean thermocline depths of various parts of the ocean.

absorbed below the thermocline and may be unaffected
by the rapid dynamic and thermodynamic adjustments
of the mixed layer. Other, slower processes would then
be required to disperse the heat accumulations.

A number of studies have attempted 1o fest the sen-
sitivity of the ocean mixed layer to variations in the

attenuation depth or the magnitude of Sq. In the first
mixed layer model developed by Kraus and Turner
(1967), which used a simple attenuation coefficient for
the net radiation at the surface, ZE thus ignoring the
differential absorption of the radiation spectra and, thus,
a major effect of clouds, an extreme sensitivity was
found to the variation of the magnitude of the net
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time-longitude section indicates an eastward propaga-
tion of between 20 and 30 ms™ with winds over 40
knots or 20 ms *. Associated with the westerly burst was
a vigorous westward propagating convective system
(Williams 1981). It would be tempting to associate all
bursts with cold surges. However, cold surges of dif-
ferent intensities propagate equatorward a number of
times per month during the boreal autumn and winter.
Clearly then, given the frequency of bursts indicated in
figure 12, not all surges initiate westerly bursts. Clearly,
the determination of physical processes that generate
and maintain the bursts is a pressing problem in coupled
ocean atmosphere climatology.

Case studies of westerly bursts by Ramage and
colleagues (private communication) indicate an associa-
tion with strong convection, consistent with the findings
of Williams (1981). The observations seemed to suggest
a sequence in which a westerly wind along the equator
was detected and was followed by an intense develop-
ment of organized convection. With this development,
the westerly winds accelerate along the equator. Often
the acceleration was followed by the formation of dua!
cyclone pairs on either side of the equator at which time
the convection on the equator subsided. The westerly
winds, however, were then sustained for an even longer
period by the developing cyclone pairs.

It is possible to form a conceptual model that satisfies
the observations and that would be testable through
modeling or ancillary observation. The initial westerly
winds, from where ever they arise, are convergent
towards the equator and thus equatorially trapped.
Consequently, the westward flow must be associated
with moisture convergence and thus with convective
development. Equatorial westerly winds are also consis-
tent with downwelling in the ocean so that the sea
-surface temperatures may be expected to remain warm
and supportive of organized convection. Furthermore,
the input of fresh water from convection will stabilize the
mixed layer and so reduce the mixing up of the colder
water via an enhanced wind stress. The strengthening
of the westerlies along the equator may increase the
lateral shear in the westerlies invoking barotropic in-
stability to the north and south of the equator. Through
this mechanism, there is an initial energy source for the
cyclone pairs before moist processes take hold.

3.5 Clouds and Total Diabatic Heating in the
Ocean-Atmosphere System

In figure 2 it was indicated that the gradients of
radiative flux convergence in the troposphere (VQyad)
was a substantial fraction of the latent gradient (VQin)

and of the same sign. We shall now compute an order
of magnitude estimate of the two gradients. Further, we
shall assess the importance of the decreased heating in
the ocean column consistent with the atmospheric radia-
tive structure and compare the sign of the resultant
gradient with the atmospheric heating gradients.

We can consider a very simple atmosphere repre-
sented by two columns, A and B, representative of
western and eastern Pacific Ocean conditions. We as-
sume an incident solar radiation, Sg, a total cloud al-
bedo, ac and an absorption coefficient of solar radiation
in the cloud of a¢ . The surface temperature of the two
columns are Tag and Trg , respectively. The cloudy
region is assumed 1o be sufficiently thick so that the
cloud radiates to space at the cloud top temperature Tag
and towards the ocean surface at the temperature of the
cloud base Tab. The boundary layer below the cloud is
moist with an emissivity es so that partial absorption of
the downwelling longwave flux from the cloud occurs
in the boundary layer. The temperature of the boundary
layer is set at Tabl. An expression for the radiative flux
convergence in the cloudy column A is:

Qarad = Soli-acjac+o T4Ag
(1-eb) o THab - &b 0 Thabi - o T oAt (2)

In column B we assume that the emissivity is ga (< 1},
the clear air absorption is e and that the atmosphere
radiates at some temperature TBa. Then, the radiative
flux convergence in this clear column is:

QBrad = Soatel + saTA’Bg - ZSaUTAAg (3)

If we assume that the temperatures Tat = 300°K, Tab
= 275K, Tavi= 285°K, Tag= 300°K, TBg= 290°K and
TBa= 260°K with So= 345 wm™®, ac= .4, ac = .3, ad
= 1, ev = .8 and &5 =.6, we obiain for the two
equations;

QArad = 62 + 460 - 64 - 299 - 91 = 68 wm'>  (4)

and
QBrad = 34 + 241 - 311 = -36 wm > (5)

so that the gradient of the radiative flux convergence
across our model Pacific Ocean is:

VQrad = QArad - QBrad = 104 wm-2 (6)

If we assume that the average precipitation in the
western Pacific Ocean is 3 meters/vear and that general-
Iy there is little precipitation in the eastern Pacific Ocean,
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Scientific Committee (JSC) of the World Climate Re-
search Programme, realizing the importance of the
radiation fluxes in the climate system has recently estab-
lished the Radiation Fluxes Committee to foster research
in this area. The TOGA Scientific Steering Group has
discussed the concept of a coupled ocean atmosphere
field experiment in the western Pacific Ocean and will

consider the subject in more depth at future meetings. A
group of U.S. scientists has responded to these initial
deliberations by convening a feasibility meeting in
Hawaii (September, 1987) which resulted inthe concept
of TOGA COARE. Finally the Numerical Experimenta-
tion Group of TOGA (TOGA-NEG) is actively engaged
in numerical experimentation of the coupled system.
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Figure 1c. Sonograph across summit on a SW-NE line. Fissure shows up clearly. In this area the fissure seems to form a zone of several fractures.
Direction of travel left o right. Plume of gas seen on port (northern) side. Strong surface reflection on both channels. Scale line interval 25 meters.

In 1981 the bathymetry was investigated, and a side
scan sonar survey was conducted with an EG&G instru-
ment. In the 1987 NICEVOR project, a towed camera
survey was carried out with the MINI-ANGUS camera
system, a modification of ANGUS (Ballard, 1980). It
had a thermistor probe for the detection of temperature
anomalies and two cameras with 16 mm and 28 mm
lenses. It was flown 5-7 m off the bottom as it took color

photographs every 20 s. During this operation the vessel
was either sailing at less than two knots or was anchored
above the site. A photomosaic was constructed from
black and white enlargements of photographs from the
28 mm camera.

3. RESULTS AND DISCUSSION

Physical Characteristics of the Site

The geothermal site occurs on the crest of an elongate
volcano, some 1.3 km long and 0.6 km wide (Fig.1 a,b).
Sonographs show that the crest is cut by a fissure which
may be followed both north and south of the hill (Fig. 1
a,c). The volcano thus stems from a local eruption on a
long fissure, a common ocurrence in the subaerial
neovolcanic zone. The geothermal site itself lies to the
east of the fissure, within the southern summit area. The
precise details of the topography in this area are too
small to be resolved with an echosounder, but the film

material from the MINI-ANGUS system allowed a
photomosaic to be made of the site itself (Fig. 2). There
is some uncertainty regarding the scale of the mosaic but
we estimate that it covers an area roughly 20 x 25 m. In
it is a crater about 12 m in maximum width and 6 m in
depth. The floor of the crater is flat and covered with
volcanic ash tinted with yellowish precipitate in places.
The area around the crater is of blocky lava with vol-
canic ash in hollows. Pillows are conspicuously absent.
The main thermal area is on the rim and side of the
crater, and in this region there are both large and small
patches where light colored filamentous bacteria cover
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4. CONCLUSIONS

The discovery of a hydrothermal site on the Kolbein-
sey Ridge near Iceland is not unexpected in view of the
extensive hydrothermal activity on the island. The in-
vestigations of the site have established the physical
setting and surface features but the initial work did not
yield satisfactory information on the chemistry of the
thermal water. Further work on this aspect and on

mineralogical studies will be reported elsewhere
(Olafsson et al. in prep.). The site is unique with regard
to water depth and the presence of a gas phase in the
hydrothermal fluid. This physical setting may well yield
a biological regime different from the deep sea geother-
mal sites. Therefore, further work is called for, involving
more elaborate sampling equipment than hitherto used.

ACKNOWLEDGEMENTS

The skilful work of Earl Young in operating the
MINI-Angus system and of John Porteous in construct-
ing the photomosaic is gratefully acknowledged. We
thank the crew of RV Bjarni Saemundsson for their

enthusiastic cooperation in the field and Johannes
Briem and other colleagues at M.R.1. for valuable assis-
tance ashore and afloat. This work was supported by a
grant from ONR.

5. REFERENCES

BALLARD, R.D. 1980. Mapping in the mid-ocean ridge. 12th Annual
Offshore Technology Conference, Houston, Texas, 5-8 May 1980,
OTC 3682, 55-61.

BENJAMINSSON, J. 1988. Jardhiti i sjo og flaedarmali vid island.
Natturufraedingurinn 58, 153-169. (Geothermal activity in the
tidal zone and below sea level around Iceland. In Icelandic, English
summary)

CAMPBELL A.C., MR. PALMER, G.P. KLINKHAMMER, T.S.
BOWERS, J.M.EDMOND, J.R. LAWRENCE, J.F. CASEY, G.
THOMPSON, S. HUMPHRIS, P. RONA and J.A. KARSON.
1988. Chemistry of hot springs on the Mid Atlantic Ridge. Nature
335, 514-519.

JOHNSON G.L., J.R. SOUTHALL, P.W. YOUNG and P.R. VOGT.
1972, Origin and structure of the Iceland plateau and Kolbeinsey
Ridge. J.Geophys. Res. 77, 5688-5696.

KINGSTONH.M,, LL. BARNES, J.J. BRADY and T.C. RAINS. 1978.
Separation of eight transition elements from alkali and alkaline
earth elements in estuarine and sea water with chelating resin and

their determination by graphite furnace atomic absorption
spectrometry. Anal. Chem. 50, 2064-2070.

KLINKHAMMER, G.P. 1980. Observations of the distribution of
manganese over the East Pacific Rise. Chem.Geol. 29, 211-226

MULLIN J.B. and J.P. RILEY. 1955. The colorimetric defermination
of silicate with special reference to sea and natural waters. Anal.
Chim. Acta 12, 162-176.

OLAFSSON, d. 1986. The semi-automated determination of man-
ganese in sea water with leuco-malachite green. The Science of
the Total Environment 49, 101-113.

THORARINSSON, S. 1965. Nedansjavargos vid Island. Nat-
mrufraedmgumm 35, 49-96. (Submarine_ _eruptions off; the coasts
of Iceland. In Icelandxc English summary).





















OCEANOGRAPHY 1988 135

tively recent, middle to late Cenozoic immigrants. How-
ever, many others have been assigned to genera and
even higher taxa, with apparently no close relatives
elsewhere. According to evolutionary and
biogeographical criteria (rank of endemism above the
species level, distribution and geologic record), the latter
are estimated to be relics of the Paleozoic and Mesozoic
ages. The general hypothesis is that the ancestors of
hydrothermal species living in warm shallow water
during the Mesozoic found refuge in a hydrothermal
shallow water environment against growing predation
pressure, then migrated from there to deep-sea
hydrothermal vents. Some organisms such as the
bivalve Bathypecten vulcani found at 13°N and the
Galapagos and representatives of different families and
superfamilies of archaeogastropods are late Paleozoic to
early Mesozoic relics, and a few genera such as Calyp-
togena, Isaacsicalanus, Munidopsis, are Tertiary im-
migrants.

Itis now well established that the zoological composi-
tions of hydrothermal communities differ in separate
geographical areas. The recent exploration of the Manus
and Mariana back-arc basin hydrothermal vents
revealed that there are no vestimentiferan tube WOTIS,
nor large bivalves in these assemblages : the hairy
gastropod Alviniconcha hessleri replaces them and
hosts symbiotic bacteria in its mantle. There are more
important differences between the typical East Pacific
Rise hydrothermal community and the mid-Atlantic
ridge fauna in the TAG area : the main feature is the
tremendous number of bresiliid shrimps of the genus
Rimicaris {two species of Rimicaris have been described
by Williams and Rona 1986) which graze upon bacterial
mats developing on the sulfide particles from black
smokers (Van Dover et al. in press). Compared to such
examples, differences between northern Juan de Fuca
and the southern East Pacific Rise hydrothermal fauna
indicate that geographical differentiation has occurred
rather recently : vestimentiferan tube worms differ at
family level, bivalves are absent in the northern area,
sister species occur within the genus Paralvinella, efc.
The vicariating vent fauna of the Juan de Fuca ridge has
since formed an endemic assemblage of generally lower
diversity than that found at Fast Pacific Rise vents
{Tunmicliffe 1988).

The question of the dispersal capacity of the
hydrothermal fauna is of particular interest, due to the

ephemeral life span of a given chimney or hydrothermal
vent (between 20 to 100 years, 50 years on average,
Lalou et al. 1985) and to the strong link between the
animals and the hydrothermal environment. A majority
of hydrothermal animals have lecithotrophic, non-
pelagic larvae , which is also the case in several deep-sea
animals. This seems inappropriate in view of the
ephemeral character of hydrothermal venting at small
scale (Berg 1985, Lutz et al. 1986, Turner et al. 1985).
However, in the deep sea, where the food supply is very
low, the fact that there are lecithotrophic larvae does not
imply that the larvae do not have at least a short pelagic
life. Short-term dispersal of such lecithotrophic larvae
can take place through the hydrothermal plume (Grassle
1986). The plume rises 100 to 300 meters above the
bottom, depending on the velocity of the flow, and is
then laterally dispersed over several kilometres (Baker
and Massoth 1986). This means of dispersal of course
suits the planktotrophic larvae (Bathymodiolus,
Bythograea), but can also accommodate lecithotrophic
larvae. In the Galapagos, small and large mussels from
Rose Garden and Mussel Beds sites, which are
separated by 7.8 kilometres, are genetically different :
they probably came from two different source popula-
tions (J.P Grassle 1985). From one hydrothermal vent
to another , it is understandable how, through several
generations, species colonize the totality of what has
been called a "hydrothermal archipelago”; the life-span
of such an "archipelago”, extending 100 to 150 km
along a ridge segment, should be in the order of
thousands years (Laubier 1988a). The question is com-
pletely different for long-range dispersal, e. g. for Al-
vinella pompejana, which has been found along the East
Pacific Rise from 21°N to 17°S, over a range of 2,280
nautical miles! The fact that the hydrothermal vent
assemblage of the western Pacific is very different from
the eastern Pacific assemblages demonstrates the impor-
tance of geographical isolation for long periods of time
{about 100-150 million years).

Like other deep-sea animals, a majority of hydrother-
mal species shows a tendency to direct or lecithotrophic
development. The dispersal of these endemics from one
site to another site for long distances (thousands of
kilometres} is not understocd, whereas the rise of the
diluted hydrothermal plume is probably sufficient to
explain short-range dispersal.
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(molecular weight as much as two million daltons) which
circulates freely in the blood. It shows two different
fixation sites, the ordinary one for the oxygen, and
another for the H2S. In such conditions, the HoS is no
longer toxic for the worm tissues and can be carried
safely from the plume to the trophosome. The bacterial
activity delivers organic carbon, sulfate and thiosulfate
in the blood at the periphery of the trophosome cells.
The organic carbon is directly metabolized by the worm
tissues, while the sulfate is finally rejected through the
plume system in the seawater. Several in vivo experi-
ments with Riftia pachyptila have been carried out on
board research ships, under pressures of 100 kg. cm‘z,
and the consumption of HoS and COg2 has been studied
in a very detailed way.

This discovery led to a re-evaluation of the feeding
mechanisms of the phylum Pogonophora, and it has
been established that all species of Pogonophora inves-
tigated also rely on chemolithotrophic symbiotic bac-
teria fueled by methane or other reduced chemicals
(Southward et al. 1986). Similar but simpler
mechanisms occur in bivalves such as Calyptogena
magnifica and Bathymodiolus thermophilus, this latter
species being mixotroph {diatoms from the euphotic
layer have been found in the gut). Hemoglobin occurs
in the blood of C. magnifica and other species of the
same genus from the Japanese subduction trenches
(Arp and Fisher 1984). Nevertheless, C. magnifica has
a special transport protein to carry sulfide to bacteria in
its gills. Other species have developed a protection from
toxic sulfide : the crab Bythograea thermydron lacks
endosymbiotic bacteria ; it is able to detoxify sulfide by
oxidizing it to nontoxic thiosulfate in its liver-like
hepatopancreas (Arp and Childress 1981).

Similar results have not yet been achieved for cold
seep species hosting symbiotic bacteria, except for the
mussel from the Gulf of Mexico, which lives in the
vicinity of hydrocarbon seeps. This undescribed mytilid
consumes methane (the principal component of natural
gas) at a high rate. Methane consumption is limited to
the gills and is apparently due to the abundant intracel-
lular bacteria living in gill cells. Methane consumption is
dependent on the availability of oxygen and is inhibited

by acetylene. The consumption of methane by these
mussels is associated with a dramatic increase in oxygen
consumption and carbon dioxide production. As the
methane consumption can exceed the carbon dioxide
production, symbiosis may be able to satisfy its carbon
needs entirely from methane uptake. The very light
stable carbon isotope ratio (d 13C = .B1t0-57 per mil)
supports this hypothesis (Childress et al. 1986).

The case of the Pompei worms Alvinella pompejana
and A.caudata is of particular interest : there are no
endocellular bacteria but only epicuticular bacteria of
different types (Gaill et af. 1988). High concentrations
of sulfur (Laubier et af. 1983} and of different elements
such as As, Zn, Fe, Cu, Al and P (Gaill et al. 1984) have
been determined in both species. In situ labelling experi-
ments showed a weak absorption of dissolved organic
compounds by the epidermis (Alayse-Danet et al.
1986), and incubation at in situ temperature and pres-
sure conditions result in an intense precipitation of
sulfur, indicating that filamentous epibiotic bacteria
were involved in the metabolism of sulfur compounds
(Baross and Deming 1985). It has been suggested that
the worm and its tube, together with the associated
bacteria, function as a bioclogical unit. Hot (20 to 50°C)
and acidic hydrothermal fluid with a little dissolved
oxygen circulates through the open tube. The epibiotic
chemosynthetic bacteria provide food for the worm in
particulate form collected by the protractile buccal ten-
tacles and dissolved organic material absorbed through
the body wall (Gaill et al. 1988). The worms have blood
pigments well adapted to such an environment (Terwil-
liger and Terwilliger 1984}. Thus there appears to be a
complex symbiotic association between the polychaete
and its epibiotic bacteria.

As has been often stressed, due to this symbiosis
between chemolithotrophic bacteria and invertebrates,
the hydrothermal vent and cold seep communities are
the only biological systems on our planet known fo
depend totally on energy coming from internal heat of
radioactive origin, and the only ones that could survive
as long as water exists if the sun collapsed. This fact is
of great theoretical interest to ecology.

7. GROWTH RATES AND METABOLISM

Metabolic rates of deep-sea communities are low
compared to those in shallow water. Correlation has
been found between respiration rate and biomass of
macrofauna, and their decrease with increasing depth is

correlated with the primary productivity of euphotic
layers {Smith and Hinga 1983). However, the available
data, though fragmentary, suggest that deeper-living
benthic animals in a variety of groups have about the
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same oxygen-consumption rates as comparable shal-
low-living species, once the effect of temperature is
accounted for. The hydrothermal vent species ex-
amined {Bythograea thermydron, Riftia pachyptila and
Calyptogena magnifica) have rates of oxygen consump-
tion within the range found for active shallow-water
species of the same group of animals. These rates
probably indicate that the vent species are relatively
active in some cases, or have bacterial endosymbionis
(Childress and Mickel 1985).

It is generally admitted that growth rates of benthic
deep-sea invertebrates are low (Grassle 1980). Deep-
sea bacteria have their highest metabolic and growth
rates at ambient temperature and pressure conditions in
the guts of different limivorous invertebrates (Deming
and Colwell 1981}. On the contrary, high rates of COg
incorporation, substrate utilization and nucleotide con-
centrations at hydrothermal vents indicate high rates of
microbial metabolism and growth (Karl et al. 1980
Jannasch and Wirsen 1979). Bacterial densities of 105
to 10° in waters near hydrothermal vents can be com-
pared to shallow water fiqures. It has been suggested
that bacterial production at Galapagos site takes place
below the sea-floor, in the hydrothermal circulation.

Therefore, invertebrate growth rates have been a
subject of interest since the first discoveries of hydrother-
mal vents assemblages. Radiometric techniques have
been used by Turekian and Cochran (1981} for Calyp-
togena magnifica; the growth rate was 4 cm/year and
6.5 cmfyear for 19 and 22 cm long individuals at
Galapagos vents. At 21°N, ancther individual of the
same species was estimated to grow at 0.58 cm/year
{Turekian et al. 1983). These resulis have been com-
pared with direct measurements of growth rates of
tagged Bathymodiolus thermophilus at a Galapagos

site. From the resulting growth curve, the oldest animals
were 19%7 years old (Rhoads et al. 1982). Another
method, based on the comparison of shell microstruc-
ture and fluctuations in stable isotopes ratios of carbon
and oxygen, enabled Roux et al. {1983} 1o estimate an
average growth-rate of 1.2 cm/year for the same species
at21°N. Both radiometric and mark-recapture analyses,
when utilized for deep-sea animals, yield growth-rates
for an exiremely limited number of specimens : Lutz et
al. {1985) underlined that at that time only three
specimens of Calyptogena magnifica and ten specimens
of Bathymodiolus thermophifus had been analysed
using these techniques. Lutz et al. (1983, 1985)
proposed a new method based on the hypothesis of a
constant rate of dissolution of the cuter shell layer {218
fm/year) to determine the growth curve of C. magnifica
:a 20 cm long individual would be about 20 years old
and the growth-rate decreases with age, from 55 to 5
mm/year.

All studies conducted on bivalves from deep-sea
hydrothermal vents have yielded growth rates that are
comparable to those of numerous species of shallow-
water bivalves and are several orders of magnitude
higher that those reported from bivalves inhabiting the
ordinary deep sea. To the extent to which growth-rates
of animals reflect the rates of biological processes occur-
ring at the vents, these results provide strong evidence
that biological processes at the vents proceed at rates
that are extremely rapid for the deep-sea environment
(Lutz et al. 1985).

Up to now, no similar data are available for the
growth of the different species of bivalves (Calyptogena
or mussels} occurring in cold seep and hydrocarbon
seep areas.

8. FOOD WEBS IN HYDROTHERMAL AND COLD SEEP COMMUNITIES

The first food web model of an hydrothermal as-
semblage was proposed five years ago for the case of
the Galapagos hydrothermal vent community by
Hessler and Smithey (1983}, They conclude that about
75% of the biomass at hydrothermal vents is made up
by taxa with symbiotic chemoautotrophic bacteria. The
greatest uncertainty concerns the plankion abundance,
and its relationship to chemoautotrophic productivity.
Predators in the Galapagos site include the Bythograea
crabs that are attracted by bait and have been observed
biting tubeworm plumes. Turrid gastropods, unknown

octopods and macrurid fishes exist in vent areas and are
normally considered as predators

A synthetic model of the hydrothermal food web
based on the Galapagos and the East Pacific Rise at
13°N and 21°N would include the "hot pole" with
alvinellids and Cyanagraea, which do not occur at
Galapagos. Fustec et ol. (1988) have compared the
biomasses of three main trophic groups (primary con-
sumers, carnivores and detritivores) in two "cold" and
"hot" sites from the hydrothermal field at 13°N (Table
2).
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ABSTRACT

Hydrothermal metalliferous sediments in the southwest Pacific are preferentially located in two submarine
volcanic settings, back-arc basins and volcanic arcs. Of these, the back-arc basins appear to be the principal
locale for major hydrothermal deposits and contain all of the main classes of submarine hydrothermal minerals
previously reported from mid-ocean ridges: sulfides, silicates and oxides. These submarine occurrences are
generally surrounded by haloes of hydrothermal metalliferous sediments representing distal fallout products
from hydrothermal plumes, and which considerably facilitate the finding of the more localised higher grade
hydrothermal mineral deposits. In contrast, the volcanic arcs fringing the basins have so far been found fo
host only low temperature hydrothermal ferromanganese oxide deposits. Higher temperature hydrothermat
minerals may occur below the sea floor in these areas, or in confined volcanic craters. A number of targets for
future "hydrothermal” submersible operations in the S.W. Pacific are defined on the basis of metalliferous

sediment disfribution reported herein.

1. INTRODUCTION

Metalliferous seafloor sediments are those thai exhibit
metal enrichment from hydrothermal fluxes. Metals
most commonly enriched in such deposits include Fe,
Mn, Cu, Zn, As and sometimes Ag and Au. Because of
hydrothermal contributions, metalliferous sediments are
found located either in or adjacent to hydrothermally
active submarine volcanic areas, most commonly mid-
ocean ridges (see Cronan 1980 for a review). However,
in recent years such deposits have also been found on
intra-plate hot spots (cf. Loihi Seamount, Hawaii,
Malahoff et al. 1982), in island arcs, and in back-arc
basins (Cronan and Thompson 1978). [t is the last of
these settings that characterize most of the metalliferous
sediments in the southwest Pacific,

The origin of metalliferous sediments is related to the
precipitation of phases from hydrothermal plumes. The
process starts with diffusion into the seafloor of seawater
which becomes heated and reacts with newly formed
oceanic crust in submarine volcanic areas, becoming
enriched in metals before being discharged in the form
of black smokers. Some primary magmatic contribution
to the hydrothermal waters is also possible. Much of the
dissolved material carried in the hydrothermal solutions
precipitates in the immediate vicinity of the discharge
vents, constructing chimneys and mounds of sulfide and
associated minerals, but some fraction of the vent fluids
also escapes from the sea floor in a hydrothermal plume
which disperses away from the site of discharge, partly
under its own dynamics and partly under the influence
of ocean currents. Such currents can carry dissolved and
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Figure 3. Locations of hydrothermal activity in the western Woodlark Basin (after Binns et al. 1987; Binns and Scott 1988)

North Fiji Basin

The North Fiji Basin is a back-arc basin, 2000m-
4000m deep, averaging about 3000m {Fig. 1). It stands
between the New Hebrides subduction zone to the west
and the Fiji Platform to the east. It is thought to have
originated by oceanic spreading about 8 to 10 million
years ago and has since undergone several modifica-
tions in spreading activity.

North Fiji Basin sediment samples were extensively
studied by Cronan {1983) in order to seek evidence of
submarine hydrothermal activity. On the basis of this
study, Cronan (1983) concluded that submarine
hydrothermal activity and associated metalliferous
sedimentation is most likely to be located along the
north-south spreading centre and in an area of shallow
selsmicity northwest of Fiji (Fig. 1) which included the
Braemar Ridge region (Fig. 7).

According to Auzende et al. {1988} the main spread-
ing centre in the North Fiji basin is located between
173°E and 174°E and is defined by a central magnetic
anomaly and lack of sediment cover as indicated on

single channel seismic reflection profiles. The axis is
considered to consist of a succession of en-echelon
segments of oceanic crust offset by non-transform faults.
This structure has been the main, but not sole, target for
hydrothermal mineral exploration in the North Fiji
Basin.

Most recently, on the Kaiyo 1987 expedition (Kaiyo
1987 unpublished Cruise Report), three sites to be
surveyed by Deep Tow (DTS A, B and C) were selected
along the spreading centre axis between 16°30’'S and
18°10'S, in areas where some evidence of hydrothermal
activity existed. DTS-A was the site of a large hydrother-
mal methane anomaly reported by Craig and Poreda
(1987) at 18°08'S, and was also the site of a large water
column manganese anomaly detected on the Kaiyo
1987 cruise. In DTS-B, a very strong acoustic reflector
had been recognised by SEAMARK Il and a large water
column manganese anomaly had been detected at
16°58.61'S, 173°53.36'E. DTS-C was sited near alarge
water column manganese anomaly on the bottom at
17°10.74'S, 173°54.82'E. At DTS-A and DTS-C, no
indications of hydrothermal deposits were found, while
at DTS-B strong signs of hydrothermal deposits did
oceur.
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recognised on the basis of simple univariate statistics.
Partition analysis showed most of the Mn to be present
in the hydroxylamine HCl scluble fraction, with a large
part of the remainder of the Mn being soluble in acetic
acid. This is in accord with the anomalous Mn being in
the oxide form, the form in which both hydrogenous
and hydrothermal Mn deposits occur. However, as-
sociated Ni partitions into the HCl soluble and insoluble
fractions, suggesting that it, and thus by association the

Mn, is not hydrogenous. Therefore the latter must be
hydrothermal in origin. The Mn anomalies occur in a
recently reported area of crustal extension (Malahoff,
personal communication 1988) and where a recent
GLORIA sonar survey has indicated the presence of a
marked rift {unpublished 1988). This would support the
Mn anomalies being hydrothermal in origin and sug-
gests that other hydrothermal deposits might occur in
their vicinity.
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Figure 9. Manganese anomalies in sediments from the Raukamara Plain (from Coward and Cronan 1987)

5. VOLCANIC ARCS

Vanuatu

The New Hebrides (Vanuatu) Arc is a roughly NNW-
SSE aligned series of troughs, submarine ridges and
active volcanoes lying to the west of the North Fiji Basin.
Cronan {1983) pointed to the submarine volcances and
the troughs as possible sites of submarine hydrothermal
activity. This has been confirmed on the volcanoces {see
below) but evidence for it in the troughs is still limited.

Among the submarine volcanoes that have exhibited
most evidence of submarine hydrothermal activity in the
Vanuatu region are those off Epi Island (Cronan 1983,
Exonand Cronan 1983, Greene and Exon 1988, Craw-
ford et al. 1988).

The Epi-Tongoa area lies within the Pliocene to recent
belt of volcanic activity in Vanuatu and contains four
intermittently active submarine volcanoes, Epia, Epib,
Epic and Karua {Crawford et al. 1988). According to
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The accelerating rate of progress has been boosted by
new technology which produces global views of the
gravity field, highly detailed bathymetric swath maps,
multi-channel seismic records, high quality sediment
and rock cores, and in situ observational and sampling
capabilities. New analytical tools onshore are helping to

keep pace with the flood of samples. The offshore
extractive industries are depressed and may well remain
so into the next century. In the meantime, however, there
is every reason to believe that the rapid rate of scientific
progress will continue and will provide the knowledge
base on which all future users of the ocean will depend.
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Pollution and Living Resources

Alasdair D. McCIntyre
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One feature of the Joint Oceanographic Assembly is that
while some themes are selected, and even a few papers
may be specifically commissioned, the great majority of
the hundreds of abstracts are submitted because some
scientist, somewhere in the world, feels there is an
important point to be made. An analysis of the contribu-
tions, in terms of topics, will therefore provide a useful
index of where attention is currently focused, and if we
do this for the abstracts related to pollution we have at
least a pointer to the main causes of concern at the
present time. Such an analysis on all the abstracts
recetved in 1988, classifying them not entirely by title
but rather on the major thrust of their content, gives the
following result:

OiL 20%
SEWAGE 13%
METALS 9%
OTHERS 13%
GENERAL 27%
METHODS 18%

The others category includes papers on
radionuclides, organochlorines and titanium dioxide, as
well as a number of less common contaminants. The
general category is a large one since it covers not only
coastal activities such as construction and development,
which come within the broad definition of pollution as

set out by GESAMP, but also considerations of regula-
tion and control.

It is interesting to compare this listing with the general
review of main pollution which introduces Special Sym-
posium S.4 (Large Scale Changes from Human Ac-
tivities). That review drew attention, among other things,
to the problem of non-biodegradable plastics as an
increasing cause for concern in the marine environment.
These materials come in several forms. With natural
fibres now replaced by synthetic formulations in fishing
gear, nets and warps lost or discarded at sea present a
long-term hazard to shipping, and ‘ghost fishing’ con-
tinues for long afterwards, killing fish, birds and marine
mammals. Plastic straps from cargoes and other pack-
aging, even the ubiquitous yokes for six-pack beverage
cans, entangle marine organisms and eventually prove
lethal. Other plastics as sheets or particles are
widespread and damaging to life in the sea, and reduce
amenity in recreational areas. The good news is that
legislation at both national and international levels is
beginning to take account of the issue.

The S.4 review, however, indicating that the main
sources of pollution to the oceans were from ships and
from the atmosphere, noted the low concentrations of
metals, organochlorines and radionuclides in the sea,
and drew attention to the declining importance of oil
pollution. Even the metal, lead, for which the most
enhanced levels had been recorded as a result of atmos-
pheric transport from the continents, was declining in
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In these brief comments summarizing contributions
to JOA 88, it has been convenient to review pollution
and living resources together. But quite apart from any
such convenience, there is obviously a real linkage, and
in this context it is useful to consider the most recent
annual world fishery statistics from FAQ, which show an
increase in landings of 6.8% to a new global record of
91.5 million tonnes, with the confident forecast that the
magic number of 100 million tonnes will be reached well
before the end of the century.

This can only mean increased pressure on resources,
and emphasizes the need for the sort of strategic thinking

outlined in several of the JOA papers if the already
overfished stocks are to be maintained. Also, it high-
lights the dangers of degradation of the coastal zone,
referred to in so many papers, which if continued will
further affect fisheries and inhibit the much needed
expansion of mariculture. It seems clear that the case
for sustainable growth with environmental harmony
made so strongly in the Bruntland Report must be acted
upon, and there is no doubt that the sort of multidiscipli-
nary discussion which is the main feature of JOA will
have much to contribute in the future.
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