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FOREWORD

A better understanding of key processes in the aquatic environment, responsible for its future
development and its protection, were at the forefront of the IAEA’s International Conference on
Isotopes in Environmental Studies — AQUATIC FORUM 2004 convened in Monaco from 25 to 29
October 2004, which was the most important gathering of the year of isotope environmental scientists.
The conference was organised by the IAEA’s Marine Environment Laboratory in cooperation with the
Intergovernmental Oceanographic Commission (IOC) of UNESCO, the International Hydrological
Programme (IHP) of UNESCO, the Commission Internationale pour 1'Exploration Scientifique de la
Mer Mediterranée (CIESM), and the Abdus Salam International Centre for Theoretical Physics
(ICTP). The conference was hosted by the Principality of Monaco. Over 320 experts from 60 IAEA
Member States and 6 international organizations delivered 185 oral presentations in 6 plenary and 31
parallel sessions and made 130 poster presentations.

Members of the Scientific Advisory Committee of the Conference were: R.F.C. Mantoura, IAEA-
MEL, Monaco; P.K. Aggarwal, IAEA, Vienna; A. Aureli, IHP, Paris; M. Boisson, CSM, Monaco; F.
Briand, CIESM, Monaco; K.R. Sreenivasan, ICTP, Trieste; U. Unluata, IOC, Paris. The Scientific
Secretary of the Conference was P.P. Povinec.

The conference reviewed the present state of the art isotopic methods for investigation of the
aquatic environment. The main conference subjects considered were: (i) behaviour, transport and
distribution of isotopes in the aquatic environment; (ii) climate change studies using isotopic records
in the marine environment; (iii) groundwater dynamics, modelling and management of freshwater
sources; (iv) important global projects, such as WOCE, WOMARS, SHOTS, GEOTRACES;
(v) joint IAEA-UNESCO submarine groundwater investigations in the Mediterranean
Sea, the Southwest Atlantic and Pacific Oceans; (vi) new trends in radioecological investigations,
concentrating on the protection of marine biota against radioactive contamination; (vii) transfers
in analytical technologies from bulk analyses to particle and compound specific analyses of
environmental samples; (viii) development of new isotopic techniques, such as AMS and ICPMS, and
their successful applications in environmental studies; and many other exciting topics which were
presented and discussed during the Conference.

Four workshops were held simultaneously:
e ATOMS-Med Workshop - development of a project proposal for oceanographic investigations
in the Eastern Mediterranean.

e El Nifio - Research Co-ordination Meeting of the new IAEA Coordinated Research Project
investigating climate change using isotopic records in the marine environment.

e CELLAR Workshop - Collaboration of European Low-Level Underground Laboratories.

e GSI Workshop on Groundwater- Seawater Interactions in coastal zones, organized in
cooperation with the IAPSO Commission on Groundwater-Seawater Interactions.

These proceedings contain papers presented during the conference in oral and poster sessions.
Several papers presented orally during the conference have been submitted by the authors for
publication in a special issue of the Journal of Environmental Radioactivity book series, published by
Elsevier. It is hoped that these publications will contribute to the research in isotopes in environmental
studies, which will make the use of isotopes more widespread, and will further stimulate work in this
exciting field.

The IAEA officers responsible for this publication were P.P. Povinec and J.A. Sanchez-
Cabeza of the IAEA Marine Environment Laboratory.
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OPENING STATEMENT

S.A.S. le Prince Souverain de Monaco Albert I1

Distinguished Guests,
Ladies and Gentlemen,

We are very pleased to welcome you in Monaco for Aquatic Forum 2004, the second
Conference on Applications of Isotopes in Environmental Studies. We all know the importance of
the protection of the marine environment for sustainable development and economy of coastal states,
like Monaco. Sadly, this environment has been under continuous threats from development, tourism,
urbanisation and demographic pressure. The semi-enclosed Mediterranean sea is challenged by new
pollutant cocktails, problems of fresh water management, over-fishing, and now increasingly climate
change impacts.

Monaco has a long history in the investigation of the marine environment. Prince Albert ler,
was one of the pioneers in oceanographic exploration, organizer of European oceanographic research
and founder of several international organizations including the Musée Océanographique.

We are very proud that the International Atomic Energy Agency established in 1961 its Marine
Environment Laboratory in Monaco, the only marine laboratory in the United Nations system. Their
first purpose-built facilities, dedicated to marine research, launched a new era in the investigation of
the marine environment using radioactive and stable isotopes as tracers for better understanding of
processes in the Oceans and Seas, addressing their pollution and promoting wide international
cooperation. We are pleased that the Government of the Principality of Monaco has been actively
engaged in these developments and is continuously supporting activities of the Monaco Laboratory.

We are also proud that the International Hydrographic Bureau has its Headquarters in Monaco.
Monaco is also hosting the Commission Internationale pour 1’Exploration Scientifique de la Mer
Méditerranée (CIESM), whom I have the honor to have chaired since 2001. I am very delighted to
follow closely the works of the Commission funded by the 23 member states who support the work of
a large scientific network of 500 institutes and over 2500 researchers, united by a commitment to
promote marine science for the protection of the Mediterranean Sea and its coastal communities.

We should also mention that our Centre Scientifique de Monaco (CSM) — Observatoire
Océanographique Européen, established in 1960, is well known for investigations of coral ecology and
geochemistry, which are now under risk from Climate Change, and which I am sure you will discuss
in detail during this conference.

I would like to extend my congratulations to all the scientists involved in the essential work of
protecting the marine environment who have gathered here in Monaco. | wish you a scientifically
exciting and socially enjoyable week in Monaco.
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Werner Burkart
Deputy Director General
Head of the Department of Nuclear Sciences and Applications
International Atomic Energy Agency, Vienna

Monseigneur,

Excellence, Monsieur le Ministre d'Etat,

Monsieur le Directeur Général CIESM,

Messieurs les Représentants des Organismes Internationaux,
Mesdames, Messieurs,

On behalf of the Director General of the International Atomic Energy Agency, and on my own
behalf, I wish to extend a warm welcome to all participants in this International Conference on
Isotopes in Environmental Studies — Aquatic Forum 2004. The long history of support to marine
science under the patronage of the Royal Family of the Principality of Monaco makes it very fitting
that this Conference should take place here.

I also wish to thank our joint organisers of the Conference, the Commission Internationale pour
I’Exploration Scientifique de la Mer Mediterranee, UNESCQO’s Intergovernmental Oceanographic
Commission and the International Hydrological Programme, and the UNESCO/IAEA Abdus Salam
International Centre for Theoretical Physics.

The role of the UN system in ensuring international peace, security and socio-economic development
has never been more relevant or important. As recent international events have demonstrated, the
IAEA, often called the 'nuclear watchdog' of the UN system, plays a critical role in the area of nuclear
non-proliferation security. But in the dawn of this new century, there are other significant dangers
adding to global insecurity and instability that the Agency is also addressing. These include, among
other things, energy production, food and agriculture, human health, water resource management, and
of course, the marine and terrestrial environments.

Our marine environment and water resource programmes aim to increase the knowledge base
and scientific capacity of Member States for the management of marine and freshwater resources and
protection of the environment.

This is the second international conference organised by the Agency in Monaco on isotopic
environmental studies, the previous one having been held in 1998 at the occasion of the opening of the
new premises of the IAEA-Marine Environment Laboratory. The new Laboratory has played an even
greater role in promoting the use of both radioactive and stable isotopes as powerful tools for a better
understanding of processes in the marine and terrestrial environments.

It would be extremely presumptuous of me to talk about the importance of the marine environment
and resources while here in Monaco. And I don’t intend to do so. But I think it is worth reviewing
some of the facts.

Oceans are two thirds of the surface area of the Earth. Oceans are an essential part of the history of
human development. Mastery of the seas facilitated integration of civilizations across the globe —
civilizations that were once kept apart by the oceans. Today, nearly half of the world’s population
lives within 60 km of a coastline — and it is growing by the day! Some 14 of the 15 largest mega-cities
around the world are coastal.

The Monaco Laboratory has pioneered the detection and oceanographic and marine ecological
tracking of radioactivity in the sea, originating from past nuclear tests, submarine accidents and



Chernobyl inputs into the ocean. More recently, the Monaco Laboratory has played a lead role in the
unique application of radiotracers and isotopes to fingerprint sources of marine pollution, to track
harmful algal blooms, to date deep water masses and sediments and to budget the ocean’s carbon
cycles and climate change.

These novel results and techniques are transferred through IAEA Training Programmes, many
in collaboration with our UN partners, to Member States resulting in a global network of marine
environmental competence.

Globally, coastal zones are stressed by population growth. Population pressures include
increased solid waste production, polluted urban runoff, and loss of green space and wildlife habitat.
Excess nutrient loadings lead to harmful algal blooms, which are a threat to human health and to the
coastal resources. Isotopes and nuclear techniques offer unique advantages for diagnosing the health of
the ocean and tracing the marine ecosystem.

The potential effects of climate change have great implications for human development. The
Earth’s freshwater resources are limited, with less than one hundredth of one percent of all water on
Earth being freshwater that is accessible for human consumption. That’s like one liter in ten thousand
liters!!

“Greed, for the lack of a better word, is a good thing”. This was Hollywood’s description of the
essential human values of the 1980s. When used in the context of water, however, greed is not a good
thing. As Mahatma Gandhi said nearly 60 years ago, “there is enough water in the world for human
need, but not enough for human greed.”

While strides have been made in the last thirty years, more than a billion people still lack access to
safe drinking water. Desalination in a Greenhouse World is increasingly important. I am glad to see
that the Conference is addressing issues related to both the marine and terrestrial environments,
because the hydrological cycle on the Earth, and thus freshwater supply, is deeply inter-twined with
the climate system, which in turn is linked with the atmosphere and the ocean.

The changes in climate in recent years have led to growing concerns over the effects of climate
on natural resources and sustainable development. The El Nifio Southern Oscillation phenomena
observed in the Pacific Ocean have had significant impacts on ecology, society and economics. The
current changes in the marine environment and in climatic conditions can be understood through
historical records in corals and sediments. One of the most important parameters in determining the
climate on the Earth is the temperature record of the ocean. It is believed that surface seawater
temperature and its coupling with atmospheric processes is the most important phenomenon in the
long-term climate record. I believe that results obtained using nuclear and isotopic techniques, which
will be presented during this Conference, will further help to understand past climate changes on the
Earth.

The Conference will address many of these and other issues and will provide an important
forum for evaluating the state of the marine and freshwater environments. An ambitious Conference
Programme is before you, and I am sure that you will find it most informative, timely and valuable.
The Conference, with almost 400 participants coming from 78 Member States and 7 international
organizations, I am sure, will lead to a clear vision for further investigations and fruitful international
collaborations. I would look forward to the outcome of your deliberations.

I wish you a successful and enjoyable Conference, and a pleasant stay in Monaco and the Cote
d’Azur.
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R.F.C. Mantoura
Director
International Atomic Energy Agency
Marine Environment Laboratory, Monaco

Monseigneur,

Excellence, Monsieur le Ministre d'Etat,
Monsieur le Directeur Général du CIESM,
Distinguished Guests,

Dear Colleagues,

Ladies and Gentlemen,

Welcome to Monaco and to the International Conference on Isotopes in Environmental Studies
— Aquatic Forum 2004. We are very pleased that almost 400 participants from 78 countries and 7
international organizations gathered in Monaco at the second conference in this series to discuss recent
trends in isotopic environmental studies.

The International Atomic Energy Agency’s Marine Environment Laboratory in Monaco has
been engaged for over 40 years in investigations of radionuclides in the marine environment. The
establishment of the Marine Laboratory in Monaco was triggered in the late fifties by necessity to
investigate the impact of atmospheric nuclear weapons testing on the marine environment. The
Laboratory started its operation in 1961 in the famous Monaco Oceanographic Museum as IAEA’s
International Laboratory of Marine Radioactivity. In 1988 the Laboratory moved to larger, but still
temporary premises in the Monaco Football Stadium and incorporated in its mission non-radioactive
contamination of the marine environment, a fact which was also reflected in 1991 when the
Laboratory changed its name to the Marine Environment Laboratory. In 1998 the Laboratory moved to
the present permanent premises dedicated to marine research at Quai Antoine ler along the Port
Hercule.

Our Laboratory is highly appreciative for over forty years of support provided by the
Government of the Principality of Monaco, and of their growing interest in contamination studies and
preserving the marine environment for future generations, a trend which is also demonstrated by the
generous support the Government has provided for the organisation of this Conference.

From its beginning the Laboratory has been engaged in studying marine processes using
radionuclides as tracers. Actually this line of research started almost simultaneously with the operation
of the Laboratory, as the first pioneering work on application of **Ra as an oceanographic tracer was
published by Koczy in 1958 in the Proceedings of the Geneva Conference on Peaceful Uses of Atomic
Energy. Of course, early investigations were greatly limited by the techniques available for sampling
and analysis of radionuclides in the marine environment. For example, water sampling has evolved
from the simple reversing Nansen bottle to the present robotic systems based on ROVs (Remotely
Operating Vehicles) and AUVs (Autonomous Underwater Vehicles), and other sophisticated sampling
technologies, which use satellite views of sea areas for the optimisation of sampling. Analytical
investigations started with the development of simple radiochemical methods and Geiger gas counters,
but at present they have entered into an age of robotic radiochemical technologies, sophisticated
detectors working on line with powerful computers, often operating underground to improve
sensitivity, and in specific applications such as underwater radionuclide monitoring, operating
continuously with satellite data transmission. Furthermore the philosophy of radionuclide analysis has
dramatically changed from the concept of counting decays to the concept of counting atoms using
highly sensitive mass spectrometers working with low energy ions (e.g. Thermal lonisation Mass
Spectrometry — TIMS, Inductively Coupled Plasma Mass Spectrometry — ICPMS, Resonance



Ionisation Mass Spectrometry (RIMS), or accelerated ions to levels of tens or hundreds of MeV in
Accelerator Mass Spectrometry (AMS) systems. In other aquatic applications, simplistic laboratory
radiotracer experiments with organisms and sediments carried out in small, static aquaria have evolved
into larger, mesocosm studies where the many aquatic variables can be controlled in order to better
simulate the natural environment and generate more realistic results.

This evolution from simple analytical and experimental techniques to the present sophisticated
state-of-the-art technologies has been accompanied by a considerable change in the philosophy of
oceanic research as well. We have moved from single institutional investigations carried out until the
seventies, to global international oceanic projects, represented first by the GEOSECS programme, and
later by the WOCE, the JGOFS and other programmes, including new projects currently under
preparation such as the GEOTRACES. I am pleased to mention that the Monaco Laboratory has also
carried out, in collaboration with over 30 laboratories, a large scale programme called WOMARS —
Worldwide Marine Radioactivity Studies, results of which have recently appeared in a special issue of
Deep Sea Research II. And in collaboration with several Japanese institutes we have just launched a
new project — Southern Hemisphere Ocean Study (SHOTS) which should contribute to better
understanding of circulation processes in the Southern Ocean that play a dominant role in the Earth’s
climate.

Both radioactive and stable isotopes have been used as powerful tools for a better understanding of
processes in the aquatic and terrestrial environments. However, from the hundreds of isotopes
available in nature, only relatively few have been applied in environmental studies because of several
reasons, for example availability of sensitive analytical techniques or lack of appropriate physical half-
lives radiotracers, but more often it is simply due to a lack of new ideas for their utilisation. Therefore,
there is a lot of work in front of us to undertake in order to realise new ideas in isotopic aquatic
research for better understanding and protecting our environment.

This Conference is addressing issues related to both the marine and terrestrial environments,
underscoring the global character of our science that requires regional and international cooperation.
The Conference will therefore provide inputs to Inter-Agency sponsored regional and global
environmental programmes which will improve our collaboration in future. In this respect I am sure
that during the Conference you will have ample opportunity to interact with leading experts in the field
and to discuss future trends in environmental isotopic studies.

Along these lines several specialised workshops will be organised during the Conference,
namely the:

e ATOMS-Med (Atomic Techniques for Observing Marine Systems) workshop — which will
review the present understanding of the Eastern Mediterranean Basin and will prepare a
proposal for a new joint project;

e Research Coordination Meeting of the Coordinated Research Project “Nuclear and Isotopic
Studies of the El Nifio Phenomenon in the Ocean” carried out by the Monaco Laboratory in
collaboration with twelve institutes from Australia, France, Indonesia, Israel, Jordan, Monaco,
New Zealand, Peru and USA;

e Workshop on groundwater-seawater interaction studies in coastal zones, including
presentation of joint results from sampling missions in Sicily and Brazil, obtained in the
framework of the Coordinated Research Project “Nuclear and Isotopic Techniques for the
Characterization of Submarine Groundwater Discharge in Coastal Zones* carried out jointly
by the Monaco Laboratory and the IAEA’s Isotope Hydrology Section, and in cooperation
with UNESCO’s Intergovernmental Oceanographic Commission and the International
Hydrological Programme, as well as ten laboratories in Brazil, France, India, Italy, Japan,
Slovenia, Russian Federation, Turkey and USA;

e  Workshop on underground laboratories organised jointly with the Collaboration of European
Low-level Underground Laboratories (CELLAR).



The Conference also documents the active collaboration of several UN and regional agencies in
the aquatic environmental studies, in that it is organised jointly by the IAEA, the Commission
Internationale pour 1’Exploration Scientifique de la Mer Mediterranee (CIESM), UNESCO’s
Intergovernmental Oceanographic Commission and International Hydrological Programme, and the
UNESCO/IAEA Abdus Salam International Centre for Theoretical Physics. This joint collaboration
confirms that coordinated international efforts are necessary for studying environmental changes,
climate variability and contamination of the aquatic environment which occur on global or regional
scales and having impacts over similar scales. I am pleased that this Conference is co-sponsored by
these organisations and further cooperation of these agencies will undoubtedly help to widen the
impact of our activities and to involve more scientists working in joint, multi-institutional projects.

Finally, I wish you all a scientifically-interesting and rewarding Conference, and a very pleasant
stay in Monaco.
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Interannual to decadal climate variability in the Pacific and Indian
Oceans revealed by isotopic studies of corals

Dunbar, R., D. Fleitmann, D. Mucciarone

Geological and Environmental Sciences,
Stanford University, Stanford CA,
United States of America

Instrumental records of past variability in climatically important regions of the tropical Indian and
Pacific Oceans are relatively scarce and short. Multi-century reconstructions of past climate change in
these areas are now being made available through the isotopic and chemical analysis of coral skeletons
collected from both the surface ocean and deep sea. Here we present a brief synthesis of multi-century
trends in ocean climate as revealed by coral archives. In general, these records are consistent with
century-scale trends towards a warmer tropical ocean with greater near-equatorial rainfall and greater
ENSO variability in more recent decades. Very limited deep sea coral data reveal larger than expected
variability in thermocline conditions during the past several centuries. Sufficient data is now available
to allow comparisons of Pacific ENSO variability with records of the Monsoon from the Pacific Basin
over timescales extending back at least 150 years. The last half of this talk is used to describe a new
synthesis derived from East Africa coral records.

We present a monthly resolution stable isotopic record acquired from several large living coral heads
(Porites) from the Malindi and Watamu Marine Reserves, Kenya (3°S, 40°E). The annual chronology
is precise and is based on exceptionally clear high and low density growth band couplets. The record
extends from 1696 to 1996 A.D., making it the longest coral climate record from the Indian Ocean and
one of the longest available worldwide. We have analyzed the uppermost portion of 8 separate coral
cores. This upper section, used for calibration purposes, provides estimates of signal fidelity and noise
in the climate recording system internal to the colony. Coral §'°0 at this site primarily records SST;
regression of monthly coral 50 vs. SST yields a slope of -0.26%o 8'*0 per °C, and §'*0 explains well
over 50% of the variance in SST. Additional isotopic variability may result from changes in seawater
3'%0 due to local runoff or regional evaporation/precipitation balance, but these changes are likely to
be small because local rainfall §'°O is not strongly depleted relative to seawater and salinity gradients
are small. The coral record indicates a clear warming trend of about 1.5°C that accelerates in the latest
20th century, superimposed on strong decadal variability that persists throughout the record. In fact,
30 values in the 1990s exceed the 300 year envelope (they are lower) and correspond with
apparently unprecedented coral bleaching in coastal East Africa. The decadal component of the
Malindi coral record reflects a regional climate signal spanning much of the western equatorial Indian
Ocean. In general, East African SST and rainfall are better correlated with Pacific ENSO indicators
than with the Indian Monsoon at all periods (inter-annual through multi-decadal) but the correlation
weakens after 1975. One dramatic new result we report here is a strong indication of a major cool and
dry period from 1750-1820 A.D. This is the single largest multi-decadal anomaly of the past 300 years
and correlates perfectly in time with the historically and anecdotally defined Lapanarat Drought. Our
results indicate a strong link between multi-decadal tropical cold SST anomalies and far-reaching
continental droughts in East Africa.

Interannual-decadal SST wvariations are strongly coherent with ENSO indices and other ENSO-
sensitive coral records on decadal and interannual time scales. The decadal component of the Malindi
coral record reflects a regional climate signal spanning much of the western equatorial Indian Ocean.
Previous work has argued that this component likely reflects a monsoonal influence. However,
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decadal variance in both Malindi and Seychelles coral records is more strongly coherent with ENSO
indices than with the India or East Africa rain indices. The coherency of both coral records with
Pacific indicators suggests instead that Indian Ocean variability reflects decadal ENSO-like variability
originating in the Pacific. These records don't correlate significantly with the Pacific Decadal
Oscillation implying a dominant role for the tropical Pacific (as opposed to extra-tropical regions) as a
source of regional decadal variability in the western Indian Ocean. This work confirms that the
tropical Pacific can act as an agent forcing decadal climate variability over a very large spatial scale on
Earth. We conclude by examining the time-varying relationship between ENSO and the monsoons
using available coral records from the Pacific and Indian basins.
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Use of coral skeleton as environmental archives: the biological basis

Allemand, D., C. Ferrier-Pagés, P. Furla, S. Puverel, S. Reynaud, E. Tambutté,
S. Tambutté, D. Zoccola

Centre Scientifique de Monaco,
Monaco

"There has never been any doubt that corals write valuable information into their skeletons it is their
language that has remained blurry and ambiguous" [1].

Paleoceanographers derive information about past environmental conditions from stable isotopes and
other tracer records held with geological structures. The skeletons of hermatypic corals are particularly
useful for high-resolution studies of tropical paleoceanic environments as they provide an unaltered
record of the chemical and physical conditions that existed in the seawater when they were formed.
However, these structures do not result from pure chemical CaCO; precipitation but from highly-
regulated biological activities of living organisms. Indeed, trace elements and isotopes were shown to
vary widely between and within species [2] or to correlate well with coral growth or extension rates
[3]. It was therefore suggested that environmental factors are not completely controlling isotope and
trace element signatures in coral skeletons but that biological factors were also important [4].
Furthermore, most of reef-building corals harbor photosynthetic symbionts which stimulate by an
unknown mechanism coral calcification, a process called light-enhanced calcification. Consequently,
one must consider the effects of these biological activities on the distribution and fractionation of
tracers to make correct inferences on climate at the time of skeleton formation. It is, therefore,
necessary to understand the physiological mechanisms which control both biomineral formation and
carbon supply to the photosynthetic symbiont, called “vital effects”. This paper will present an up-to-
date review of the biological control of the biomineralization process in corals which will allow an
optimization for the use of coral skeletons as environmental archives.

By using the branched scleractinian coral, Stylophora pistillata as a model organism, we have shown
that coral skeleton formation results from two biological processes: regulation of the ion
concentrations at the site of biomineralization and secretion of macromolecules, called organic matrix,
regulating crystallization. Both processes are very rapid and need carrier proteins and various enzymes
mainly located within a thin cell layer surrounding the skeleton, called the calicoblastic epithelium.
Two major enzymes achieving transepithelial calcium transport have already been characterized as
well as some aspects of the sources for carbon supply. Organo-mineral interactions and role of organic
matrix will be also presented.

REFERENCES
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Radiocarbon in corals: a tracer of past changes in the carbon cycle
and climate

Druffel, E.R.M.

University of California,
Irvine, California,
United States of America

Radiocarbon in annual and monthly bands of coralline aragonite reflects the '*C/"*C ratio of the
dissolved inorganic carbon (DIC) in surface ocean water that surrounds the coral. The growth rates of
massive corals vary from 0.4 to 2.5 cm/yr, and many species grow to several meters in diameter.
Therefore, time histories of radiocarbon can be reconstructed for periods of several centuries from
corals that grew in tropical and subtropical locations (30N to 30S). Radiocarbon in the surface ocean
is controlled mainly by physical processes such as upwelling and lateral transport, which are in turn
controlled by climatic variables such as wind speed. Thus, past records of climate are obtained from
high precision radiocarbon measurements of banded corals. Radiocarbon time histories for the Pacific
and Atlantic Oceans reveal interannual, decadal and centennial variability of past climate.

The exchange rate of CO, between the atmosphere and surface ocean (90 Gt C/yr) is large compared
to the net transport of anthropogenic CO; into the ocean (~2 Gt C/yr [1]). About one-third of this net
CO; emission is centered in the mid- and eastern tropical Pacific due to enhanced upwelling of
subsurface waters that contain high pCO, values. Thus, variability of the upwelling rate in this region
of the world ocean could significantly change the net transport of anthropogenic CO, into the ocean.

Changes observed in surface ocean radiocarbon during the past few centuries will be evaluated in term
of their implications for past changes in the carbon cycle.

REFERENCES
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Holocene climate variability along the Antarctic Peninsula and
linkage with a terrestrial paleoclimate record from South America
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The Antarctic Peninsula is highly sensitive to climate change and is currently experiencing rapid and
unusual warming. Here we examine Holocene variability as seen in a multi-tracer stable isotopic study
using a 50 m sedimentary section spanning the past 12,000 years from the wqest coast of the Antarctic
Peninsula. In our synthesis, we make use of the Palmer Deep ODP site 1098 drill core. These
sediments comprise the first high resolution, continuous, Late Pleistocene through Holocene sediment
record from the Antarctic continental margin. We analyzed biogenic opal, organic C and N
concentrations, and “C/"”C and ""N/'*N isotopic ratios of sedimentary organic matter every 2.5 cm
downcore (1600 samples, sample interval of about 7 years). We interpret the main changes in these
downcore parameters as indicating substantial variability in productivity. We note that 1) that the
lowest productivity of the Holocene occurred during the past 1.5 kyrs BP, 2) Holocene variability in
productivity is large, about a factor of 3, 3) A mid-Holocene productivity maximum is coeval with
many mid- and low-latitude Holocene paleoclimate records, and 4) evidence is strong for solar forcing
via both total irradiance and precessional effects. Given the modern link between sea ice and net
annual primary production along the Antarctic margin, it seems likely that episodes of enhanced
productivity, both during the middle Holocene and during centennial productivity peaks were
associated with reduced ice cover. We explore several mechanisms by which sea ice cover might
respond in an fashion consistent with our observations: 1) reduced westerly winds (less evaporative
cooling), 2) South Pacific gyre spin-up (less pole-equator T contrast), 3) more local warm deep water
upwelling. It is possible that the basic ENSO dynamic we know from studies of interannual variability
in the tropical and North Pacific also regulates climate change at decadal to millennial timescales in
the South Pacific. In this regard, we note that the strongest Southern Oscillation atmospheric pressure
anomaly in the Southern Ocean is in the Bellingshausen/Amundsen seas, upwind from our Antarctic
Peninsula study site. We see temporal coherence between a rapid mid-Holocene excursion at site 1098
and a similarly rapid 85 m lowering of the level of Lake Titicaca, at 14°S in the South American
Altiplano, again suggestive of a Pacific Ocean control. Comparison with other Antarctic margin

13
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paleoclimate records from East Antarctica and the Ross Sea as well as with terrestrial records from
Australia and New Zealand generally shows heterogeneity across longitudes and coherence across
latitudes. However, convincing conclusions along these lines are still difficult because of problems in
comparing chronologies at sub-millennial timescales between marine records, ice cores, and terrestrial
records.

14
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High-resolution bomb pulse radiocarbon records from corals,
spanning the Central and Southeastern Pacific Ocean

Warren Beck, J.*, T. Correge”, G. Burr®
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Pacific ocean radiocarbon levels have significantly increased during the last half century as a result of
atmospheric nuclear testing, mainly in the 1950s and 1960s. Ambient oceanic radiocarbon levels are
recorded in corals living in the surface mixed layer. Several high resolution coral radiocarbon records
are presented from the central and eastern south Pacific Ocean, spanning Christmas Island (2°N,
157°W), the Marquesas (8°S, 140°W), and Easter Island (27°S, 109°W). These three records span the
bomb-pulse period, at a typical resolution of approximately 3-6 samples per year.

The Record from Christmas Island shows large inter-annual variability whose variations strongly
correlate with ENSO. This correlation is due in part to horizontal advection of surface waters in the
equatorial Pacific, but is also controlled by variable vertical fluxes of radiocarbon depleted waters
entering the mixed layer from the thermocline. Thus, this radiocarbon record may be used as a proxy
for ENSO timing and intensity. The Marquisas record shows less interannual variability, though this
record is at lower resolution. The Easter Island record shows the least amount of interannual
variability. The total amplitude of the bomb pulse is largest at Easter Island (~225 %o), intermediate at
Christmas Island (~175%o), and lowest at the Marquesas (~155%o). As expected, Pre-bomb pulse
radiocarbon levels were lowest near the equator (Christmas at ~-65%o) due to the influence of
radiocarbon—depleted waters upwelled from the thermocline, and highest at Easter Island (~-43%o),
which is close to the center of surface convergence in the southern hemisphere sub-tropical gyre.
Radiocarbon levels reached nearly +200%o at the peak of the bomb pulse at Easter Island, but only
achieved levels of ~90%o at the Marquesas, and ~110%o at Christmas Island.
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Glacial climate transitions in the Southern Hemisphere - new insights
from cosmogenic '*Be in rocks and '*C in tree-rings

Fink, D.

ANSTO Environment,
Menai, NSW,
Australia

The study of global climate change recorded and archived in corals, tree-rings, glacial deposits, ocean
sediments and ice cores reveals a complex scale of variations ranging from major glacial cycles
(100,000 years), millennial (1,000 years) timescales and even decadal changes (ie ENSO). ‘Global
patterns’ of climate cycles are inferred principally from Northern Hemisphere records and modelling
approaches. For the major glacial-interglacial cycles this seems to be reliable — however data is now
emerging that on the millennial scale of climate change particularly over the Last Glacial-Interglacial
Transition (20,000 to 10,000 years ago) and through the Holocene, things are not so simple, let alone
‘global’. Critical questions are now being asked as to the synchronicity, intensity and mode of abrupt
climate patterns across Earth’s hemispheres. However, with a paucity of Southern Hemisphere studies,
answers are not readily available.

Long-lived cosmogenic radioisotopes, such as '’Be, '*C, *°Al and **Cl, are produced by cosmic ray
bombardment of Earth’s atmosphere and lithosphere. The measurement by Accelerator Mass
Spectrometry of concentration profiles of these radioactive ‘clocks’ and ‘tracers‘ in climate archives is
emerging as key parameters to provide the essential chronological frameworks and rates of climate
processes to address these vexing questions.

This talk will present 2 examples of cosmogenic isotopes in the study of Southern Hemisphere climate
change records. The first relates to application of in-situ produced ''Be and *°Al in glacially
transported surface rocks to determine the chronology of glacial cycles in Tasmania and New Zealand
during the last deglaciation. The Younger Dryas (YD) is a major short term and intense climatic
reversal towards colder temperatures occurring between 11,500-12,800 cal year BP superimposed on
the last deglaciation. Its presence has now been identified in most, if not all, of the northern
hemisphere archives of late Quaternary climate change. Recently, investigations have centered on
searching for a cooling reversal coeval with the YD chronozone in Southern Hemisphere archives. The
implications of such an appraisal are significant as a positive outcome directly supports the presence
of a global triggering mechanism coupled with climate change synchronicity across the equator.

The second deals with a detailed comparison in the variations of atmospheric radiocarbon recorded in
tropical tree rings from Thailand to that in mid-latitude Huon Pine tree-rings from Tasmania during
the Little Ice Age (LIA) from ~1600-1800 AD. Such a study allows a better understanding of the
mechanisms that control regional '*C atmospheric concentration offsets in terms of atmospheric
mixing and the role of the Asian monsoon during periods of known Northern Hemisphere climate
cooling such as occurred in the LIA.
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Century-to-decade scale modulation of ENSO Recorded by postglacial
laminated sediments from the Peru continental margin
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Cores collected from three sites on the continental margin of Peru during ODP Leg 201 recovered >5
m of LGM-recent sediment. At Site 1227 Holocene sediments are absent, but a well preserved early
last glacial-interglacial transition (LGIT) section spanning ~17,200-15,900 cal yrBP is present. The
sediments are predominantly diatomaceous oozes with subtle dark and light laminations which may be
annual in origin. The chronology of drill-core at this site is well-constrained by five bulk sediment '*C
dates that define a linear sedimentation rate of ~270 cm/ka [1].

In contrast, Holocene sediments are well-represented at Sites 1228 and 1229. Sedimentation rates over
this period suggest the Holocene can be subdivided into two regimes. The older period spans the early
and middle Holocene (~10,000 yrBP to ~2,800 yrBP) during which time the sedimentation rate was
relatively slow at 4-6 cm/ka. However, we cannot exclude the possibility of unconformities in this part
of the stratigraphic section, and this rate should therefore be considered a minimum. From ~2,800
yrBP to the present day, the chronology at both sites is well defined by multiple '*C ages that allow us
to confidently define linear sedimentation rates of 70-100 cm/ka [1]. At both sites, the late Holocene
appears to be stratigraphically complete.

In order to investigate an El Nino origin for the laminae on this part of the Peru shelf, we have
undertaken two independent lines of study. First, high-resolution (0.1 mm per pixel) scanned colour
images were analysed for all of the cores. For the early LGIT and the late Holocene, the chronological
model indicates that sub-annual layers can be resolved, where present. Accordingly, we have used the
red colour intensity band from the scanned images to carry out time series analysis of ENSO-band (2-8
year) variability. Analysis of Hole 1228B shows two cyclicity peaks in the ENSO band over the past
10 ka. One of these, at a peak period of 5.3 yr, dominates over the last 3 ka, with the overall Holocene
pattern very similar to that shown by Rodbell et al. [2], Moy et al. [3], and Riedinger et al. [4]. In
contrast, spectral analysis of ENSO band data from Hole 1227B, shows a strong decadal variance
peaking at 16.5 and 22.5 yr and only weak variance in the ENSO band (4.7 yr). In addition, there is a
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well-developed oscillation in the variance of these data with cyclicity of about 110 yr which we
believe is similar to that proposed by [5].

We have sought to test that the laminations do indeed contain a climate signal by undertaking several
geochemical and mineralogical studies. The sediments are dominantly diatomaceous oozes, but
contain other minor components, including terrigenous sediment and organic matter. We analysed
5"°C of bulk organic matter, 3'°0 of planktonic foraminifer tests, organic carbon content, carbonate
content, and terrigenous sediment (quartz/feldspar) percentages of representative dark and light
laminae in upper part of Hole 1227B. Our hypothesis is that EI Nino events will produce warmer and
wetter conditions (lower foraminiferal '°0) and increased terrestrial sediment input (increased quartz
and feldspar and lower 8"°C of organic matter). At the same time, the bulk organic carbon and
carbonate data will reflect a decline in water-column productivity driven by the suppression of
upwelled nutrients during El Nifio events. Taken together, our preliminary analyses indicate that the
dark laminae represent periods of warmer sea surface temperatures and increased terrestrial runoff
associated with El Nino events.

Independent time series and geochemical analysis of LGM-Holocene sediments from the Peru
continental margin indicate the presence of an El Nino/La Nina climate signal preserved in alternating
dark and light laminae. Time-series analysis of long (>1000 yr), stratigraphically continuous
sequences from the late Holocene and the early LGIT reveal decadal (~15-20 yr) and century (~110
yr) scale modulation of ENSO climate variability.

We would like to thank Dennis Mather and the staff at The Australian Institute of Nuclear Science and
Engineering (AINSE) for grants supporting radiocarbon dating in this project (Nos 02/169 & 04/139),
and the Australian ODP Office for their assistance in providing funds for collection and analysis of
material.
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The stable carbon isotopic composition of the planktonic foraminifera Globigerinoides sacculifer and
Globigerinoides rubber (white) and sedimentary organic matter from the northern Gulf of Aqaba have
been investigated to estimate changes in del *Cpc in surface waters during the last 1000 years. The
high sedimentation rates at the core sites (about 50 cm/k.y.) provide high temporal resolution (10
years). Recent sediments at the top of the cores reflect conditions younger than 1950s.

The del”C records of the planktonic foraminifera from three multicores display similar trends,
showing a uniform and consistent pattern before the 1750s, and a gradual decrease of approximately
0.63%o over the last two centuries (Fig. 1). This decrease seems to track the decrease of del’Cpyc in
surface waters, which is mainly caused by the increase of anthropogenic input of *C-depleted CO,
into the atmosphere [1].

Similarly, a trend toward lighter values of the carbon isotopic composition of sedimentary organic
matter (delSBCmg) during the last 200 years supports the interpretation obtained from the planktonic
foraminiferal del"*C. Furthermore, direct measurements of seawater show that 8"°C of the dissolved
inorganic carbon (DIC) in the northern Gulf of Agaba has decreased by about 0.44%o during the period
1979-2000. The average annual decrease is 0.021%o, which is similar to that recorded globally [2, 3].

The 8"C values of planktonic foraminifera combined with organic matter 3"°C from marine sediments
are good indicators for reconstructing past changes in atmospheric CO, concentrations from the
northern Gulf of Agaba.
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FIG. 1. Stable carbon isotope composition (del”>C) of the planktonic foraminifera G. sacculifer and
G. ruber, over the last 1000 years from three multicores (GeoB 5810-3, GeoB 5807-2 and GeoB
58013) collected in the northern Gulf of Aqaba, Red Sea. The arrows represent the calibrated "'C

radiocarbon age positions. The grey bar indicates the transition zone between the pre-industrial and
industrial periods.
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We have used a unique coral culture procedure, which allows the manipulation of seawater
temperature and pCO,, in order to assess the effects of these variables on the uptake and fractionation
of boron isotopes in corals. Corals are important archives for geochemical proxies such as oxygen (O)
and carbon (C) isotopes, trace elements, and more recently, boron isotopes. Boron isotope uptake in
carbonates is controlled primarily by pH. Since a decrease in ocean pH can be interpreted as an
increase in pCO,, several studies sought to apply the boron isotope paleo-pH proxy to determinations
of past atmospheric CO,. Corals should provide an ideal material for recording the paleo-pH of surface
water. As with any promising new proxy, it is necessary to understand the controls on boron uptake.

We cultured nubbins of a branching scleractinian coral Acropora sp, using a single mother-colony. 4
conditions have been simulated: 430 patm-25.3°C (referred as “normal pCO,, normal temperature”),
446 patm-28.2°C (“normal pCO,, high temperature”), 712 patm-25.1°C (“high pCO,, normal
temperature”) and 738 patm-28.3°C (“high pCO,, high temperature”). The light level used in our
experiment corresponds to in situ light levels measured at 5-6 meters depth with a 12:12 photoperiod.
The pH in seawater is a function of total alkalinity (74) and CO, concentration. Since the seawater
used in this experiment had a known and constant 74 (2.604 + 0.004 meq kg™), we only changed the
seawater pH to get a fixed value of pCO,. The regulation obtained during this experiment mimicked
the shift in pCO, that would occur within one century.

Multiple analyses of the boron isotopic composition (2-7 replicates per sample) were performed in
order to ensure accurate results. External reproducibility is typically better than £+ 0.5 per mil (2 SD).
In this experiment we did not measure the boron isotopic composition of the Mediterranean seawater
since it has been shown that it is constant, and equal to 40.26%.. The external precision carbon
isotopes from aragonite, estimated using an internal standard, is 0.22%o. (2 SD). The internal
reproducibility of the mass spectrometer was 0.1%o. The reproducibility of carbon isotope
measurements from seawater was + 0.14%o (2SD).
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Our results indicate that 3''B in corals is primarily driven by changes in seawater pH and is not
affected by temperature. For corals cultured at “normal pCO,”, the 8''B of the skeleton is 24.0 = 0.2%o
at 25°C and 23.9 + 0.3%o at 28°C. The values of 3''B measured for corals cultured at higher pCO,
were lower: 22.5 £ 0.1%o and 22.8 + 0.1%o at 25 and 28°C, respectively. The 8"°C values of the
skeleton are also a function of the pCO, treatment. Corals exposed to normal pCO, exhibit higher §"°C
values (—2.81 + 0.13 and —2.75 £ 0.16%o, respectively for normal and high temperature) than corals
exposed to high pCO, (4.21 £ 0.17 and -4.14 + 0.14%o, respectively for normal and high
temperature). We observed a positive 8"°C -8''B correlation in the samples.

Interpretations presented here and in other studies using boron isotopes depend on knowing the pK
value for the distribution of the aqueous boron species, and the & value for the isotopic offset between
the two aqueous boron species. These issues do not affect our interpretation of the data. Our major
conclusion indicates a lack of buffering by the coral. Although competing effects of respiration,
photosynthesis, and carbonate ion effect could make the interpretation of the 8"°C-3''B co-variation
difficult, this experiment should allow the use of corals for studying past changes in ocean chemistry.
Changes in pH of surface ocean water that result from changes in atmospheric pCO, can be recorded
in corals.

Our data on the boron isotope composition of cultured coral samples are consistent with the
interpretation that corals do not significantly alter ambient seawater. It is remarkable that the measured
values are close to theoretical predictions. Further, we have found that the boron isotopic composition
of corals is not temperature dependent over the temperature range corals typically grow.
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Benthic foraminiferal samples were obtained from 1620 ft to 3270 ft from unwashed cuttings obtained
from the South Tano field, offshore Ghana, and were used to predict Paleogene climate and primary
productivity of the Eastern Central Atlantic using the Analytical Precision 2003 mass spectrometer.

Samples of epifaunal benthic foraminifera of and Lenticulina spp and Eponides spp for the Upper
Paleocene and Lower to Middle Eocene respectively, served as principal sources of biogenic carbonate
for the determination of 80 and §"C of their host water. Average 5'°0 values of -1.55%o, -3.01%o
and -1.77%o, were recorded for the Late Paleocene, Early Eocene and Middle Eocene, respectively,
while average paleoprimary productivity levels inferred from 8" C values of -2.30%o, -8.71%o and -
6.42%0, were recorded for the Late Paleocene, Early Eocene and Middle Eocene, respectively.
Average paleotemperatures inferred from §'°0 of 23.20°C, 29.17°C and 24.10°C were obtained for the
Late Paleocene, Early Eocene and Middle Eocene, respectively

The highest paleotemperature of 36.69°C was recorded at 2310 ft in the Early Eocene while the lowest
paleotemperature of 15.64°C at 1860 ft was recorded in the Middle Eocene. The highest paleoprimary
productivity level of -1.13%. was recorded at 3270 ft in the Late Paleocene and the lowest
paleoprimary productivity level of -11.83%o was recorded at 1830 ft in the Middle Eocene .

The studies indicate that the Early Eocene was the warmest, least productive and least oxygenated
while the Late Paleocene showed optimum oxygen and climate conditions with the highest primary
productivity levels. Low circulation system in the Early Eocene could account for low primary
productivity levels from the highest temperature range and least oxygenation.

The Early and Middle Eocene were generally warmer than the Late Paleocene, however, two
bioevents which occurred in both the Early and Middle Eocene indicate glacial conditions within this
interglacial interval. These two “Ice ages” were marked by the highest oxygen levels (between 0.4%o
and -0.5%o) corresponding with the lowest primary productivity levels (between -11.40%o to -11.90%0)
and associated least temperatures below 20°C to 15°C.
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Paleoclimate and paleoprimary productivity of the Eastern Central Atlantic during the Paleogene were
poorly correlated. However a regression model of the second order polynomial predicted the
paleoclimate and paleoprimary productivity of the Eastern Central Atlantic during the Paleogene at
64.96% coefficient of determination.

y = -0.0879x> + 4.5696x - 62.511
R? = 0.6496

¢ PT-PPP — Poly. (PT-PPP)

FIG. 1. Regression model for paleotemperatures and paleoprimary productivity levels.
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For predicting the climate change in the near future we have to understand the climate changes that
happened in the past. Several methods and tools have been developed or are under development for
palacoclimate reconstruction — among them environmental isotopes play an outstanding part —, but
none of them can reveal perfectly the past changes in the climate.

One of the most classical method is the utilization of the isotopic composition of ice sheets where the
ice formation is continuous, e.g. on Greenland [1] or Antarctica [2]. Ice formation takes place in rock
caves as well, where usually not the whole year precipitation is represented in the ice, and in this way
the ice formation and its isotope composition is very sensitive for the climate change. So far little
research has been devoted to the role of cave ice in palacoclimatology. Yonge and MacDonald [3]
found that ice caves in permafrost and non-permafrost zones behave quite differently, so the relation
between the stable isotope composition of cave ice layers and climate parameters should be studied in
different climate zones.

Perennial ice block of about 14 meter vertical thickness and estimated volume of 12 000 m’, including
subfossil wood, can be found in the Focul Viu Ice Cave, Bihor Mountains, Romania at 1120 m
elevation a.s.l. on a karstic highland under temperate climate. The annual mean temperature of the
highland area is about 7°C. The cave ice forms mainly from drip water in springtime, when the
temperature of the ice and the rock wall is below freezing point in the cave and over freezing point on
surface.

Using a manual corer cca. 7 m long ice core was taken from the ice block situated in the main hall of
the cave, from which more than 150 3'*0 measurements were made representing different increments.
Near-surface samples were taken from the upper surface and the side wall of the ice block for tritium,
30 and 8D measurements. The tritium content indicates 1.9 cm/year short-term growth rate for the
ice, while the long-term growth rate based on radiocarbon ages of two wood samples from the ice
block at 6.7 m and 11.1 m depth is 0.85 cm/year. Long-term growth rate include periods when the ice
“growth-melt” balance was zero or negative.
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FIG. 1. The 0D-5"°0 diagram showing the “ice water line of the Focul Viu Ice Cave” (FVIC), the
“ground water line of the Carpathian Basin” (CGWL), and the “global meteoric water line”
(GMWL).

The §'°0 values along the vertical section varies between -8.19%o and -12.3%0 vs. VSMOW. If we
accept the observation made by Yonge et al. [4] that the 5'°0 value of seepage water in caves is
usually the same as the annual mean §'*0 value of the local precipitation and does not show seasonal
variation to be right for the Focul Viu Ice Cave, then the above 8'*0 variation indicates about 9 °C
difference between the minimum and maximum annual mean surface air temperatures during the
period represented (about 850 years) by the ice core studied.

The average d-excess of the cave ice is 15.7%o, which indicates that either the Mediterranean or the
continental component of the local precipitation is considerable. This is well demonstrated by the
relative position of the water line of the cave ice in comparison to the groundwater line of the
Carpathian Basin and the global meteoric water line on Fig. 1.
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Sediment Core MD02-2529 (08°12.5' N, 84° 07.5' W, 1619 m) was retrieved on the Cocos Ridge
during IMAGES VIII MONA cruise [1]. The rather shallow depth of the core (1619 m) results in
better preservation of planktic foraminifers and coccoliths, especially during glacial stages and
terminations, than generally found in the Equatorial Pacific. This provides us with the material for
detailed stable isotope and micropaleontological study. On the other hand, the site is located below
the Costa Rica dome. In this area the thermocline depth and related upwelling are strongly influenced
by the ITCZ meridional migrations and by the ENSO dynamics. The northernmost ITCZ position in
the summer produces a cyclonic activity off Costa Rica inducing a dome like structure of the
thermocline which shoals significantly. During El Nino years, the thermocline is deep, inducing a
strong decrease of the oceanic primary production. Therefore, the studied core is ideally located to
monitor past variations of ITCZ migration and ENSO dynamics in the Eastern Equatorial Pacific. We
analyzed planktic foraminifers and coccolithophores assemblages, oxygen and carbon isotope ratio of
planktic (Globigerinoides ruber and Neogloboquadrina dutertrei) and benthic (Cibicidoides
wuellerstorfi) foraminifers, grain size distribution and several dissolution indexes. The obtained
oxygen isotope stratigraphy allow us to distinguish five oxygen-isotope stages (MIS 1-5, according to
standard abbreviation) in the upper 15 m of the core, and to estimate a mean sedimentation rate of
about 13cm/1000years. The amplitude of glacial to interglacial variability between MIS 2 and 1 for
the surface-dwelling G. ruber reaches 2%o.

Quantitative study of planktic foraminifers and coccolithophores demonstrates pronounced temporal
variability. Glacial planktic foraminiferal assemblages differ significantly from those during
interglacials by lower content of warm-water surface-dwelling foraminifers and enhanced content of
so-called upwelling species (previously investigated in the Oman upwelling in particular by [3]). The
presence of deep-dwelling Globorotalia inflata, a common species of Recent assemblages in the
eastern margins of subtropical gyres, may point to advection of cooler waters during MIS 2. These
features of foraminiferal assemblages are in line with glacial to interglacial seasonal and mean-annual
sea-surface temperature variations of 2-4°C estimated by modern analogue technique.

The end of MIS 2 is characterized by an increased preservation of calcareous microfossils, followed
by enhanced dissolution from the end of Termination I to Holocene. In the coccolith assemblages, the
relative abundance of the deep photic zone species Florisphaera profunda varies significantly. The
species considered as a low-productivity indicator, in particular in low-latitude Indo-Pacific [2]
demonstrates lowest values, i.e. points to higher productivity in MIS 6, late MIS 2 and Termination I.
This finding is corroborated by an increased abundance of planktic and benthic foraminifers during the
late MIS 2, and enhanced content of Globorotalita glutinata associated with relatively low value of G.
ruber during the Termination 1. The first of two species is known to prey mainly on fresh organic
matter while the second is frequent in oligotrophic waters. Changes in subsurface water structure are
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studied by considering the oxygen isotope gradient between surface-dwelling G. ruber and
thermocline-dwelling N. dutertrei records in order to explore regional paleoceanographic variability
versus global forcing. Enhanced marine productivity at the end of MIS2 and at the beginning of
Terminaton I can be explained by changes in the wind stress and ITCZ migration. It also implies
stronger La Nina’s and weaker or less frequent El Nino’s during the glacials of the last climatic cycle.
Moreover, the Costa Rica Dome pattern seems to be generally opposite to areas under the influence of
the California current over the same time period.
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In this paper, we present a multidisciplinary study of four sediment cores from lakes Puyehue (PU)
and Icalma (ICA) aiming at 1) assessing the rhythm of sedimentation and 2) evidencing and
calibrating the fingerprint of most important geodynamic events historically known in the surrounding
area. This study was the very first step of a currently running multidisciplinary study of holocene-long
cores taken on the studied sites during the 2002 “ENSO Chile” survey. Two short cores were taken in
each lake, one directly submitted to flood input from the main tributary (PU-I and ICA-II) and one
located in a more distal sedimentary environment (PU-II and ICA-I).

The establishment of age-depth relationship was made particularly hard by the intense volcanic and
seismic activity affecting the studied area - one of the most tectonically active in the world - and was
only made possible through the crossing of a wide panel of chronological indicators. Our approach
hence couples radiometric and sedimentological investigations allowing both to wisely interpret the
radiometric profiles and in turn to refine the age-depth relationship through the recognition of
historically-known events. It consists first in the recognition of potential ‘instantaneous deposits’
thought to be responsible of major disturbances of the radionuclide profiles [1]. Subsequently the
triggering mechanisms of these levels (i.e., earthquake, volcanic eruption or flood event) is
sedimentologically determined. Following [1], and once their ‘instantaneity’ is established, the
particular levels are removed from the radionuclide profiles in order to reconstruct the undisturbed
evolution of '°Pb as a function of continuously deposited sediment thickness (Fig. 1). Thereafter, both
CFCS and CRS *'°Pb dating models were applied to the reconstructed profiles and the position of the
maximum activity of artificial *’Cs and **'Am was noted, establishing thus independent radionuclide
chronologies (Fig. 2). Once dated, the age of instantaneous sediment deposits were confronted to the
age of main events susceptible to have triggered them. Particular attention was then paid to the main
tectonic manifestations, such as the huge earthquake which hit the surrounding region of Valdivia
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(including Lake Puyehue) in 1960 and whose magnitude of 9.5 is the strongest ever recorded in the
world. When it was possible - i.e., in core PU-II - varve-counting was performed on embedded thin
sections [2], providing an annually-resolved control on radiometric chronologies.

After crossing the whole set of chronological information in both lakes, it appears that, amongst the
four studied cores, only two (ICA-II and PU-II) were accurately dateable through *'°Pb method
whereas three ones yield valuable information from the artificial radionuclides *’Cs and/or **' Am.
This points the difficult use of *'’Pb geochronology in such a disturbed geological setting and
emphasizes the absolute necessity of independent control on this kind of geochronological tool.
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During the 1990s an unprecedented number of oceanic radiocarbon measurements were made as part
of the World Ocean Circulation Experiment (WOCE). The samples were analyzed using both large
volume beta counting and small volume accelerator mass spectrometry. The number of WOCE
radiocarbon samples is approximately 10 times larger than measured during the GEOSECS survey in
the 1970s. A new technique was developed to separate the natural and bomb produced radiocarbon
components. This procedure is based on the strong linear correlation between radiocarbon and
potential alkalinity that is found in intermediate to abyssal waters worldwide. The primary benefit of
the potential alkalinity separation method over the previously used silicate method is that it is
applicable at all latitudes.

While still sparse relative to hydrographic or nutrient measurements, the new data are sufficient to
produce three dimensional objective maps. These maps confirm the major GEOSECS findings, but
add considerable detail. As an example, in the deep Pacific the northward abyssal flow is clearly
defined as a western boundary current which flows adjacent to the island arc system while the return
southward deepwater flow at approximately 2500 m is broad and appears to divide into two tongues in
the southern hemisphere. Global integration of the natural radiocarbon yields an inventory of 1.8 x
10*° atoms with an uncertainty of approximately 15%.

At the time of GEOSECS, the measured and bomb radiocarbon signals were always highest at the
ocean surface. While this was generally true for WOCE, some regions of the Pacific and Indian
Oceans showed highest concentrations below the surface in the upper thermocline. This change is due
to a decrease in the atmospheric source combined with mixing and upper ocean circulation. In general
the radiocarbon penetration depth increased, however the change is relatively subtle for most regions.
In the Atlantic, a small increase was found in North Atlantic Deep Water as far south as the Lesser
Antilles (15°N latitude).

Global integration of the bomb radiocarbon gives an inventory of 3.1 x 10*® atoms. This total is only
marginally higher than earlier estimates using the GEOSECS data. Modeling results imply that the
earlier inventory calculations were high by approximately 25%. Since the earlier measurements were
of the same quality as the WOCE data, this implies that the earlier inventory estimates were biased
simply due to a lack of data. The new inventory estimate is consistent with estimates based on
atmospheric models and measurements. The highest column inventories are found in the North
Atlantic, but high inventories are also found near the formation regions for North Pacific Intermediate
Water and in the southern hemisphere associated subduction of Antarctic Intermediate Water and
Subpolar Mode Water (Figure 1). Changes in these southern water masses can be traced on isopycnal
surfaces almost to the Equator.
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FIG. 1. Bomb C-14 inventory based on GEOSECS and WOCE data. Highest inventories are observed
in the North Atlantic, in the regions of formation of North Pacific Intermediate Water and in the
southern hemisphere. See ANNEX I, p. 659 for colour version of figure.
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Tritium is a well-studied tracer for processes in the hydrosphere, including the oceans, continental
surface waters and groundwater. The main portion of the tritium signals observed in the modern
environment is due to its production during nuclear weapons tests, most of which were conducted in
the 1950s and early 1960s. Most of the so-called bomb tritium was produced in the northern
hemisphere resulting in a large north/south gradient in the oceanic trititum concentrations. This
asymmetric oceanic tritium distribution with very low concentrations in the Southern Ocean requires
trittum measurements in the mTU range to achieve sufficient resolution for application of tritium as
tracer. Such low detection limits can only be achieved through mass spectrometric measurements of
tritium by the *He ingrowth method.

Over the past two decades high-precision tritium measurements based on the *He ingrowth method
were obtained from several sections in the Southern Ocean. Most of the sections are located in the
Atlantic sector (Weddell Sea). The sections show that the surface waters in the Southern Ocean near
the Antarctic continents are only ca. 100 mTU (0.1 TU). The deep waters have varying concentrations
reaching from the detection limit of ca. 5 mTU to ca. 80 mTU in bottom waters near the formation
arecas of new Antarctic Bottom Water. The surface concentrations increase towards the north to
concentrations of several hundred mTU.

We present distributions of tritium in the Southern Ocean and discuss the information that can be
derived from them with respect to formation, circulation and mean residence of major water masses in
the Southern Ocean. The interpretation is based on analysis of the tritium sections in the context of
hydrographic properties, as well as on simple time-dependent mass balances or box models.
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Abstract. Sources of anthropogenic *H, *°Sr, "*’Cs and ****°Pu in the Atlantic Ocean, their concentrations in
surface waters for the periods of 1991-1995 and 1996-2000, and average concentrations for 2000 are presented
and discussed. The highest radionuclide concentrations have been observed in the Irish Sea due to discharges
from the Sellafield reprocessing facility, and in the Baltic Sea due to the Chernobyl accident. The obtained
results represent the most complete dataset on levels of radionuclides in the Atlantic Ocean surface waters. They
can be used as the reference source so that any further contributions from nuclear reprocessing plants,
radioactive waste dumping sites, nuclear bomb test sites and possible nuclear accidents can be identified.
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1. Introduction
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The TAEA-MEL’s Radiometrics Laboratory in Monaco, in collaboration with several marine
institutes, carried out in 1994 — 2003 a research project on Worldwide Marine Radioactivity Studies
(WOMARS), with the primary objective to develop an understanding of the present open ocean
distribution of anthropogenic radionuclides in the water column and sediment [1].

The programme was designed with the intention of reviewing the sources which have introduced
anthropogenic radionuclides to the world's oceans, and contributing to scientific knowledge of the
processes which affect radionuclide distributions. Four anthropogenic radionuclides - H, Psr, ¥Cs
and *****Pu have been chosen as the most representative of anthropogenic radioactivity in the marine

environment.

The radioactive contamination of the Atlantic Ocean originates from three main sources: (i) global
fallout, due to nuclear weapons testing in the atmosphere (1945 — 1980), which represents a dominant
source on the global scale; (ii) nuclear reprocessing in western Europe notably Sellafield in the UK
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FIG. 1.°H, *’Sr, "’Cs (all in mBq/L) and *****"Pu (in uBq/L) in surface waters in the latitudinal boxes
of the Atlantic Ocean (1991-1995), decay-corrected to 01.01.2000 (the number of results is given in
parentheses,; dots represent the sampling sites).
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FIG. 2.°H, °Sr, "’ Cs (all in mBq/L) and *****°Pu (in uBq/L) in surface waters in the latitudinal boxes
of the Atlantic Ocean (1996-2000), decay-corrected to 01.01.2000 (the number of results is given in
parentheses, dots represent the sampling sites).

and Cap de la Hague in France (the maximum discharges to the sea took place from 1970 to 1985);
and (iii) the Chernobyl accident in the Ukraine in 1986. In contrast to the Pacific Ocean [2], the
Atlantic has not received local fallout from nuclear weapons testing to any significant extent.

In addition to these sources, nuclear power stations, fuel production facilities, nuclear research
facilities, and dumping of low-level radioactive waste in the deep NE Atlantic Ocean may contribute
to the contamination of the immediate environment. The discharges or releases from these sources are
not detectable in the open marine environment.

In the Arctic Ocean additional potential sources exist, such as dumped radioactive waste in the Kara
and Barents Seas, discharges by Ob and Yenisey rivers, discharges from nuclear activities on the Kola
peninsula, the sunken nuclear submarine "Komsomolets", and plutonium contamination at the Thule
(Greenland) accident site.

Due to the inputs from reprocessing and Chernobyl, the NE Atlantic shows higher concentrations of
anthropogenic radionuclides than any other part of the world ocean. Furthermore the variation in
radionuclide concentrations is higher than seen elsewhere. This should be taken into account when
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quoting average radionuclide concentrations in marginal seas such as the Baltic Sea, the Black Sea, the
North Sea, and especially, the Irish Sea.

2. Results and discussion

The Atlantic Ocean with marginal seas was divided into boxes (Fig. 1) in which average radionuclide
concentrations in surface waters were were estimated using data stored in the IAEA’s Global Marine
Radioactivity Database (GLOMARD) [3, 4].

The maps of the distributions and average concentrations for *H, *Sr, "*’Cs and *****Pu in Atlantic
surface water for the period 1991-1995 and 1996-2000 are shown in Figs. 1 and 2, respectively. The
radionuclide data were decay corrected (except for ****°Pu) to 01. 01. 2000. Unfortunately, for the
south Atlantic Ocean, the radionuclide data are very sparse, therefore a proper evaluation has not been
possible. All radionuclide data show a latitudinal effect in their distribution, with growing
concentrations from the south to the north.

*H concentrations varied from ~70 mBq/L in the South Atlantic to ~350 mBg/L in the Barents Sea.
The average *H concentration in the Mediterranean Sea was ~280 mBq/L. *Sr concentrations varied
from ~0.4 mBq/L in the South Atlantic to ~3 mBqg/L in the Barents Sea. The highest average
concentrations for 2000 were estimated for the Irish Sea (~50 mBq/L), Baltic Sea (~10 mBq/L), the
English Channel (~4 mBgq/L) and the North Sea (~4 mBq/L), resulting from discharges from Sellafield
and Cap de la Hague. "*’Cs concentrations varied from ~0.5 mBq/L in the South Atlantic to ~5 mBq/L
in the Barents Sea. The highest average concentrations for 2000 were estimated for the Irish Sea (~60
mBq/L), the Baltic Sea (~60 mBq/L), the Black Sea (~25 mBg/L), the North Sea (~7 mBq/L), the
English Channel (~4 mBg/L) and the Mediterranean Sea (~3 mBgq/L).

#9299py concentrations varied from ~2 puBg/L in the South Atlantic to ~11 uBg/L in the Barents Sea.
The highest average concentrations for 2000 were estimated for the Irish Sea (~500 uBq/L), the North
Sea (~ 15 uBg/L), the Mediterranean Sea (~14 uBg/L), the English Channel (~13 puBg/L), the Black
Sea (~5uBg/L) and the Baltic Sea (~3 uBg/L).

3. Conclusions

Average *H, *°Sr, *’Cs and ?****Pu concentrations in Atlantic surface waters for the year 2000 have
been established. The highest concentrations have been observed in the Irish Sea due to discharges
from the Sellafield reprocessing facility, and in the Baltic Sea due to the Chernobyl accident. The
present radionuclide concentrations are controlled by radioactive decay (with the exception of
#39240py) and by oceanographic processes.

The obtained results represent the most complete dataset on levels of radionuclides in the Atlantic
Ocean surface waters. They can be used as the reference source so that any further contributions from
nuclear reprocessing plants, radioactive waste dumping sites, nuclear bomb test sites and possible
nuclear accidents can be identified.
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Abstract. Water samples collected during the ANTArctic RESearch (ANTARES) IV expedition, carried out in
January-February 1999 in the Sub-Antarctic Frontal System in the Southern Indian Ocean, were analyzed for
anthropogenic 3H, 9081‘, 239.240py; and **! Am. The results have shown that the distribution of radionuclides in
the Southern Ocean is controlled by the water fronts. *H data show higher concentrations at the surface layer,
and gradually decrease with depth, but significant levels of *H are observed at bottom waters, attributable to
intrusion of Antarctic Bottom Water (AABW) into the region.

1. Introduction

The Southern Ocean has been of interest to many research groups due to its key role in the regulation
of CO, levels, biological productivity, biogenic fluxes, oceanographic processes and its important role
in the global climate [1, 2]. The dominant physical control of the biogeochemical distribution of
tracers in the Southern Ocean is the banded structure of the Antarctic Circumpolar Current (ACC).
North of the ACC, there is a single narrow band (only about 200 km wide) of frontal zone along the
shelf edge, where 80% of the ACC transport is concentrated. This frontal zone is formed by the
confluence of the Subantarctic Front (SAF) and Subtropical Front (STF). The sampling area of the
present study is located in the Crozet Basin (northwest Kerguelen Plateau and east of Crozet Plateau)
in the confluence of several fronts: Agulhas Front (AF), STF and SAF (Fig. 1). The most predominant
current affecting the circulation in the Crozet Basin is the Agulhas Return Current (ARC),
characterized by warm and saline water, extending eastward into the basin.

Only limited information on anthropogenic radionuclides in the Southern Ocean has been available.
This paper describes the results obtained from ANTArctic RESearch (ANTARES) IV cruise,
concentrating on the distribution of *H, *Sr, ****’Pu and **'Am in surface and deep waters of the
Southern Ocean. The ANTARES 1V cruise was carried out in January-February, 1999, on board of the
R/V Marion Dufresne. Surface and water profile seawater samples were collected and analysed
following published procedures [3, 4].
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FIG. 1. Map of the study area for ANTARES 1V cruise in the Southern Indian Ocean conducted
aboard the R/V Marion Dufresne in 1999, and the main water fronts (Stations 3, 7 and 8 represent
seawater profile sampling).

2. Results and discussion

The distribution of 3H, QOSr, 23929py and **' Am in surface waters reveals a strong latitudinal variation
defined by the water fronts. The surface *H and *’Sr concentrations are slightly increasing southwardly
from 32°S, showing peak concentrations at around 41°S (AF). These tendencies change remarkably
from the south of 43°S, where the STF dominates, and where decreasing radionuclide levels were
observed. *****Pu also shows increasing levels from 32° to 41°S, and then a decline down to 46°S,
however, Station 3R situated at the most south site at 48°S shows almost by a factor 5 higher >***’Pu
concentration than Station 3 situated at 46°S. **' Am is not fully copying the *****Pu distribution (as it
would be expected, because of its similar particle reactive behaviour), showing a peak at 41°S (Stations
2R and 5R), and a minimum at 43°S (Station 8), however, increasing levels were then observed at
Stations 7, 3, 4R (in contradiction with the ****Pu record) and at Station 3R. The fronts in the
latitudinal bend of 40-48°S are acting as strong barriers, preventing mixing of water masses between
them, so that the concentrations of radionuclides are well preserved in each of the frontal zones.

*H profiles are distinctly classified by STF (Station 7) and SAF (Station 3), and this feature is
outstanding in the upper layer of 600 m. *H concentrations at Stations 3 and 7 are showing a
subsurface maximum (at around 100 m), preserving up to 500 m water depth, and then a rapid
decrease to 1000 m. Although the top *H profiles at Stations 3 and 7 are similar in shape, *H
concentrations in the upper layer of Station 7 are two times higher than those at Station 3.

Negligible amounts of *H appear between 1000 and 2500 m water depth, however, higher levels are
observed at bottom waters at both stations. *H concentration largely decreases below the 1000 m
depth, at which Circumpolar Deep Water (CDW) appears, providing the main contribution to the
deep-water circulation and ventilation north of 40°S. The depletion of *H content in the CDW in the
STF and SAF fronts (Stations 3 and 7) may be related to the intrusion of North Atlantic Deep Water
(NADW), which is known to be the most important contributor to CDW, characterized by salinity
maximum and nutrient minima [5].
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FIG. 2. Radionuclide concentrations in surface waters as a function of latitude (vertical lines

represent water fronts).

Higher *H concentrations have been observed in bottom waters at Stations 3 and 7. This phenomenon
has also been found in the Weddell Sea [6]. In general, the bulk of *H in the water column exist near
surface due to the atmospheric input. A contribution by injection of Antarctic Bottom Water (AABW)
might be considered as possible source. Below the CDW, the salinity and temperature decrease but
oxygen increases, indicating a presence of AABW [7]. Higher *H levels observed in the bottom layers
of SAF (Station 3) and STF (Station 7) could be explained as waters formed previously in the Weddell
Sea surface water when “H levels were higher. Michel [8] reported for 1975-76 in the Weddell Sea 1
TU and 0.5-0.7 TU in surface and bottom water, respectively, and Haine et al. [9] estimated the
transport time of surface water from the Weddell Sea to deep waters in the Crozet-Kerguelen Gap
using CFCs, as 23 + 5 years. Hence, 1 TU observed by Michel [8] in 1975-76 in Weddell Sea surface
water may become of 0.27 TU in 1999 in deep waters in the Southern Ocean, what is in agreement
with *H levels found at Stations 3 and 7.

3. Conclusions

The Indian sector of the Southern Ocean is a key region for the comprehension of the exchange of
water masses between Antarctica and Equatorial regions, playing important role in better
understanding of oceanographic processes and the global climate change. The observed distribution of
radionuclides in the Crozet Basin, where different water fronts meet in a relatively small area, may
therefore be regarded as a useful contribution to oceanographic studies using anthropogenic
radionuclides as a complementary approach for tracing water masses in the ocean.
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An enhanced observation of *’Cs along 165 deg. E in the North Pacific Ocean was conducted in 2002.
The primary objective of this enhanced observation is to develop an understanding of the present
open-ocean distribution of radionuclides in the water column in this region. Relatively large numbers
of ’Cs concentration data [1] are available in this interested area since 1960s, then we are able to do a
study on the temporal variation of “’Cs distribution and inventory. Recent progress of “'Cs
measurements in seawater at an underground laboratory at Ogoya [2] made it possible to determine the
¥7Cs concentration using small volume seawater samples.

The samplings in 2002 were carried out during two cruises by R/V Ryofu-maru operated by Japan
Meteorological Agency. Among the stations between 49°N and 6°S along 165°E, seawater samples
shallower than 1000 m were collected at 20 stations. An average horizontal spacing was 350 km and
vertical spacings were 100 m or less at each station. Sample volumes ranged from 10 to 20 liters.
Deeper water samples were collected at 8 stations. Vertical spacings varied from 200 to 500 m and
sample volumes varied from 20 liter to 100 liter for deeper seawater samples. A preliminary result of
7Cs concentration along 165°E for shallower layers is shown in Fig. 1.

1¥7Cs rich water was seen between 40°N and 15°N as shown in Fig. 1. The highest *’Cs inventories
were observed at latitudes between 30°N and 40°N in the North Pacific in the 1960s corresponding to
the pattern of global fallout in this region [3]. The body of global fallout of *’Cs in 2002 is, however,
within the subtropical gyre where a maximum "*’Cs concentration was observed around 20°N, the
southern edge of the subtropical gyre, and in the 200500 m layer. This finding supports the idea that
the body of global fallout has been captured within the subtropical gyre during these four decades.

Southward transport also can be seen around 200 m depth between 20°N and equator in Fig. 1.
Aoyama et al. already showed that southward transport of *’Cs had been caused an increase of *’Cs
inventory at the lower latitude of 10 — 20°N in the 1970s and 1980s [3]. Hirose and Aoyama also
reported that shorter apparent half-residence time of *’Cs concentration in surface seawater occurred
at the higher latitude in the North Pacific while longer apparent half-residence time of "*'Cs
concentration occurred in the Equatorial Pacific [4]. These suggest that the southward transport of
7Cs is an important process to regulate the temporal variation of inventory of '*’Cs and concentration
of Cs in surface water in the Equatorial Pacific.
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FIG. 1. Section of "’Cs concentration (Bq m”). Dots show positions of sample. Measurements of
about sixty samples at the southern part in this section have not yet been completed.
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Abstract. The distribution of dissolved N,O in Antarctic Ocean along 140°E was measured during the austral
summer in the framework of the 43™ Japanese Antarctic Research Expedition (JARE-43). Surface dissolved
N,O was undersaturated (about 94% saturation) so far examined and the calculated mean sea-air flux rate was -
3.68 £2.57 pmolm'zd'l. The vertical distributions exhibited the N,O maxima at around 150-300 m (AN,O, 7.90-
9.04 nM) below the chl. @ maximum zone, which coincided with the oxygen minimum layer. The fact strongly
suggested a relation between the N,O productions/consumptions and AOU. In the deeper layer, the vertical
movement of cold water around Antarctica should be one of the parameters that governed the intramolecular
distribution of isotopic compositions of N,O. The influence of the deep Southern Ocean N,O during austral
summer, 2002 on the global N,O budget was estimated to be about 46.2 + 5.32 MgN,0O-Nd "' which could escape
to the atmosphere and take a part of the world ocean emission.

1. Introduction

Antarctic Ocean has some unique characteristics, as a major component of the world ocean, by its
circum polar homogeneous nature of its physical and chemical variables, the immense expanse of cold
surface water, as well as by the most pronounced seasonal variation at the sea surface as compared
with other ocean basins [1]. N,O was produced by biological processes of both nitrification and
denitrification [2-6]. Under different redox conditions, N,O is produced by uses a different inorganic
nitrogenous compound (NH; or NO5), with different isotopic fractionation factors. Isotopic signatures
of N,O are well recognized to provide constraints for relative source strength and information on
reaction dynamics concerning its biological production pathways of N,O under investigation.
Furthermore, the isotopomers of N,O contains more clearly biogeochemical information on its sources
than in a conventional bulk "N and "*O measurements [7]. We describe here the results of the first
isotopomers studies of dissolved N,O in the Antarctic Ocean, which is one of the most productive seas
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in the world, to examine the origins of N,O in the seawater and estimates of the inventory of N,O to
the atmosphere.

The collection of the samples was carried out in the framework of the 43™ Japanese Antarctic
Research Expedition (JARE-43) during the 2002 Marine Science Cruise from February 6 to March 7,
2002 by R/V Tangaroa which was conducted for the purpose of understanding the biogeochemical
cycle and biological processes in the Southern Ocean and their roles in the global environment (Fig.
1a). Details of the procedures of dissolved N,O and its isotopomers analyzes will be shown elsewhere.

2. Results and discussion

At the surface, N,O concentrations were everywhere lower than atmospheric equilibrium. The excess
N,O (AN,O) increased significantly toward the continental margins with the mean AN,O was -0.88 +
0.39 nM (93.91%). The isotopic compositions of dissolved N,O were also slightly enriched in the
same direction, from 8.06 to 8.45%o for 8"°N™* and 45.64 to 46.51%. for 8'*Ogmow. The isotopomers
result shows more variable than bulk 8"°N, the site preference (8"°N*-8'"°NP) value of 18.36%o at St.1
that appears to be nearly the same as N,O in the troposphere [7]. While about 3%o depleted was
observed at the shallower region (St.8; Fig. 1d). Dissolved N,O of the surface layers of the sea is
usually at or near saturation while the N,O concentrations of the Southern Ocean surface layer were
found to be below atmospheric equilibrium, however, it is not surprising because similar phenomenon
was also observed in the other ocean [8]. Since several processes can control the N,O concentrations
level in the surface water, furthermore, physical factors, mainly temperature and wind, can normally
affect gas saturation values up to about 5% super or under saturation [9]. The decreasing in the surface
equilibrium of N,O in Southern Ocean is suggested to be associated with the increasing in the transfer
velocity which related to the wind speed while the temperature around those areas is quite stable
during sampling period. In the surface water, the isotopic composition of dissolved N,O was governed
by the gas exchange with the atmospheric N,O. Inoue and Mook [10] reported that the kinetic
fractionations factors during N,O invasion and evasion result to the slightly heavier about 0.7%o for
8N and 1.1%o for 8'0 of dissolved N,O than those in air.
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FIG. 1. Location of sampling stations during JARE-43 Marine Science Cruise by R/V Tangaroa (a)
and vertical profiles of the excess N>O and isotopomers ratios (8°N™* &°N® &°N’ and §°0) and
site preference of N,O observed at station 1 (61°S; b), station 5 (64°S; ¢) and station 8 (66.15°S, d).
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The site preference was depleted from Sta.l to Sta.8 associated with the enrichment of 8'°N® while
8""N* was much smaller variations which suggested that the B-site nitrogen heavier isotope
("N'""N'0) is slightly more soluble in the water than '“N'*N'°O. The former was caused by the
significant difference in solute-solvent interaction (dispersion) energy between lighter and heavier
molecules. The equilibrium fractionation of 8'°N” in Southern Ocean were observed about +1.8 to
+3.8%o relative to the tropospheric 8 °NP-N,O (~-3%o; [7]) and the fractionation is much larger than
8" NP (+1.06 to +1.45%0) which is the average of end and center nitrogen. These may caused by the
kinetic fractionation of [-site nitrogen which much more active than center nitrogen during gas
transfer across the gas-liquid interface, where the invasion process two processes have to be
considered: dissolution and molecular diffusion near the surface, while for the evasion process only
molecular diffusion from the water mass to the surface seems to exist [10].

Vertical distribution of dissolved N,O was supersaturated from subsurface throughout the water
column (Fig. 1b-d). The depth N,O profiles show a concentration maximum (AN,O maximum = 7.90-
9.04 nM) between 100-200 m depth at the oxygen minimum layer. The AN,O concentration generally
decreased below 200 m at both, St.1 and 5, station. While St.8 profile did not show the N,O maximum
in subsurface, however, AN,O concentration became supersaturated at the near bottom.

Bulk nitrogen and oxygen isotope ratios of dissolved N,O at St.1 and 5 showed the subsurface
minimum at the AN,O maximum layer and both 8 °N™* and §'*0 maxima appeared at the bottom with
a slight increase with depth. In the case of St.8, both 8" °N™* and 880 shows a constant value
throughout the water column. Isotopomers of nitrogen, especially site preference, showed some
vertical variation from subsurface to the deeper layers. Site preference decreased at the AN,O
maximum and slight increase with depth. Site preference maximum peak at St.1 appeared at about 2
200 m depth then decrease to the bottom. At St.5, site preference maximum were appear at about 2
000 m depth, and at the bottom. Although at St.8 the AN,O and isotopic compositions did not shows
their variation but site preference was much fluctuation throughout the water column. The maxima site
preferences were appear at the depth of 60-140 m and also at the bottom. Subsurface N,O was
expected to be produced during the decompositions of sinking particles during summer season. In
Southern Ocean that surrounds Antarctica, each summer, a phytoplankton bloom fueled by nutrient-
rich waters leads to the growth of vast swarms of krill (Euphausia superba). During those
phenomenon, the settling particles or fecal pellets may produce depend upon the life cycles of this
krill, either directly or indirectly. The isotopic compositions of N,O, +7.3 to +8.2%o for 8" N™* and
+43.5 to +46.2%o for 8'°0, at the maximum layer were similar to the data obtained in the other oceans
and freshwater ecosystem. The isotope ratios of N,O suggested that N;O was produced by the
simultaneous occurrence of nitrification and denitrification processes of the sinking particles. With
respect to the occurrence of redox conditions within an organic particle Kaplan & Wofsy [11] reported
and suggested the occurrence of denitrification even in oxygenated water as long as large diameter of
POM could provide to establish an anaerobic condition in the center of the particle. Since, N,O
produced during nitrification process in outer oxic layer could diffuse into inner layer and partly
incorporated into denitrification processes. This kind of multi-occurrence of oxidation-reduction could
provide the different isotopic signature of N,O. In addition, 8""N"" (N,0) values became high and
close to that of 8"°N(NO;) (5-7%o [12]), when N,O was produced via denitrification processes.
Ostrom et al. [13] reported the enrichment of '®O by approximately 20%o during nitrification process,
since the 8'°0 of dissolved O, was significantly high (+24.7%o) and produced N,O is enriched in '*O
by +43 to +46%o relative to seawater 5'°O.

Since the site preference should be mainly dependent on production or consumption mechanisms, thus
the relative considerations on the isotopomers of N,O can further provide the constrain for the
production mechanism of N,O under investigation. In the above, the proposed N,O production
mechanism is considered by coupling of both nitrification and denitrification processes. Isotopic
fractionation governed by kinetic isotope effects should occur during the reaction sequences for the
outer layer while the oxidation of NOH does not involve a primary kinetic isotope effect and thus
should not markedly affect site preference [14]. N,O formed from dissimilatory nitrite reduction [15],
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the N-N bond of N,O is formed by nucleophilic attack of a second nitrite on a metal-coordinated
nitrosyl species. The first N ultimately occupies the beta-position and fractionation could result in the
process of nitrite binding to the ferrous heme following by nucleophilic attack of NO, on the
coordinated nitrosyl species resulting in the formation of the N-N bond can also lead to isotopic
discrimination. These may results to the depletion of '°N in center and terminal nitrogen of N,O.

In the deeper layers, at the steady state, N,O partly escaped with slightly enriched in 8"°N* while 5'°NP
shows only small fluctuation. Furthermore, in the deep water, the vertical movements of cold water
from close inshore induced by the geopotential anomaly of the strong steering of the current by the
ridge system around Antarctic, see [1 and 16], should be one of parameter to controls the isotopic
compositions of N,O (Fig. 2).

Atmospheric N;O
Net flux : -3.76 + 2.67 Gg N,O-N/d
Depth [ ==——=—"— === Windyelocity ===>_
ept e; 0-50 m

Antarctic Surface Water, Tpy: 50-150 m
t+—-———————————————— Dilution and/or transportation -—-

Z150m Diﬂusion : 46.2 £5.32 Mg N,O-N/d
N,O production | avg. AN;Op, = 8.47 £ 0.81 nM

Southern Ocean

Antarctica

Antarctic Circumpolar Current (ACC)

FIG. 2. lllustration summary of the results of dissolved N,O in Southern Ocean during austral
summer, 2002.

It is premature to calculate quantitatively the influence of Southern Ocean N,O during austral summer,
2002 on the global N,O budget. A conservation estimate shows that the N,O flux found in this study
would produce about 46.2 + 5.32 MgN,0O-Nd™. This value is based on the assumption of upward N,O
flux and that the total surface area of Southern Ocean. This low production rate should be cause by the
simultaneous occurrence of production-consumption of N,O. However, these upward N,O flux from
N,O maxima layer can be diluted or transferred by the current of fresh ice melting water. Thus, the
emission of these N,O may occur in the other areas depending upon the flow and diffusion rate.
Furthermore, the existing data suggested that around the Antarctic Ocean is a large sinking spot of
N,O. We can estimate the sinking flux during austral summer, 2002 as about 3.76 + 2.67 GgN,O-Nd"'
by using the sea-air flux and N,O diffusion from N,O maximum layer calculation.
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During the R/V “Polarstern” expedition ANT XXI/2 during November 2003-January 2004, short-
timescale changes in **Th/**U disequilibrium over a 25-day period were followed at a permanent
station on the eastern Weddell Sea shelf (70°48.5 S, 10°44.0 W). The water column was sampled 16
times. At each sampling time, 21-samples were collected at several (6 to 13) depths, spiked with “*°Th as
a yield tracer, and precipitated according to the MnO, small volume technique [1]. Following beta
counting, samples were alpha-counted for chemical recovery. Simultaneously, **Th fluxes were
measured in sediment traps deployed in an adjacent region. According to CTD-fluorescence and
plankton observations, a phytoplankton bloom was developing during the sampling period.

These results have been used for modelling ***Th dynamics in the water column by a non-steady state
distribution model [2]. Most measured total **Th activities in the water column were quite high
compared to classically reported oceanic values. In some instances **Th may have been present in
excess relative to its parent 2*U. One possible explanation for this imbalance could be the input of sea-
ice algae, highly enriched in >**Th, which typically occurs in this region due to sea-ice melting [3].

Sediment-trap measurements showed that **Th fluxes throughout the bloom matched well with the
expected trends, with peaks coinciding with periods of high total mass fluxes.

This work will allow future assessment of POC and PON export by combining ***Th fluxes with
POC(PON)/?*Th ratios in sinking particles collected by in-situ pumping and sediment traps at the base
of the photic layer. The radioisotope-based fluxes will be compared with organic carbon and nitrogen
fluxes determined with sediment traps, as well as with the phytoplankton standing stock during the
same period.
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GEOTRACES is a collaborative multi-national program to investigate the global marine
biogeochemical cycles of trace elements and their isotopes. It is supported by the Scientific Committee
for Oceanographic Research (SCOR).

Great advances in the analytical capabilities to measure trace elements and isotopes in the ocean have
been made in the quarter century since the completion of GEOSECS, but much remains to be learned
about the sources, transport, chemical speciation, biological availability, internal cycling and fate of
the broad spectrum of trace elements and isotopes of interest to marine biogeochemists. Advances in
chemical sensors, analytical instrumentation, and modeling make possible now research that could not
have been envisioned even a decade ago. With the definition of a number of high priority research
questions, and the availability of analytical techniques that permit sampling at high spatial and
temporal density, the community of marine biogeochemists believes that the time is right to mount a
major international research program to study the global marine biogeochemical cycles of trace
elements and their isotopes.

Developing a full understanding of the distribution and biogeochemical behaviour of trace elements
and their isotopes (TEIs) in seawater has the potential to provide unique insights into a wide range of
oceanic processes: role of micronutrients in controlling the oceanic productivity, mechanisms
controlling the fate of contaminants, quantifying key processes regulating the marine carbon cycle,
insight into the mean velocity field and mixing processes in the ocean on very slow timescales, and
paleo-oceanographic proxies.

The primary objectives for the GEOTRACES program are:

e To determine global distributions of selected TEIs in the ocean;
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e To evaluate the oceanic sources, sinks, and internal cycling of these TEIs and thereby
characterize more completely their global biogeochemical cycles;

e To build and maintain a core community of marine scientists who understand the chemical,
physical and biological processes regulating the distribution and properties of trace elements
and isotopes well enough to exploit them reliably in future interdisciplinary studies.

The establishment of a close and synergistic relationship between observations and modelling
(forward and inverse) was also viewed as essential to streamline the field programs and optimise data

interpretation.

We will elaborate on the goals of the program, describe the structure of the international coordination,
and discuss the present status of the science and implementation plans.
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Recent developments in mass spectrometric techniques are allowing the systematic study of metal
isotope fractionation in the environment. Cd isotopes have, as yet, received little attention,
notwithstanding the well-documented involvement of Cd in biological cycling and its wide range of
isotopic masses, which make it a prime candidate for fractionation.

We will present the first data in the ocean. A seawater profile from the North Pacific Ocean shows
little yet probably significant variations. The later could result from water mass advection or biological
processes or both. We will also present a seawater profile from the Mediterranean (Dyfamed site) and
measurements in phytoplankton cultures. In addition we will present measurements carried out in a
sewage treatment plant (where high bacterial degradation occurs).

If confirmed, Cd isotopic fractionation could have wide-ranging biogeochemical and
paleoceanographic applications. In particular, it could lead to the development of a paleoceanographic
tracer for bottom water oxygen concentration, a parameter that would provide important new
constraints on the marine carbon cycle and deep ocean circulation during glacial periods.
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Scleractinian corals, particularly those living in warm shallow waters, continuously grow whereby
generating annual density bands that can provide time markers for the development of long isotopic
chronologies. Corals thus act like paleoclimate recorders and the geochemical tracers contained in
their skeleton can be assessed very precisely. A very useful application concerns the determination of
radiocarbon in the consecutive bands of their aragonite. As the radiocarbon activity reflects the
seawater '*C content at the time of deposition, it is thus possible to reconstruct the radiocarbon
concentration of the surface ocean back in time, therefore, have access to several centuries of SST and
salinity data.

Figure 1 is a photo of a coral slab, cut along the vertical growth axis, collected in Fangataufa atoll in
1997, when IAEA-MEL conducted a radiological survey that took place in the atolls of Mururoa and
Fangataufa [1]. The density-banding pattern can be clearly observed and may be accentuated by
irradiating with UV light.

A portion of coral is carefully sampled and the density bands are separated before being grounded to a
fine powder. Fifty mg of this material is then hydrolysed with 5 ml H;PO,4 under vacuum. Finally, pure

FIG. 1. A slice of a coral sample collected in Fangataufa Atoll.
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CO, is cryogenically trapped before graphite synthesis [2]. The samples are currently being processed
and the results will be available soon.

Screrochronology is based on the assumption that all the tracers, present in the seawater in which the
coral is growing, be incorporated in the skeletal material. Several models put forward suggested the
occurrence of isotopes kinetic fractionation during aragonite precipitation [3-5]. We propose to assess
BC and "C in samples of corals that will be cultured under controlled laboratory conditions
(temperature, light, salinity and food), at the Centre Scientifique de Monaco [6]. The main
physiological parameters such as photosynthesis and growth will also be measured using PAM
fluorimetry and the technique of buoyant weight respectively.
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The aim of this paper is to establish current regularities of input, distribution and transformation of
B7Cs flow in the Azov Sea. Materials were water and bottom sediments samples collected in June
2003 in the Azov Sea during a complex MMBI expedition.

Current level of ’Cs accumulation in the Azov Sea bottom sediments varies in the range of 6-76
Bg/kg dry weight (Fig. 1). In the Taganrog bay low "*'Cs (6.0 Bq/kg dry weight) concentrations are
found in the coarse aleurite sands zone. The highest contents of the pointed out nuclide -50-76 Bq/kg
is observed in the clayey silts of the central -the deepest part of the sea. In the Kerch strait fall-out
B7Cs activity in average is 20 Bq/kg dry weight.

P7Cs activity in the Azov Sea surface waters in June 2003 varies in the range 1.5-19.6 Bg/m’ (Fig. 1).
The highest concentrations of *’Cs in the Azov Sea waters in 2003 were registered in the Kerch strait
area (19.6 Bg/m’). In the central part of the Azov Sea "*’Cs concentration is 8-11 Bg/m’, in the
Taganrog bay it lowers till 3-5 Bq/m’, and in the river Don delta it is 1.5 Bg/m’.

A weak correlation of the inverse proportional character is established between cesium accumulation
in the bottom sediments and its concentration in the Azov Sea water masses.

Estimation of current flows of '*’Cs input and elimination in the Azov Sea is carried out. In 2003 0.03
TBq "'Cs entered the Azov Sea with the Don river waters, 0.6 TBq "*’Cs entered from the Black Sea,
thus, radio-nuclides deposing into the bottom sediments is a important factor of the Azov Sea waters
self- purification.

General impression on the direction and transformation intensity of the "*’Cs ion run-off might be
gained from the analysis of the migration of the dissolved form of this element in the estuary zone.

Dependency analysis of '*’Cs concentration in the Azov Sea water on salinity (Fig. 2) points out to the
non- conservative behavior of "’Cs in the Azov Sea. In the Kerch strait area solution in respect to the
suspended phase is enriched with "*’Cs. But in the area from the Taganrog bay exit (salinity 8-10 PSU)
there takes place a noticeable sorption of radio- nuclide on the suspension, as the result the suspension
turned out to be enriched with '*’Cs in respect to the solution.
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Shima, S., S. Gasa, K. Iseda, M. Kamamoto, H. Kofuji, T. Nakayama,
K. Nishizawa, S. Mori, H. Kawamura

Japan Marine Science Foundation,
Mutsu,
Japan

The first commercial facility for reprocessing nuclear spent fuel in Japan is going to run in July 2006
and routine release of radionuclides to marine environment off Rokkasho will begin. Off Rokkasho
area is located in the boundary where subarctic (Oyashio) and subtropical (Kuroshio) gyre mixes [1].
And the Tsugaru Warm Current (TWC) flows into this region through the Tsugaru Strait and
originates in the Kuroshio flowing in the Sea of Japan/the East Sea (see Fig. 1). Those three water
masses of different origins and coastal water mass coexist in the surface layer of this domain. So it is
important to clarify the distribution of anthropogenic radionuclides and their behaviors in the coastal
seawater.

Seawater samples were collected by use of CTD/Multi-Bottle Samplers (MBS) and large volume
samplers (LVS) in October 2001 and June 2002. Carbon-14 and '*I were analyzed by accelerator
mass spectrometry (AMS) and >****Pu was determined by the method of radiochemical separation and
alpha spectrometry.

Th long-lived radionuclide concentrations for all samples were in the range -233 - 75%o for A'*C, not
detected (N.D.) - 2.5x10” atoms/Lfor '*°I, and N.D. - 0.025 mBq/L for >****Pu, respectively. The other
anthropogenic radionuclides have the same concentration as those reported by the other organization.
The vertical profiles of '*C and "I decreased monotonically with depth as shown in Fig.2. On the
other hand, °**’Pu profile have maximum at a depth of 500 — 700 m. The plots of potential density
versus the concentrations designate that '“C and "I virtually occurred in the water column lighter than
the density of 26.6 - 26.8 and slightly penetrate into dense deeper layer. The maximum of Pu
concentration existed at a density of 26.8 - 27.2.

There is no difference of '*’I concentration between two water masses (Oyashio and TWC) classified
according to water temperature and salinity [2]. A'*C concentrations in TWC are higher than those in
Oyashio, because TWC flows in sea surface over Oyashio [3].
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Sampling date: Oct. 2001; bottom depth:1,130 m).
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The Marine Information System (MARIS)
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The TAEA’s Marine Information System, a relational database based on a GIS (Geographical
Information System), covering the distribution of radioactive and stable isotopes (and in the near
future also other tracers and contaminants, such as organic compounds and trace metals) in the marine
environment, as well as supporting oceanographic parameters (such as bathymetry, seawater
temperature and salinity) has been developed in the Radiometrics Laboratory of the IAEA’s Marine
Environment Laboratory (IAEA-MEL) in Monaco. The first main objective of MARIS, building on
the previously developed Global Marine Radioactivity Database (GLOMARD), is to provide
information on radioactive contamination of the marine environment, by grouping and storing
available data on the most important radionuclides in the world oceans and seas, in the open sea as
well as in coastal zones, specifically in seawater, particulate matter, biota and sediment. Quantification
of the sources of radionuclides in the world's oceans and seas, computer modelling of the dispersion of
radionuclides and radiological assessment studies require that IAEA’s Member States be provided
with information on the past and present levels of radionuclides in the marine environment. The IAEA
acts as a clearing-house for information on radioactive contaminants in the marine environment and
makes data on marine radionuclide levels available to Member States for future assessment studies and
the evaluation of trends in the contamination of the marine environment. In this respect IAEA-MEL
has been acting as a central facility for the collection, synthesis and interpretation of data on marine
radioactivity in the world ocean with the aim: (i) to provide immediate and up-to-date information on
radionuclide levels and inventories in the seas and oceans; (ii) to provide a snap-shot of radionuclide
levels at any time in any location; (iii) to investigate changes with time in radionuclide levels and
inventories; (iv) to provide data for validation of models on the dispersion of radionuclides in the
marine environment, (v) to provide bases for assessments of radiation doses to local, regional and
global human populations and to marine biota, and (vi) to identify gaps in available information. The
data provided by MARIS will be used as the international reference source on the radionuclide
contamination of the marine environment so that any further contributions from nuclear industry,
radioactive waste disposal sites, nuclear weapons test sites and possible nuclear accidents can be
identified. The second main objective of MARIS is to provide information on distribution of
radioactive and stable isotopes, trace metals and organic compounds in the world oceans and seas,
which could be used as tracers for investigation of marine processes. This part of the database will be
growing substantially in the near future, so that data on all important oceanic tracers will be available
to IAEA’s Members States for oceanographic investigations. The data stored in MARIS could be used
for water and sediment dynamics studies, investigation of processes in the water column, seawater-
sediment interactions, seawater-groundwater interactions, etc., as well as for validation of models used
in climate change studies. Figure 1 illustrates a graphical product based on data, compiled from
Member States’ institutional databases and publications and included in MARIS, for "*’Cs in surface
waters of North and Baltic Seas during the period 1986-1988. The on-line version of MARIS,
containing validated datasets, is currently undergoing final tests, being available via the IAEA web site
http://maris.iaea.org/.

ACKNOWLEDGEMENT

The Agency is grateful for the support provided to its Marine Environment Laboratory by the
Government of the Principality of Monaco.

68



P. Povinec et al.

FIG. 1. "’Cs in surface waters (0 - 50 m) of North and Baltic Seas during 1986-1988,
based on data from the MARIS database (Bq-m™). See ANNEX I, p. 660 for colour figure
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Abstract. Basic characteristics of the Nile river and its impact on the Levantine Sea are presented and discussed.
Both during the pre- and post-High Dam eras, the Nile was and still is one of the driving forces for the Levantine
oceanographic system and presumably beyond, although in different ways.

1. Introduction

The summer of the year 1964, forty years ago, the Nile river was allowed for the last time to freely

outflow into the Levantine sea before the Aswan High Dam became functional. An impetuous flood

wave about 50 km’ in volume spread by the end of summer over the south-east sub-basin with a

climax in October (Fig. 1).

The periodical discharge of this large volume of river water with its heavy load of suspended
sediments, dissolved and particulate nutrients had a drastic impact on the biological economy and the
hydrography of the recipient basin. Its diluting effect is recorded up to Beirut and further north, in
some years reaching up to the coast of Turkey [2] (Figs 2 and 3).
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FIG. 1. Average monthly outflow of
Nile waters for the five years 1959-
1963 (Data modified from [1]).
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FIG. 4. The Stream front (after [3]) showing left: seawater in the foreground and the Stream in the
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2. The Nile characteristics

In the vicinity of the two river outlets, the turbid floodwater could be seen as a well-defined “Nile
Stream” sharply bounded by a discontinuity front along the 26 isopycnal line (Figs 4-6).
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FIG. 7. Bathymetric topography of the 26-isopycnal surface [1].

The stream cut its way eastward along the Delta forming an elongated trough bounded at 14 to 18 m
depth by the pycnoclyne layer. This layer of discontinuity acted as a riverbed on which sinking
phytoplankton cells and silt particles accumulate, reducing dissolved oxygen (Fig. 7). Further east,
with increasing distance, the stream waters gradually merge with Mediterranean waters.

Considerable amounts of nutrient salts, both dissolved and silt-adsorbed, were brought down and
spread by the stream over its area of extension during the flood season. It has been estimated that
about 8.2 x 10° tons of dissolved phosphate and 410 x 10’ dissolved silicate were injected into the sub-
basin during the flood season of 1964, an exceptionally high flood season [4], (Fig. 8).

The silt-adsorbed phosphate fraction was experimentally shown to be at least five times the dissolved
fraction [5]. The adsorbed fraction is gradually released with dilution with poorer seawater as the
stream travels eastward.

The flood outflow triggered the development of a massive bloom within hours from its release to the
sea. Fuelled by the continued input of nutrients, the bloom extended over a vast area from the outlets
to the front and remained active during the four months of the flood season. It was extensive in both
space and time, in spite of heavy grazing by fish and zooplankton (Fig. 9).
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FIG. 9. The Nile bloom in October 1964 [1].

During this season, the notorious oligotrophy of the southern Levantine Sea gave way to a highly
productive environment, one of the most productive environments of the Mediterranean basin. The
food web was enhanced at all levels.

Before the Nile bloom the phytoplankton assemblage was relatively low in density but diversified,
comprising Ebriidae, Dinoflagellates, and Diatoms. The Nile bloom is exclusively composed of
Diatoms but it is not monospecific. This is a character which distinguishes such “natural” blooms from
the so called “red tides” which, as a rule, are monospecific, and in most cases caused by the
proliferation of a dinoflagellate species (Table I).

This was the main fishing season for pelagic and benthic filter-feeders and their predators. The bloom

sustained an important Sardinella fisheries, which in this season only contributed about 20,000 tons,
40% of the total annual yield. The shrimp fisheries landed 7,000 tons.
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Table I. Dominant Nile bloom species
r~August 1956

i Skeletonema costatum
Chaetoceros curvisetus
Chaetoceros costatus

September 1956

L...Cerataulina bergoni
Chaetoceros curvisetus
Hemiaulus haucki

September 1957

Skeletonema costatum
Chaetoceros pseudocurvisetus
Asterionella japonica

October 1957
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I ‘-Chaetoceros socialis
LQctober 1964

L Pseudonitschia seriata
Asterionella japonica
Thalassionema nitschioides

3. The post-damming conditions: decline and recovery of the fisheries

The completion of the Dam in 1967 was followed by the almost disappearance of the Nile bloom and a
steady decline in fisheries. For 13 years, from 1967 to 1980 the catches remained at 10 to 25% of pre-
dam levels. The Sardinella fisheries, which directly depend on primary production, were more
impacted, dropping to less than 1,000 tons/year. The index “pelagic to demersal catch” dropped from
2.2 to 0.5 [4], (Fig. 10). This is not the only case of a drop in coastal zone productivity following
damming of large rivers. As a matter of course, therefore, there is universal agreement that the quasi-
collapse of Egyptian fisheries was caused by a single factor, the damming of the Nile. On closer
inspection, however, at a greater resolution, this interpretation proves to be an over-simplification.

Both the decline and the remarkable recovery that followed provide one more example of the close
interrelations between environmental and socio-political functions. The year 1967 witnessed both the
completion of the dam and the June 1967 war. The recovery began with both increased agricultural
runoff to the coastal zone following the regulation of the river, on one part, and with the peace treaty
on the other.

After the events of mid-1967, military and security constraints on the movements of the fishing boats
resulted in the shrinking of the fishing grounds. Fishing activities were only permitted in the inshore
waters and by day-time. The waters off the Sinai coast became out of bounds for Egyptian fishermen.
Furthermore, the available grounds became over-fished.
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FIG. 10. Pelagic to demersal index from 1962 to 1986 [4].

The consistent declining trend was gradually reversed in 1978-1979. A phase of recovery begins and
the catch rises to 52% of its pre-dam level by 1981. The upward trend was sustained in the following
years. The recovery is to be interpreted as the result of a combination of factors, the restoration of
normal conditions regarding fishing activities accompanied by a steady increase in the fishing effort
and the use of improved fishing techniques.
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FIG. 11. Annual mean yield for mechanized boat, number of fishing trips (1) and yield per trip (2) [4].

The landing per fishing effort has also increased but with periodical fluctuations over several years,
indicating over fishing (Fig. 11). A no less effective factor is the increased input of agricultural runoff
to the coastal zone with the development of intensive agriculture following the greater availability of
river water.

4. The post-damming flux

It would be misleading to think that the water input to the Delta coastal zone became restricted to the
freshwater flux through the Rosetta outlet, now reduced to about 5-10% of the average pre-dam flux.
There are eight large effluents from west to east, discharging agricultural drain water. This is Nile
water that has undergone significant alterations. Irrigation water is collected in a system of ditches
leading to drain canals which ultimately outflow into the coastal zone. Some outflow directly to the
sea others through the coastal lagoons (Figs 12, 13).

In the ten years following the High Dam, land reclamation and more intensive agriculture have caused
an increase of about 20% in the volume of drainage water in the Nile Delta. As a rule this water
becomes enriched in nutrient salts and in dissolved humic materials and impoverished in oxygen. Soil
silicate and nitrate from fertilizers dissolve in large amounts so that the silicate to phosphate and
nitrate to phosphate ratios are abnormally high. The flux of agricultural drainage water through the
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eight effluents differs from the Nile flood in more than one aspect. The periodical pattern is replaced
by a continuous one. While the impact of the Nile pulse was limited to three or four months, the
drainage flux is continuous throughout the year.

Instead of two river outlets, the effluents are more or less equitably distributed from west to east along
the coast. The level of dissolved nutrients is comparable, if not higher, but the total volume outflowing
is smaller. Estimated at about 40% of the average pre-dam flow, it is devoid of suspended sediments.

A succession of localized bloom pulses throughout the year have replaced the massive autumn Nile
bloom (Fig.14). As far as the fisheries are concerned, the post High Dam drainage pattern appears to
have compensated the absence of the Nile input. The fisheries yield has recovered its pre High Dam
level. These issues are also discussed by Nixon [7].
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FIG. 14. Surface salinity of the eastern Levantine Sea, integration of all available data (1965-2000,
October only). Showing localized dilution off the Nile Delta.
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FIG. 15 a. Vertical profile, Egypt to Cyprus.

5. Impact of the high dam on the hydrography of the levantine sea. The “levantine pump”

The Mediterranean basin is known to be a concentration basin in an arid zone, where evaporation

exceeds precipitation and river runoff. This is one of the main driving forces for its hydrographic
system.
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FIG. 15 b. The LIW, all available data 1900 to 1964 (end of winter).
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FIG. 15 c. The LIW, all available data 1965 to 2000 (end of winter).

The control of the river Nile has accentuated this process. Since the High Dam became functional, the
salt content of the Levantine Sea has been on the increase, as shown by the data. The cumulative fresh
water deficit for the past forty years comes to about 880 km®, the drainage volume excluded. Winter
vertical mixing is intensified by the rise in density that follows. A direct effect is to enhance the
formation of the Levantine intermediate water, LIW. It is likely that several new source areas in the
Levantine Sea contribute at present to its formation as already foreseen by Moreos [8]. The size of this
water mass has actually been greatly magnified (Fig. 15 a, b, ¢).

It is not without interest to mention here the observation of Zore-Armanda [9]. She concluded that the
increase in the Adriatic surface salinity is likely to be due to the deficit in the Nile fresh water input.
The consequences are far reaching. The direct consequence will be an increase in the rate of what can
be termed the “Levantine pump”. The ultimate effect will be an acceleration of the rate of renewal of
Mediterranean water. More Atlantic water will be pumped in and more Levantine Intermediate Water
of higher salinity pumped out to the Atlantic ocean.
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It can be concluded therefore, that both during the pre- and post-High Dam eras, the Nile was and still
is one of the driving forces for the Levantine oceanographic system and presumably beyond, although
in different ways.
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Abstract. Using hydrographic and tracer data from four cruises of F/S METEOR, 1987 — 2001, we outline the
changes in the deep waters of the Eastern Mediterranean that have occurred up to 2001. Aegean Sea output of
highest-density waters was essentially restricted to 1992-94. While in the Levantine Sea, the distributions of
temperature and salinity soon became fairly homogeneous laterally, those in the Ionian Sea were still highly non-
uniform in 2001. The difference is ascribed to the special pathways of the Aegean-derived dense waters into and
within the two seas, which are strongly controlled by bottom topography. Some relaxation of the original
disturbance occurred after 1995, mostly by lateral water exchange, whereas significant bottom water formation
did not resume until 2001. The deep waters have thus remained in a state far different from that of the classic
situation, in which the Adriatic was the dominant source of the deep waters. Return to any quasi-steady state
should take a century or longer. *He data taken in 1987, i.e., before the big event, demonstrate presence of
helium released from the ocean floor in the deep and bottom waters of the Levantine Sea.

1. Introduction

The big changes in the hydrography and circulation of the Eastern Mediterranean that became evident
during the year 1990 [1], now commonly termed the Eastern Mediterranean Transient (EMT), implied
a shift of the production of deep and bottom waters from the Adriatic Sea to the Aegean Sea (Fig. 1).
Starting from an enhancement of near-surface salinities in the Levantine Basin and the Cretan Sea
(South Aegean) [2], the two extreme winters of 1991-92 and 1992-93 [3] induced the formation of
particularly dense waters, which overflowed the sills of the Cretan Arc straits [4], mixing with and
displacing the deep and bottom waters residing beyond [5, 6]. The total outflow has been estimated to
amount to more than 7 Sverdrup-years (1 Sverdrup (Sv) = 10° m’/s), replacing approximately 20% of
the deep waters below 1600 m and lifting the deep waters upwards by up to about 500 m [1]. The
Aegean production in its peak years thus exceeded several times that of the classical Adriatic source

(~ 0.3 Sv [7, 8]). The changes up to 1995 have been addressed previously using data from two cruises
of F/S METEOR in 1987 and 1995 [1, 6]. The present contribution deals with the further evolution of
the EMT up to 2001, complementing other work [9, 10], and briefly looks into the future. It uses
observations of four basin-wide cruises of F/S METEOR, 1987 — 2001, covering temperature, salinity,
pressure (depth), and tracer measurements (chlorofluorocarbon-12 (CFC-12), tritium, *He). Relatively
higher subsurface concentrations of trittum and CFC-12 point to an increased contribution of recently
ventilated waters. Oceanic helium tends to equilibrate with atmospheric helium at the air-water
boundary, but there are interior contributions of low-"He release from the Earth’s crust and high-"He
release from the mantle, and of *He generated by tritium decay (‘tritiugenic’ *He).

2. Tritium and *He pre-EMT sections (1987)
Figure 2 presents sections of tritium (Fig. 2a) and of 8’He (Fig. 2b) along the East Mediterranean

obtained during the 1987 METEOR cruise. Tritium concentrations, naturally, are largest in the upper
waters. The elevated tritium evident at the base of the western slope reflects recent replenishment from
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E. Mediterr. bottom topography

Longitude

FIG. 1. Map of the East Mediterranean with geographic names and bathymetry. Otranto Strait (sill depth ~
800 m) connects to the Adriatic, and Kasos Strait, east of Crete (~ 1000 m), provides the governing dense-
water pathway out of the Aegean. The East Mediterranean Ridge separates the Hellenic Trench on its
Cretan side from the rest of the East Mediterranean. The sill in the north of the passage is ~ 2700 m deep.
The Strait of Sicily connects to the West Mediterranean. See Annex I, p. 662 for colour version of figure.

the Adriatic source. From here concentrations decrease eastward with a minimum at 1500 — 2000 m
depth. Low tracer values extend upwards to roughly 600 m in the Levantine and to 1200 m further
west. This distribution supports the classic notion that the deep waters are governed by a single
convective cell fed by the Adriatic, and excludes penetration of Aegean-derived waters, and also of
deep water formation within the Rhodes Gyre, to great depths in any significant amounts. Aegean
outflow was rather apparent at several hundred m depth, causing the upper boundary of the convective
cell to deepen south and west of Crete [11]. Other properties, such as CFC-12, entirely confirm this.

5°He (Fig. 2b) values at the surface approach equilibrium values with atmospheric helium (83Heequil ~ -
1.6%). Enhancement by tritiugenic *He is evident in a subsurface layer centered near 500 m depth and
in the deeper waters wherever tritium concentrations (Fig. 2a) are sufficiently high. The maximum
5’He values in the upper *He-rich layer toward the western slope and into Sicily Strait correspond to
tritium/°He ‘ventilation’ ages of approximately 12 years. A special feature is 8°He values below
83Heequﬂ in the Levantine deep and bottom waters, which arise from low-"He release from the earth’s
crust. The release rate amounts to ~ 3 10° helium atoms/(m>s), with a mantle contribution of 5 % [12].

3. Observations during the EMT

Observations in 1995 of CFC-12 and other properties made clear that in the Cretan Passage and
beyond, the deep-water tracer minimum of Fig. 2a had been filled in by dense, high-salinity waters
released in large amounts from the Aegean Sea, that the release had lifted the ‘old’ deep waters
upward by several 100 m, and that the tracer minimum had become weaker, indicating presence of
recently ventilated Aegean outflow waters also at mid-depths [1]. In the west, pre-EMT (cf. Fig. 2a)
and Aegean-derived elevated CFC-12 concentrations had merged. A 1999 survey found a horizontal
relaxation of the CFC-12 distribution relative to that of 1995 [9], and further relaxation is evident in
the observations of the 2001 METEOR cruise (not shown).
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FIG. 2. Sections of tritium (TU; FIG. 2a, left) and of §He (%; FIG. 2b, right) along the Eastern
Mediterranean in Aug.-Sept. 1987 (METEOR cruise M5/6). Markings indicate data points, for tracks see
inset map. & He means the deviation of the *He/'He ratio from that of atmospheric helium (CHe/'He)um ~
1.4-1 0’6). Measurements by mass-spectrometer at Bremen [13]. See ANNEX 1, p. 662 for colour figure.

Figure 3 shows temperature-salinity (T-S) diagrams of stations of the 2001 cruise that characterize the
East Mediterranean at large, comparing with the pre-EMT situation in 1987. In that year, the T-S
relationship was highly uniform in the deep waters (T, < 13.5°C), except for somewhat colder water
toward the bottom for the lonian station, which reflects near-bottom replenishment from the Adriatic.
In the 2001 observations, density is higher by 0.02 — 0.03 units (we use 6, = density excess over 1000
kg/m’, corrected adiabatically to 2000 dbar pressure), and salinity by 0.02 — 0.04 units, over the entire
water column shown. It follows that in 2001 there were definitely no deep and mid-depth waters left
that had escaped a significant imprint of the EMT. The 2001 Levantine station (Sta. 549) displays a
pronounced inversion near density 37.8 (~ 1200 m depth), which is similarly found at all other
Levantine stations (not shown). Near to that same density, the lonian stations display a break toward
higher salinities. Between approximately 1200 and 2500 m they show a large T-S variation, salinity
being highest at Sta. 523 off Crete, to be ascribed to more direct exposure to replenishment from the
Aegean. Corresponding data for 1995 (not shown) reveal ubiquitous EMT influence on the mid-depth
and deeper waters already then. For the Ionian stations, the T-S relationship of 1995 was even more
diverse than in 2001, with several stations showing salinity peaks close to the bottom. The T-S
relationship at the Levantine stations, on the other hand, was quite similar to that in 2001, except that
the salinity range below the inversion was larger and near-bottom densities a little higher. The CFC-12
distribution for 2001 (not shown) indicates absence of recent near-bottom renewal from the Adriatic,
while at shallower depths signatures of such renewal are evident.

The temporal evolution of the deep and bottom waters through the EMT is illustrated by CFC-12 vs.
density profiles of the four METEOR surveys in the S Ionian and the NW Levantine Seas (Fig. 4).
Tracer concentrations and maximum densities increase markedly between 1987 and 1995, whereas the
further changes up to 2001 are comparatively small. The bottom densities increase, from o, = 37.79 -
37.808 in 1987, to 37.82 — 37.825 for the EMT profiles. The CFC-12 profiles consistently display a
mid-depth minimum at 6, = 37.79 — 39.795, which densities however correspond to 1300 — 2000 m
depth in 1987, but to only ~ 1000 m during the EMT. The jumps up to 1995 demonstrate that the
major addition of Aegean-derived waters occurred prior to that year. Addition after 1995 has been
comparatively moderate by volume, and never reached the density of the peak years. An example is
the northwest Levantine tracer concentrations below the tracer minimum which down to about 3000 m
were highest in 1999 [9], but decreased again up to 2001 (Fig. 4b). We note that by 1995, the Aegean
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FIG. 3. Potential temperature-salinity diagram of the deep-water range based on bottle data for selected
stations of cruise M51/2 (Oct-Nov. 2001; full lines) and M5/6 (1987, dashed lines). Markings indicate data
points, density isolines are o, for some data points depths (in dbar ~m) are noted, for station locations see
map. Only one Levantine station is shown (Sta. 549).
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dense waters had not fully made it to the eastern Levantine, and that the situation in the western lonian
was more complex in comparison, because here the Aegean waters met pre-EMT waters that were
already rather high in CFC-12 (cf. Fig. 2a). The waters upward of the tracer minimum have been
generally more variable because shallower outflow from the Aegean and also from the Adriatic
continued.

Whereas the T-S variation in Fig. 3 looks large, the total T and S ranges are, absolutely speaking, quite

moderate, so that one has to rely on high data precision, including compatibility between cruises. The
density range of the deep waters is also small, so that 6, (Figs 3 and 4)is a preferable measure of
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vertical stability and of lateral density gradients, compared to the commonly used o4 (the potential-
density excess referenced to ocean surface pressure).

4. Summary and conclusions

Although Aegean outflow began in 1989 [2, 4], outflow of the densest variety was restricted to a quite
limited period of time, i.e., 1992-1994, considering that the period of the 1995 cruise (January) should
have preceded any deep water formation in that year. Because Antikithera Strait, west of Crete, is
about 400 m shallower than Kasos Strait in the east (Fig. 1), that Strait (possibly including Karpathos
Strait, the next strait east of Crete) must be regarded as the principal pathway for outflow of the
densest waters. Kasos Strait outflow filled, firstly, the adjoining parts of the Hellenic Trench north of
the East Mediterranean Ridge (EMR; Fig. 1). From here the waters expanded eastward, crossed the
EMR to feed the southern Levantine, and overflowed the northern sill in the Cretan Passage to the
Ionian Sea. The eastward expansion was incomplete by 1995, but the southern Levantine was filled
more swiftly, presumably because EMR bathymetry allowed overflow along much of its length.
Transfer into the lonian was subject to a delay because the northern channel is narrow, and the densest
waters furthermore had to travel northward around the EMR, filling the deep parts of the Hellenic
Trench downstream of the channel on the way, before entering the Ionian at large (~36°-37°N, 20.5°E;
Fig. 1). Deep-water salinities and densities were raised across the entire Ionian by 1995, but the T-S
relationship remained highly non-uniform even by 2001, mostly between densities 37.795 and 37.82
(~ 1300 — 2500 m). In that year the Aegean water influence was the lowest in the south (Sta. 556); the
waters near density 37.805 here corresponded roughly to apparent 2:1 mixtures of pre-EMT waters
and waters entering from east of the EMR (Sta. 523) and from the Levantine (Sta. 549; Fig. 3). The T-
S relationship of the waters still deeper was rather uniform in comparison. Signatures of dense-water
outflow from the Aegean and the Adriatic after 1994 are evident in mid-depth and deep waters, but up
to 2001 density was never sufficiently high to replenish near-bottom waters to any significant degree.

A striking difference between the Levantine and the lonian Seas is the largely uniform T-S
relationship in the former Sea, in contrast to a wide range in the Ionian Sea. One cause for the latter is
the mentioned delay of Aegean outflow to reach the lonian west of the EMR, but further factors must
be the deep recirculation and mixing field in that Sea, which are subject to strong topographic steering,
and influence of the Adriatic. In the Levantine, vertical mixing caused a distinct shrinking of the
salinity ranges below the T-S inversion between 1995 and 2001, accompanied by a decrease in near-
bottom densities. As a result, near-bottom densities in 2001 were lower in the Levantine than in the
Ionian (Fig. 3), where bottom densities changed much less. Much could be learned from investigating
these and various further features in more detail, such as by reproducing them in dynamic ocean
circulation models.

The deep hydrography and circulation of the East Mediterranean in 2001 was still highly transient and
certainly far away from the pre-EMT situation. Looking to the future, one factor is that the current
deep and bottom water densities exceed those of the pre-EMT era. New near-bottom replenishment
must therefore either await erosion of that excess by vertical mixing, or another production of waters
of elevated density. Even after bottom water renewal will have resumed, a speedy relaxation to the old
or any new quasi-equilibrium state can hardly be expected, considering that in the classic situation the
deep water renewal time scale was of the order of 100 years [7, 8]. A more detailed account of our
findings will be the subject of a forthcoming publication.
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Abstract. The present levels of *’Cs in the water column of the Aegean Sea are at all depths, significantly
higher than in the pre-Chernobyl period. The concentrations in surface and intermediate water show a linear
relationship to salinity, indicating that mixing of Black Sea Water with highly saline waters of Levantine origin
is the main process controlling *’Cs levels. The present *’Cs concentrations in deep basins of the North and
South Aegean (3.7 — 5.5 Bq m™) are the highest in the deep waters of the Mediterranean Sea. In the North
Aegean the transfer of '*’Cs from the surface layers to the bottom took place through the dense water formation
events in 1987 and 1993. The ’Cs levels in the deep South Aegean are higher than expected, possibly in
relation to a contribution of N-Aegean deep waters.

1. Introduction

The Chernobyl accident produced a patchy deposition of radionuclides over the Eastern and Northern
basins of the Mediterranean Sea, that was superimposed over the previous fallout from atmospheric
nuclear weapon tests. The deposition of Chernobyl-derived "*’Cs was particularly heavy onto the
Black Sea (1.7 — 2.4 PBq) [1] and the Aegean — lonian Seas along the Greek coasts (800 TBq) [2].
Moreover, the inflow of surface Black Sea water through the Dardanelles Straits still constitutes a
point source of the conservative '*’Cs into the North Aegean Sea [3].

The objective of this study is to discuss the relationship between the re-distribution of '*’Cs Chernobyl
signal in the Aegean Sea and water circulation in the area, with focus on the evolution in space and
time and on the deep water formation processes.

2. Study area
The bottom topography of the Aegean Sea is characterised by an alternation of sills and shelves with
deep basins (Fig. 1). The N-Aegean Basin is divided from the S-Aegean by the Cyclades Plateau and

communication between the two basins is consequently restricted to the upper 400 m. The general
water circulation is cyclonic, with warm, saline waters (mainly Levantine Surface Water, LSW and
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FIG. 1. The Aegean Sea and the sampling points.

Levantine Intermediate Water, LIW) entering from the Eastern Cretan Straits and flowing northward.
Near the Dardanelles, low salinity waters form the 20-50 m thick Black Sea (BSW) layer at the
surface, separated form the northward-flowing Levantine waters by a thermohaline front. The surface
BSW layer gradually deepens and its low salinity increases through mixing with the underlying LIW
along its pathway southward, along the coasts of the Hellenic peninsula. The deep basins are occupied
by locally formed, very dense waters. In the S-Aegean Basin, below the surface water of Levantine
origin, there are two types of dense waters, probably locally formed: the Cretan Intermediate Water
(CIW) in the depth layer 100-400 m and the Cretan Deep Water (CDW) at the bottom of the basin,
separated by a layer of Transition Mediterranean Water (TMW) coming from the Ionian and Levantine
Seas, that during our study occupied the 600 to 750 depth interval [4].

3. Methods

Selected sampling was carried out in 1999, 2001, 2002 and 2003 by the Hellenic Centre for Marine
Research and the Italian ENEA Marine Environment Research Centre during oceanographic
campaigns designed for other purposes. Due to the limited shiptime available, particular attention was
dedicated to gather information on the “’Cs vertical profiles in the water column of selected sites
(Lemnos and Skyros basin in the N-Aegean Sea, Mirtoan Basin and Cretan Sea in the South Aegean),
where the signal of past events involving deep water formation is expected to be registered.

Seawater samples (20-40 L) were collected in the different water masses with a Rosette sampler, after
a CTD cast. ’Cs was preconcentrated by co-precipitation on 15 g of ammonium molibdophosphate
(AMP) at pH 1.5. Chemical recovery was estimated by addition to the original sample of a known
amount of **Cs. AMP samples were gamma counted on HPGe detectors (60% efficiency, 2.1 keV
resolution at 1332 keV).

4. Results and discussion

The vertical profiles of *’Cs have deeply changed with respect to the pre-Chernobyl period. As an
example, we report in Fig. 2 the vertical profiles obtained by Florou [5] in 1984, decay corrected to
present, and two of the vertical profiles obtained in this study, in the Northern Skyros Basin and in the
Cretan Sea. *'Cs levels are presently higher than the pre-Chernobyl ones at all depths in the water
column. The concentrations increase from surface to the bottom. The present inventory in the Northern
Skyros Basin is 4.1 kBq m™, almost 3 times higher than in 1984 (decay corrected to present) and most
of the inventory (2.4 kBq m™) is now residing in the deepest part of the basin, below 500 m.
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The situation is similar in the Cretan Sea, where the inventory is 3.3 kBq m™, half of it in the depth
layer 500 to 1000 m.

In the surface and intermediate layers there is a large variability in *’Cs concentrations. In the surface
water, the highest levels are found in the North Western Aegean. There is a clear trend of decreasing
B7Cs concentrations with increasing salinity (Fig. 3). Correspondingly, a linear relationship also
characterises "*’Cs concentrations and salinity in intermediate water (200-400 m depth). It is evident
that mixing/dilution of Black Sea Water, still containing relatively high "*’Cs concentrations, with
highly saline Aegean waters is the dominant process determining the "*’Cs levels in surface and
intermediate waters.

Also in the deep layers "“’Cs concentrations are much higher than in the pre-Chernobyl period:
actually they are presently the highest in the deep waters of the whole Mediterranean Sea. In the North
Aegean, the region of high "’Cs concentrations at the surface due to the presence of the BSW layer,
the transport of Chernobyl "’Cs from surface to the deep layers took place through dense water
formation events. Due to its low salinity, BSW acts as an insulation layer and, consequently, deep-
water formation is rather infrequent in the North Aegean, taking place only at periods of exceptionally
cold and dry winters and/or reduced Black Sea outflow. In the last 20 years there have been two major
deep-water formation events: in winter 1987 (just after the Chernobyl accident), and in winter 1993
[6]. Present *’Cs concentrations in the deep basins (4.1 — 5.5 Bq m™) must reflect those present in the
intermediate and surface waters in 1993, modified by diffusion and mixing with the overlying water
during the following stagnation period [7].

Also in the South Aegean “’Cs concentrations in deep waters are quite high: 3.7 — 4.6 Bq m™.
Historical observations and analyses suggest that the Cretan Sea is characterised by the formation of
dense waters with variable characteristics, depending on the meteorological conditions and on the pre-
conditioning of the water column. In the early nineties exceptionally dense, salty water started to fill
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the deep Cretan Basin and to overflow the sills of the Cretan Arc straits [8], positioning at the bottom
of the Ionian and Levantine Seas. Since 1995 the outflow of very dense Cretan water to the Levantine
and Ionian basins has diminished, corresponding to a long stagnation period of the deep waters in the
Cretan Sea. The present high "*’Cs concentrations in the deep basins of the South Aegean might reflect
relatively high levels at the surface in the early nineties, when the deep waters were formed. At that
time (early 90’s) however, '*’Cs concentration in surface water of the Cretan Sea must have been
significantly lower than in the North Aegean, under the influence of the '*’Cs-enriched Black Sea
outflow. Consequently the deep waters formed locally in that period should have a '*’Cs content lower
than in the North Aegean. In contrast, the values are very similar, suggesting a —possibly continued-
contribution from the North Aegean to the deep water of the South Aegean basins.

5. Conclusions

The input of Chernobyl "’Cs from the Chernobyl accident has been re-distributed among all the water
masses of the Aegean Sea. The input through the Black Sea outflow strongly influences “’Cs
concentrations in surface and intermediate waters. The deep water formation events in 1987 and 1993
transferred significant quantities of "*’Cs to the deep basins of the North Aegean, where concentrations
are now the highest among the deep waters of the whole Mediterranean Sea. Similar values are also
found in the deep South Aegean Sea, suggesting that the deep waters residing in these basins could be
partly originated in the North Aegean.
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Abstract. Massive accumulation of mucilage have become quite frequent in the Northern Adriatic Sea during
the last fifteen years. The origin of the organic matter forming the mucilaginous aggregates was investigated in
order to find out if the organic matter of terrestrial origin is relevant in the aggregation process. The aggregates
were sampled during summer 2000, 2001 and 2002 in many different areas of the Northern Adriatic and were
subjected to the chemical characterisation and to the 8"°C analysis of the organic carbon both in bulk mucilages
and in humic fractions. The organic matrix of the mucilages were found to have a completely marine origin
when it is formed far from the estuarine mixing zone.

1. Introduction

In the Northern Adriatic Sea the frequency of occurrence of the massive formation of mucilaginous
aggregates during summer has increased in the last fifteen years with respect to the previous period.
Though the formation of mucilages on a basin scale is not recurrent every summer in recent years, two
clusters of events were observed: one in 1988, 1989 and 1991, the second in 1997, 1998, 2000, 2001
and 2002. The aggregates can have different sizes, shapes and relative positions in water and can be
classified as: macroflocs, stringers, ribbons, clouds, cob-webs, surface creamy layers and surface
gelatinous layers [1, 2]. Different planktonic organisms contribute to the organic content of the
mucilaginous aggregates: diatoms [3], dinoflagellates [4], cyanobacteria [5], and bacteria [6].

Riverine inputs are relevant in the Adriatic sea, where about one third of the freshwater reaching the
Mediterranean Sea is discharged. After the phasing out in Italy of polyphosphates during the late ‘80s
it has also been hypothesised that zeolites and polycarboxilic acids which were used in the formulation
of detergents, could have played a role in enhancing the aggregation processes [7].

In order to establish the origin of the aggregates sampled during the summers of 2000, 2001 and 2002,
the chemical characterisation and the 3"°C isotopic composition of organic carbon in different
aggregates, plankton and humic substances were performed.

2. Materials and methods
2.1. Sampling

Mucilaginous aggregates were collected by scuba divers using 50 — 1500 mL plastic syringes or
peristaltic pumps with PVC tubing depending on aggregates size. The sampling was performed both
along the Italian and Croatian coasts and offshore during June-July 2000, July 2001 and June-July
2002. Aggregates were immediately frozen at —20°C. Before analyses, the aggregates were desalted by
dialysis (Cellusep 3500 MWCO) against ultrapure Milli Q water and then lyophilised. Phytoplankton
and zooplankton were sampled off the Po river delta by 30 and 200 pm nylon nets in January-March
2002. The plankton samples were separated by centrifugation, repeatedly washed with deionised Milli
Q and then lyophilised.
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2.2. Analytical methods

Total carbon, organic carbon, nitrogen and sulphur were determined by CHNS-O Analyser Fisons
(Italy) model EA1108. Organic carbon was determined after removal of carbonates by concentrated
HCI treatment in the tin cups. Inorganic carbon was calculated as the difference between total and
organic carbon. The reproducibility of the method was lower than 2% and the accuracy was + 4%.

Carbohydrates were determined spectrophotometrically by the MBTH (3-methyl-2benzothiazolinone
hydrazone hydrochloride) assay after 1N HCI hydrolysis [8]. Protein contents in samples were
determined by the Bradford method [9] after hydrolysis with 0.5N NaOH for 1h at 69°C. Results were
expressed as albumin.

Humic fractions were separated using the method of International Humic Substance Society
(www.ihss.gatec.edu) as humin fraction (insoluble in acids and bases), humic fraction (soluble in basic
solution), fulvic fraction (soluble in acids and basic solutions). The UV-Visible spectra were
performed by UV2 spectrophotometer ATI Unicam.

The 8"C determinations were performed using Finnigam Delta Plus Isotope ratio Mass Spectrometer
coupled with CHNS-O Analyser Fisons (Italy) model EA1108 and the results were expressed as
deviation per mil (%o) from the international standard VPDB (Vienna Pee Dee Belemnite). The
analytical precision of measurement was + 0.2%o and the reproducibility of the method was lower than
0.1%o. The 5"°C was determined after removal of carbonates by HCI treatment.

3. Results
3.1. Elemental composition of organic matter

The elemental composition of the aggregates analysed is reported in Fig. 1. The aggregates sampled
were mainly composed of organic matter and secondarily of inorganic elements. The mean values for
the different types of mucilages ranged from 11.1% to 32.3% for organic carbon, from 2.6% to 5.0%
for inorganic carbon and between 0.74% and 4.32% for nitrogen. Sulphur content range from 0.3 to
3.8% for sedimented clouds and clouds respectively. High organic carbon was found in ribbons and
clouds whereas false bottom and sedimented clouds had a high inorganic carbon content as a
consequence of the entrapment of suspended matter rich in carbonates.

3.2. Organic matter composition: carbohydrates, proteins and humic substances

The composition of organic matter, expressed as the percentage of carbon in the fractions (proteins,
carbohydrates, humin, humic and fulvic acids) relative to the total organic carbon content of the
aggregates showed high variability (Fig. 2). Carbohydrates in the aggregates constitute 26.0 + 11.2%
of the organic carbon whereas proteins constitute 19.2 + 14.2% with a decrease in surface aggregates
and in sedimented clouds.

The humin incidence was more relevant in ribbon, clouds and sedimented clouds (31.4, 23.8 and
20.8% respectively), whereas lower values characterised the false bottom and the surface aggregates
(Fig. 2). Humic fraction ranged from 2.7% to 6.3% of the organic carbon, fulvic fraction was quite
variable in some aggregates, in clouds and ribbons it could not be extracted, whereas it constituted
3.1% in the surface aggregates and 20.3% in false bottom.

3.3. 07C of organic matter of mucilages and humic fraction
The 5"C average value of the aggregates sampled in many different area of the Northern Adriatic was
—19.2 £+ 0.6%0 which falls in the range of natural plankton (from —19.7 to —24.1%o) and confirmed the

marine origin of the bulk aggregates previous results found in mucilages sampled in the Gulf of
Trieste in the summers of 1988, 1989 and 1991 [10].
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The -20.8%0 8"°C value of humic acid fraction extracted from sedimented cloud, sampled far from the
estuarine zones, pointed out the marine origin probably deriving by plankton degradation [10] (Fig. 3)
whereas other fractions extracted from coastal surface aggregates showed lower 5"°C values (—23.3%o),
due to an inclusion of riverine organic matter in the aggregates.
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FIG. 1. C,g, Cinore, N and S content, expressed as % w/w, in phytoplankton, zooplankton and different
types of mucilages.
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FIG. 2. Composition of the organic matter in different aggregates, expressed as percentage of carbon
in the fraction (proteins, carbohydrates, humin, humic and fulvic acids) relative to the total organic
carbon content in the aggregate.
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FIG. 3. 0"C (%) of organic matter in plankton, different types of mucilaginous aggregates, humic
fractions extracted from mucilages and in riverine particulate organic matter.
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Particle fluxes were measured at 200 m depth from January to July 2003 as part of the Dyfamed time-
series observatory activities using moored Technicap PPS5 sediment traps. Water column was
sampled for particulate and dissolved material at the same site (43°25°N; 7°51°E) with Challenger in
situ pumps during four cruises of the Barmed and MedFlux projects (March, April, May and June
2003). Particulate matter was collected on a 70 pm polyamide prefilter followed by a precombusted
GF/F filter (@ 293 mm). The dissolved phase of **Th was extracted from the filtered water with
MnO,-impregnated wound fiber cartridges [1]. Particulate ***Th was quantified on both fractions (>70
and 1-70 um) by non-destructive beta counting (Rise beta detector). The **Th activity of the dissolved
fraction was measured in the ashed cartridges using a well-type high purity germanium detector
(Canberra). Physical and fluorescence seawater data were obtained with a SeaBird SBE 911plus, and
particulate organic carbon was analysed with a VarioEl elemental analyser.

Temperature profiles showed a mixed water column in March and April, and stratified in June. These
profiles were contrasted by the fluorescence profiles which showed marked surface maxima in the first
two months and a deep maximum typical for stratified waters in June. Particulate total and organic
carbon profiles showed subsurface maxima at the beginning of the study (March) and, later on in May
and June, a deep maxima at 50 m confirming the presence of a mixed surface layer in the upper 30 m
which was well separated from the rest of the water column.

Total mass flux displayed a pronounced peak in mid-February and mid-March of approximately 400
mg m>d™". In January and from April to the end of June mass fluxes were always around 50 mg m™>d™.
Thorium-234 fluxes followed the same temporal trend, reaching 600 to 800 dpm m™d” in February
and March and less than 200 dpm m™d"' during the other periods. Thorium-234 activities in the water
column mostly agreed with the particle distribution reflected in the POC profiles. In the upper waters,
the 2*Th/**U disequilibria became more pronounced from March through June. Both radionuclides
reached equilibrium at around 150 m in March while it was above 100 m depth in June and slightly
below in May.

In order to compare trap thorium fluxes with those predicted by the **Th activity in the water column
the thorium deficit was integrated over the upper 200 m water depths. This yielded values from 800
dpm m?d” to over 1000 dpm m™d". Although the estimated flux in March corresponded to that
measured in the sediment traps, overall, the water column derived 2*Th fluxes tended to be higher
than those registered by the traps during the same time periods. POC export flux was calculated from
the thorium flux by applying the POC/?*Th ratio measured in large sinking particles [2]. This ratio
(0.019 mg dpm™ or 1.58 pumol dpm™) was measured in the particles >70 wm at 200 m depth, and
yielded a POC flux in the range of 15 to 20 mg m™>d™.
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Our data show that *Th distribution traces fairly well the dynamics of particle distribution in the

water column, and they confirm the applicability of this tracer in flux studies carried out over
relatively short periods of time (weeks). The Th-derived data will be compared to POC sediment trap
fluxes (data in process) and the variability of POC/**Th ratio in our pumps and trap samples assessed.
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GEOSTAR-2 (GEophysical and Oceanographic STation for Abyssal Research) is the first European
deep-sea observatory for geophysical and environmental monitoring at seabed becoming operative in
2000. It was deployed in September 2000 from the Italian R/V Urania, in the southern Tyrrhenian Sea,
between the Sicilian coast and the island of Ustica, at a depth of about 1900 m. After 206 days, in
April 2001, the observatory was recovered. More than 4100 hours of data were recorded continuously.
This mission represented the longest lasting experiment using a complex module, with an intelligent
unit, deployed at great depth.

The sensors used for this mission (two magnetometers, a gravity meter, a hydrophone, a Doppler
currentmeter, a single-point currentmeter, an automatic water sampler for laboratory geochemical
analisys, a CTD and a transmissometer) were continuously controlled and managed by a data
acquisition and control system able to trasmit the data via surface buoy and radio or satellite link to
on-shore operators.

The seawater samples have been analysed for the following parameters:
- gas concentration: CO,, CHy, He, Ne

- helium isotopic composition: R/Ra ("He/*He sample / *He/*He atm)

CO, and CH4 were analyzed by gas chromatography with micro-TCD. Helium analysis was carried
out with a Perkin Elmer 8500 gas-chromatograph (Flame Ionization Detector and Hot Wire Detector;
5ppmv as detection limit; analytical errors of = 5%). The *He/*He isotopic ratio, was determined by a
static mass spectrometer (VG5400TFT, VG Isotopes; typical uncertainties are about +1% for *He/*He
ratios in the range of atmospheric values; below +0.1% for high-"He samples and below +3% for low-
*He (radiogenic) samples).

The environmental radioactivity analyses of seawater samples, obtained by the automatic water
sampler, has been performed in the framework of ERMES research project (Environmental
Radioactivity Monitoring for Earth Sciences) to trace environmental changes in the Benthic Boundary
Layer (BBL) seawater [1, 2].
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The analysis of radionuclides was carried out by means of gamma spectrometry with coaxial high
purity Germanium (HPGe) detectors having volumes ranging from 200 to 500 cm® and a total
background rate in the energy range [(60+2700) keV] varying from (221£2) to (980£10) counts/days
depending on the detector [3]. Each seawater sample has been measured for about ten days using a
polystyrene box of 70 mm diameter and 30 mm height [1, 2].

Oceanographic data evidenced ocean-lithosphere interactions in the 1900 m deep BBL, distinguishing
two water masses with different origin and, possibly, benthic residence time. Environmental
radioactivity analyses shown a BBL characterised by a colder Western Water (WW), which is
episodically displaced by the cascading of the warmer Eastern Overflow Water (EOW) [4].

[4]
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This paper summarises highlights of a recently finalised IAEA Regional Technical Co-operation
Project, called “Marine Environmental Assessment of the Black Sea Region”. This project aimed to
complement other on-going regional programmes by addressing those gaps in regional capabilities,
co-ordination and scientific investigations, which fall within the Agency’s technical competence. The
main objectives of the project were (i) to develop capabilities in the region to reliably assess Black Sea
radioactive and non-radioactive pollution by using nuclear techniques; (ii) to implement a regionally
co-ordinated monitoring programme for radionuclides in coastal waters; and (iii) to assess key
processes controlling the fate of pollutants in the Black Sea by using radionuclides as tracers. The
project was designed based on requests and proposals received from IAEA Member States and
involved a nucleus of nine main counterpart institutes and twelve collaborating institutes/laboratories
in the six riparian countries: Bulgaria, Georgia, Romania, the Russian Federation, Turkey and Ukraine.
The TAEA contribution to the project amounted to $1.8 million over a period of 6 years (1995-2001),
including the supply and commissioning of sampling and radiometric equipment and laboratory
materials, expert visits, training courses, workshops, a seminar, fellowships, scientific visits, research
vessel services and organisation of two Black Sea international scientific cruises, technical meetings,
planning and co-ordination meetings and Ministerial meetings. The project thus had a strong capacity
building component in support of national programmes and benefited in turn from commitment and
considerable human resources, infrastructure and networking contributed by the national counterparts.
Besides upgraded radioanalytical and assessment capabilities in the region, the project resulted in a
large amount of new data, published so far in over 140 papers.

A programme for co-ordinated monitoring of coastal marine radioactivity was initiated at 15 stations
around the Black Sea. Seawater, beach deposits (sand) and selected species of seaweed, mollusks and
fish were collected once a year (twice yearly in the case of water) and analysed for *’Cs by all

laboratories and for additional radionuclides (9°Sr, 239.240py, 2 1OPo) by a few laboratories.

Two international scientific cruises organized in 1998 and 2000 (Fig. 1) aimed to provide on-board
training and to foster collaborative studies. Their main objectives were to assess contaminants in the
marine environment, with a focus on anthropogenic radionuclides; to study particle fluxes,
sedimentation, water mass mixing and eutrophication using radionuclides as tracers; and to perform
trend monitoring at reference stations.
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FIG. 1. Location of stations occupied during the IAEA Black Sea scientific cruises in 1998 (full
circles, italics) and year 2000 (open circles, bold).
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The field and laboratory work was carried out according to harmonized methodologies and supported
through proficiency tests and intercomparison exercises.

Selected results will be presented in this paper and several other posters and oral presentations at this
conference present details on subjects like *'’Po and associated doses, sedimentation and sediment
inventories of radionuclides in the abyssal Black Sea and radiotracer chronology of metal pollution in
the Eastern Black Sea.
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“Reading the isotope language” means that we are following the various changes that affect isotope
ratios. We know that in essentially all physical and chemical processes the relative abundance of
isotopes within an element are subject to small changes. Most of these subtle changes are mass
dependent (called mass fractionation), but mass-independent fractionations also occur occasionally.

In the current presentation we will walk through the seven large domains of our environment
(atmosphere, biosphere, hydrosphere, cryosphere, lithosphere, cosmosphere, technosphere),
“listening” to the isotope language and interpreting our world through this special window. An attempt
will be made to point out the usefulness of this approach to gain a deeper understanding of the unique
history of our physical world, and to get a glimpse at the human influence on its future.

Changes of stable isotope ratios through natural processes are quite small. For light elements (e.g.
carbon, nitrogen, oxygen), where the relative mass differences between isotopes are large, mass
fractionations are in the order of permil (%o). For heavier isotopes, the mass fractionations may even
be one to two orders of magnitude smaller. Great progress has been achieved in measuring these
minute changes of isotope ratios with various techniques, such as GMS (Gas Mass Spectrometry),
TIMS (Thermal Ionisation Mass Spectrometry), SIMS (Secondary Ion Mass Spectrometry), and in
recent years particularly with ICPMS (Inductively Coupled Plasma Mass Spectrometry). As a result,
stable isotope ratios can now be measured with high precision and accuracy for essentially all
elements.

In addition to mass fractionation which affects all isotopes, radioisotopes introduce an additional
dimension. Their abundance may change considerably in the course of time (10 half-lives decrease a
radioisotope-to-stable-isotope ratio by a factor of 1000). However, these isotope ratios are difficult to
measure because of their extremely low values in natural settings (e.g. 10"% to 10" for '*C/"*C ratios).
They require special methods such as AMS (Accelerator Mass Spectrometry), which currently
dominates this field. Recently, also laser-based mass-spectrometric techniques (Resonance lonisation
Mass Spectrometry and Magneto-Optical Trap methods) are gaining ground in this field.

Taken together, we now have a multitude of versatile methods available to measure isotopic changes

in essentially all sections of the environment. The continuing advances in reading the subtleties of the
isotope language promises to help us to get a better view of our home planet and beyond.
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The marine nitrogen cycle is one of the most complex elemental cycles on earth, in which nitrogen
‘cycles’ between 8 oxidations states (-3 to +5), mediated predominantly by micro-organisms. The use
of the stable isotope of nitrogen, °N, has been the most significant tool that has led to our current
knowledge of this cycle.

From an historical context the introduction of °N can be traced back to parallel developments in two
fields: a biogeochemical context and developments in isotope chemistry. In biogeochemistry the
proposals of Liebig - “Liebig’s Law of the Minimum” led to the recognition of the importance of
nitrogen as a possible determinant of growth of living organisms. This was followed by early and
important work of Brandt which initiated the study of nitrogen in the marine realm. The Founding
Father’s of marine chemistry Brand, Cooper and Harvey firmly established the nitrogen cycling into
‘main-stream’ marine science. The parallel developments in isotope chemistry initiated by Wien in the
1890s with the discovery of positive ions, through to the development of mass spectrometers by
Thomson and the pioneering work on stable isotopes by Aston, Nier, Urey, Rittenberg and others was
to lead ultimately to Hoering’s seminal paper detailing the natural variations in "N in “natural
materials”. These dual developments led quickly to the use of "N in deliberate marine studies. Thus,
Benson and Parker in 1961 used natural variations in "N to demonstrate unequivocally marine
denitrification, and in 1967 Miyake and Wada published the first detailed study of variations in °N in
marine organisms and foodchains. Alongside these developments there was landmark work being
done by the use of °N as a deliberate tracer by Dugdale, Goering and others in the early 1960s which
firmly established the use of '°N as an important part of the marine ‘armoury’.

As noted above "N can be used in two ways to help resolve the nitrogen cycle: study of the natural
variation in its abundance in natural materials; use as a deliberate tracer by the addition of measurable
concentrations under experimental conditions.

In the latter case the resolution of the form of nitrogen used by phytoplankton has led to the
fundamental paradigm in biological oceanography of ‘new’ production. This was introduced in the
1967 by Dugdale and Goering and is important because it describes in effect the carrying capacity of
any part of the marine environment. It thus sets the upper limit of the amount of carbon that can be
sequestered by marine phytoplankton (of major importance in determining the role of the oceans in the
context of global climate change); it also sets the upper limit of fish production (of major importance
in the context of sustainable marine bioresources). Because of its importance a considerable amount of
work has been conducted, using "N, over many years to establish the global level of ‘new
production’. A reasonably comprehensive study of the literature revealed over 70 studies since 1967
that when combined results in a global estimate of new production of 20GtC year-1; this estimate is of

considerable significance for models of the global C cycle.
Turning to the use of variations in natural abundance of °N two examples serve to show its utility.

First: the unequivocal demonstration that nitrogen fixation is of major importance in the marine
environment. Many studies across the world-ocean have shown that components of the marine food-
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chain are unusually ‘light’ in "N content; this could only occur if the basis of the nitrogen was from
the atmosphere, which has a relatively low "N content. This finding is also of importance to global
ecosystem models. Secondly, in resolving marine food-chains. The resolution of marine food-chains
by "N is based on the observation and known theory of isotope fractionation as nitrogen is
transformed from one form to another. Thus, as nitrogen moves up through trophic levels it is
expected that consumers would progressively become ‘heavier’ in °N content. A large number of
marine food-chains which otherwise would not be tractable to study have been resolved using this
approach.

The above are limited examples of the use of ’N but it is obvious that "N has been of enormous
importance in resolving the marine nitrogen cycle. With the development of new techniques in
molecular biology and the continuing development of more sensitive mass spectrometers we can
expect a continuing development in its use and value to natural scientists.
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Although the discovery of deep red-brown paleosols, or fossil soils, during Deep Sea Drilling Project
(DSDP) and Ocean Drilling Program (ODP) legs dates back to the mid 1970s [1-3], the potential for
preservation of organic matter in these igneous-derived silty-claystone units has been overlooked, and
depositional settings have been inferred from only petrologic observations.

I present here naturally occurring stable isotopes of carbon and nitrogen (613C0rg, 5'°N) data of a well-
preserved paleosol unit (Fig. 1) cored at Site 1206 (Koko Seamount) during the ODP Leg 197
(Emperor Seamounts, north Pacific Transect) [4-5]. The study of the sources and variation with depth
of organic matter in sub-basement Fe-oxide-rich paleosol units from Leg 197 contributes to
understanding the palaeoenvironmental history of the Emperor Seamounts prior to, during and after
their burial and subsidence (ca. >48 to 55 Ma). Furthermore, preserved organic traces in such an
isolated deep Earth system make them a useful test bed for future deep Earth's biosphere-relevant
investigations [5-6].

306.5-211.1 mbsf

LEG

FIG. 1. Core 197-12064-40R soil unit. This sequence develops for a total length of 234 cm and
consists of a silty-clay red-brown material that becomes progressively lighter in color upward i.e.,
dusky brown (5YR 2/2) to very dusky red (10R 2/2).
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This soil interval forms in the first part of Section 40R-3 (0-77 cm), it develops throughout the entire
Section 40R-2, and ends as capped by a lava flow top at Section 40R-1, 104 cm. Throughout the fossil
soil sequence two contacts are present: 1) the contact between the weathered lava flow top unit (white
arrow), which represents the early/mid stage of soil formation; and 2) the contact between the top of
the soil sequence (Unit 18A; [4]) and the overriding rock unit (black arrow) - i.e., the brecciated base
of Unit 17 [4].

Measurements were made throughout Core 197-1206A-40R soil unit on organic-poor samples (Cor, =
0.03-0.07%; 0.049 + 0.011, n = 7) by using an Elemental Analyzer 1110 CHN coupled with a
Finnegan Delta Plus MS-Conflo II.

This fossil soil system is characterized by a) the smallest difference for C (813COrg =~1.5 delta %o); b)
the highest variability for N (8"" Ny, = -9.5%o0 to +2.5%o); ¢) even wider differences that occur between
the fossil and the recent soils i.e., Hawaiian oxisols (13COrg = ~12 delta%o; BN =~18 delta%o) as
counterparts.

More specifically, the &' Corg (bulk) values for the paleosol beds are —25.3%o (at 307.54 mbsf) to -
26.2%o (at 308.92 mbsf) downcore. These values contrast to those obtained from an exposed Hawaiian
oxisol sample (e.g., a Horizon-B sample at 100-105 cm-depth) with 613C0rg = -23.0%0. Typical
uncertainties for these measurements were +0.1%o to 0.3%eo.

First, 613C0rg values of ca. -26%o support a terrestrial, rather than marine source [7-8] of organics
preserved in the paleosol interbeds from Core 197-1206A-40R. Thus, providing additional evidence
for red claystone units as soil horizons subaerially formed on the top of Koko Seamount and buried by
erupted lava flowing in a nearshore environment [1, 3-4]. The red soils probably underwent not only
environmental changes (in paleolatitude and/or in paleoclimate) during formation, but also diagenetic
changes after their burial.

However, 3"°C alone resulted inadequate at distinguishing among different carbon sources (i.c.,
microbials, algae and land plants, [e.g., 8]. Hence the need of adding "°N data to constrain the source
of organics in these interesting fossil soils.

Second, the isotopic composition of carbon and nitrogen would represent a complex signal from such
history since late Palacocene to early Eocene time [5]. Specifically, the stable isotope signature of C
and N (613 Corg =~ -26%o0; 8" Nyt = -9.5%o to +2.5%0) could reflect mixed sources of organics (i.e., plant
and primary/secondary bacterial) and microbial-induced processes within the Carbon cycle and the
Nitrogen cycle (e.g., nitrogen fixation, nitrification, and denitrification).

Finally, the geochemical divergence of these deeply buried fossil soils from their still exposed
counterparts (with 813C0rg =~-17 %o to ~ -23 %o: 8" Ny = up to +8.5%0) would indicate a possible
example of isolated atmosphere-land-ocean systems and deep Earth systems where to test for potential
deep subsurface biospheres.
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1. SPLITT fractionation

Sieving and SPLITT (split flow thin cell) fractionation were used to hydrodynamically sort surface
sediments collected along an E-W transect from the mouth of the Columbia River, across the
Washington continental margin, to the Cascadia Basin in the N.E. Pacific. Sediments were separated
into various coarse (>250, 100-250, 63-100, 38-63 and <38 um) and two fine (38->1m/d and 38-
<1m/d) fractions. The sieve-SPLITT method was recently tested and validated by using a variety of
natural sediments [1] and results indicated that many biogeochemical processes governed by particle
dynamics could be examined using this approach.

2. Washington Margin results

Mass distribution of sieve fractions indicates that sediments from the Washington shelf are dominated
by large particles (>250 um) whereas fine particles (<38 wm) are predominant in slope and Cascadia
Basin sediments. This is consistent with the natural grain size distribution occurring in Washington
margin sediments [2]. The mass distribution is shown in Fig. 1.

Total Organic Carbon (TOC) contents of the sediments generally follow the same distribution as the
mass. With the exception of inner shelf stations, most TOC resides in the fine fraction and ranges
around 1.5-3%. Stable carbon isotopic measurements on TOC indicate an increase in 3"°C values from
the shelf to the Cascadia Basin (from -34 to -20%o). Consistent with this, TOC/TON ratios decrease
along the same transect (from 80 to 10), suggesting a transition from terrestrial to autochthonous
marine sources.

These results will be completed by those from the splittate fractions. Results of other analysis of the

sieve-SPLITT fractions (inorganic elements, surface area, mineralogy and Sr isotopes) will also be
presented.
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FIG. 1. Mass distribution of surface sediment fractions from sieve-SPLITT method in the Washington
Margin area.
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Elemental (organic carbon and total nitrogen) and isotopic (8"°C) record of fine-sized (< 63mm)
particulate organic matter in Southwestern Iberian continental shelf sediments covering the last
centuries is presented. This study was performed in order to estimate the contribution of terrestrial
organic matter in marine sediments due to carried sediment load by the large Iberian river basins.
Surface sediment samples were recovered from a Smith McIntyre grab sampler along three transepts
located between mouths of Guadiana and Tinto-Odiel rivers. Moreover, two sediment cores (core 5
and core 8) were recovered from a vibro corer, located in the mud field on the Guadiana continental
shelf at 72 m and 22 m water depth, respectively.

Organic carbon (OC), total nitrogen (TN) and 5"°C isotope ratios were measured, after carbonate
removal, on the same sample aliquot by EA-IRMS (EuroVector 3028-HT Elemental Analyser on line
with a SIRA 10 Isotope Ratio Mas Spectrometer). Results for isotope abundance are reported in per
mil (%o) relative to Pee Dee Belemnite (PDB) standard for 8"°C. OC and TN are reported in mg.g™' of
dry sample.

Surficial sediments - The lowest 8"°C and the highest OC/TN ratios (averages + 1s: OC/TN = 9.4 +
0.9; 8°C = -26.2 £ 0.2%o) of the most inner shelf sediments (adjacent to the Guadiana river) reflect
organic matter derived from terrestrial C; plants (Fig. 2). In contrast, evidence of a changing source of
organic matter is revealed both by the regular increasing trend of 5"°C values toward the outer shelf,
and by the lowest OC/TN ratios for sediment below 70 m water depth (OC/TN = 8.8 £ 0.2; "°C = -24
+ 0.3%0). Any significant difference for elemental and isotopic records between the three transepts
suggests that sedimentary organic matter is evenly distributed along the outer shelf.

- T5 - 45

Long W

FIG. 1. Location of cores 5 and 8, and surface sediments sampled on the Southwestern Iberian
continental shelf.
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FIG. 2. OC/TN molar ratios and 613C of fine (< 63 um) size fractions of surficial sediments from the
Southwestern Iberian continental shelf.

Core 5 (Fig. 3) - The down-core variation of grain-size distribution indicate that fine fraction
percentage (< 63 um) decreases from 100% at the top to 55% at the bottom, suggesting a major
change in sediment supply composition. The regular increase of OC and TN through the core suggests
a gradual increase in fine-sized organic matter supply during the last centuries. The oscillations in the
contents of both components may indicate a primary productivity variability on the continental shelf.
Evidence of changing source of organic matter is also shown by the 5"°C values, ranging from —21.3%o
to —24.9%o. The highest 3"°C values are obtained for the most recent sediments. An average
sedimentation rate of 0.12-0.13 cm.yr’ has been estimated using the *'°Pb-excess profile. The
estimated sedimentation rate agrees well with the relative peak position of fallout nuclide '*’Cs. There
is little evidence that particle reworking takes place in the upper sediments.

Core 8 (Fig. 4) - The down-core variation of grain-size distribution indicates that the fine fraction
percentage (< 63 pum) is predominant (75 £ 5%) above 170 cm depth, contrasting sharply with the
values displayed in the deeper part (45 = 10%). This later depth corresponds to a major change in
sediment supply composition. The regular increase of OC and TN toward the core top, from 6.6 mg.g"
and 0.8 mg.g”' to 15 mg.g” and 1.7 mg.g”, respectively, suggests a gradual increase in fine-sized
organic matter supply during the last centuries. Noticeable oscillations in the contents of both
components above 170 cm depth are observed and may indicate a primary productivity variability on
the continental shelf. Evidence of the changing source of organic matter is also shown by the 3"°C
values, ranging from —26.3%o to —23.7%o. The lowest 8"°C values are obtained for sediments above
170 cm depth.

Terrestrial versus marine sources of fine-sized organic matter (Fig. 5) - A first-order linear correlation
can be drawn between 3"°C values and OC/TN ratios from cores 5 and 8. This relationship is usually
interpreted as a mixing trend between terrestrial and marine sources of organic matter, providing
depleted and enriched isotope ratios, respectively. The negative correlation indicates that the terrestrial
source end-member is best approximated by core 8 samples, which have the most depleted in "*C and
nitrogen (high OC/TN) fine organic matter. The marine end-member would have an isotopic signature
approached by the most enriched in ">C and nitrogen core 5 samples. Assuming constant 5'"°C end-
member values for marine (-20%o) and terrestrial (-27%o) fine-sized organic matter supply along both
cores, we can make a semi quantitative estimate of the continental contribution. According to our
estimates, 55 to 90% and 20 to 70% of fine-sized organic matter is derived from terrestrial sources,
respectively in core 8 and 5.

118



D. Burdloff et al.

21 -1 13 -1
N ’ Pb exc. (Bq.Kg") 7 Cs (Bq.Kg")
o 8°Cvs PDB
<63 km (wt %) ¢ %9 10 100 100( 0 2 4 6 8 10
5 60 70 80 % 100 0 2625 24 B’ 2 A 0 . 0t vt v 1
04 o 0 et e ‘ \\
® x ® (o) 1986
40 ol &1 NV —————
‘“’ o | <
60 60 60 5| o 5 1963
8 80 80 ]
100 100 100 o
120 120 120 Q
E"O 140 140 g 10 10
= 160 160 160 s
S
_g;‘% 180 180 = o
o 20 200 200 2 o
S 20 20 20 a 154 15 |
N 240 240 240
260 260 260
280 280
20 200 20 | 20 4
300 300 o <
320 320 320
340 340 340
360 360 360
00 05 10 15 25 25
TN (mg. g™ )

FIG. 3. Down-core variations of fine (< 63 um) size fraction contents, OC and TN concentrations and
6" C, for fine size fractions of carbonate-free samples, and *'’Pb excess and "’ Cs activity profiles of
core 5.

<63 um (Wt %) 0C (mg.g-1) 5"3C vs PDB (%0)
°© 20 40 60 80 100 0 5 10 15 20 25 30 27 26 25 24 23
04— b . . ,

Core depth (cm)
g

00 05 10 15 20 25
TN (mg.g-1)

FIG. 4. Down-core variations of fine (< 63 um) size fraction contents, OC and TN concentrations and
5"C, for fine size fractions of carbonate-free samples (core 8).

21.0
| (0] (n=131, =0,726)
i\t 4
-23.0 4
g ]
& 2404 O
w 4
- 25.0
QO T
- ,
o 260 |
] [
210 +—————F———

7 e 1 o1 15 1
OC/TN (mol.mol™")
FIG. 5. 6"°C vs. OC/IN ratios, for fine size fractions of carbonate-free samples (core 5 and 8).
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Three main factors govern dynamics of CO, within a forest canopy: turbulent mixing with the
atmosphere above canopy, photosynthesis and respiration. CO, released by respiration is either lost
from the forest through turbulent mixing or refixed by photosynthesis within the canopy (CO,
recycling). CO; concentration ([CO,]) in a forest generally increases from canopy layer toward the soil
surface due to the high [CO,] by plant and soil respiration. Therefore, the understory vegetation is
capable of fixing the respired CO, through photosynthesis, and this process would highly influence the
carbon dynamics within a forest.

In a temperate deciduous forest, stand structure is seasonally changed by the seasonal change of
foliage biomass distribution and changes the environment factors in the forest understory such as light
attenuation and soil temperature which affect photosynthetic activity of understory plants and
respirations of plants and soil microbes. In this study, we examined how [CO,] and 8"C of canopy
profile change daily and seasonally in a cool-temperate deciduous forest at Takayama Experimental
Site (36°8’N, 137°6’E, 1420 m a.s.l.) in Japan. We also estimated the percentage of respired CO,
recycled by understory vegetation using a model developed by Sternberg (1989) [1]. At the Takayama
Experimental Forest site, the understory is dominated by an evergreen dwarf bamboo grass (Sasa
senanensis (Fr. Et Sav.) Rehdar).

There were dramatic changes in canopy foliage density and environmental conditions within the forest
in only about five months of plants’ growing season. There were clear diurnal changes in [CO,] within
the forest ([COx]canopy)> €specially on the soil surface, in mid-summer (August). [CO,] canopy and 8BC of
CO, (813Ccampy)were vertically stratified in the forest, with maximum [CO;] (ca. 478ppm) and most
negative 8"°C value (-12.5%o) near the soil surface (Fig. 1). The diurnal variations of [COx]canopy and
& Ceanopy Were also clearly observed in the forest; daytime [CO,]canopy Was considerably lower than that
in night due to photosynthetically CO, uptake in daytime while respiratory CO, efflux and its
accumulation occurred around the dense understory vegetation in night. The Sternberg’s model [1]
using, we calculated the fraction of respired CO, that was refixed photosynthetically by S. senanensis.
The percentage of respired CO, refixed by S. senanensis ranged from 5 to 16% in summer depending
on the diurnally fluctuated [CO;]canopy 1n the understory. [CO;]canopy and 813C03m,py showed small diurnal
variation and small vertical difference in spring and autumn, reflecting reduced biological activities
due to tree leaves fall (Fig.1). The percentage of respired CO, recycled by S. senanensis ranged from
22 to 26% in spring, and from 16 to 21% in autumn. These results were discussed in this study in
terms of environmental and physiological factors as follows; (1) source CO, effects ([CO:]canopy and
613ccan0py) due to the seasonal change of soil respiration rate and turbulent mixing which depends on

121



M. Kondo et al.

forest canopy closure and (2) leaf photosynthetic discrimination effects influenced by the
photosynthetic and stomatal responses to diurnal light incident patterns that are different between
summer and spring (or autumn).
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FIG. 1. Canopy profiles of 6 Ceanopy (@) and [CO] canopy (b) 0n August 2002 and May 2003.
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The Black Sea is a unique marine environment representing the largest land-locked/semi-enclosed and
deep anoxic basin in the world. Its shelf region is generally narrow and it enlarges at the north western
corner. It has a very large catchments area, receiving extraordinary amount of nutrients, pollutants as
well as fresh water. The coastal waters of the Black Sea are principally fed by the river input and by
the lateral/ vertical nutrient transport mechanisms. In the open ecosystem, which is dominated by the
cyclonic eddies, primary production is mainly sustained by the influx of nutrients from the
oxic/suboxic lower layers mainly by vertical mixing processes. However, the input from the anoxic
layer is limited due to the presence of a permanent pycnocline in the Black Sea which coincides with
the oxic-anoxic transition zone. Intense denitrification and redox-dependent processes within this zone
limit nitrogen and phosphorus input to the productive layer (Fig. 1).

Multilayer systems having anoxia support multiple layers of biological production [1, 2]. In addition to
photosynthetic production at the surface layer, microbial communities at the oxic-anoxic interface live
on the residual chemical energy (i.e. H,S, CH,, NH,", H,) originate from anoxic waters.
Photosynthetic and chemosynthetic production rates have been measured using '*C isotopic technique
in the Black Sea for 1998-2001 period and the results are presented in this synopsis.

The thickness of the euphotic zone was in the range of 15-35 m in the Black Sea during the study
period. Photosynthetic production rates in this zone were in between 141 and 639 mg C m™>d". The
lowest values were recorded in the central regions and the highest values were measured at the Turkish
and Romanian shelf areas. Bioassay experiments showed that under optimum light conditions, the
production is nitrogen limited in the Black Sea and NH, is preferable with respect to NO;. In recent
years, production in the Black Sea was more intense in autumn and less pronounced in spring.

Present data showed that, chemosynthetic production at O,-H,S interface is relatively high in the
Black Sea and it is potential mid-water source of sedimentary biogenic particles for the basin related to
the microbial activities and red-ox processes which are persistent features in the Black Sea ecosystem.
Lateral transports of oxygenated waters from coastal areas possibly enhance the chemoautotrophic
production. Indeed, the carbon produced at midwater depths may exceed the surface photosynthetic
production. Arial chemosynthetic production for open region was 93.5 mg C m™”d", corresponding to
54% of the surface photosynthetic production. It was much higher (1951 mg C m™>d" and 722% of the
surface photosynthetic production) in coastal area, not only because of higher peak values, but also
due to presence of thicker chemosynthetically active layer. For comparison, the range of chemo-
autotrophic production in the Cariaco basin was 312-1884 mg C m™ d”' and this was equivalent to
between 10% and 333% of its surface primary production [3].

123



A. Yilmaz, and Y. Coban-Yildaz

Planktonic nitrogen productivity and relative importance of NO;, NO, and NH, on productivity in the
Black Sea were estimated using "N isotopic technique. Though the main nitrogen source utilised by
phytoplankton was NH,, annual ‘f-ratio’ was unexpectedly high, which could not be compensated by
the estimated budget of new nitrogen input. Available estimations on new nitrogen input to the
euphotic zone of the Black Sea corresponded to less than 20% of annual N-production rate estimated
and the direct measurements revealed an f-ratio of 0.3-0.5. N, fixation seems to play a role in nitrogen
supply and their potential contribution in supplying new nitrogen to the euphotic zone should be
clarified.

Carbon and nitrogen natural isotopic ratios (8"°N and 8" C) of suspended particulate organic matter
(SPOM) produced in the water column of the Black Sea were also determined in the Black Sea. The
results revealed important vertical and regional variations in terms of isotopic composition while the
seasonality was less remarkable. SPOM of each layer possessed distinct isotopic composition
associated with microbial decomposition and formation of organic matter. Isotopic signature of
planktonic productivity in the euphotic zone, bacterial decomposition in the oxycline, chemo-auto- and
—heterotrophic activities in the suboxic and anoxic layers were traced. C and N isotopic composition of
Black Sea SPOM collected revealed that planktonic production and rapid recycling in the nutrient-
poor surface layers. Dominance of ‘old’ partially decomposed fragments of SPOM dominated by
lipids in the oxycline. Intense microbial activity in the suboxic/anoxic transition layer of especially
coastal regions partially aerated by Mediterranean water.
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FIG. 1. Black Sea multi-layer system and processes in biogeochemical cycling.
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More than one billion people do not have access to clean water. Three years after world leaders pledge
in the UN Millennium Declaration to reduce this number in half by 2015, increasing access to safe
water remains a great challenge. In our quest to increase water availability, it is likely in many cases
that water resources are used before fully understanding their hydrology. Such “solutions” sometimes
result in creating greater problems, such as in Bangladesh where the use of groundwater reduced the
incidence of water-borne disease, but has led to a more difficult issue of arsenic poisoning. The fact
that water on earth moves in a cycle has been known since ancient civilizations existed on different
parts of the earth. However, appropriate water assessments at regional and national scale require
quantitative understandings of space and time distribution of water and fluxes in different parts of the
cycle. Isotope techniques have provided unmatched insights into the functioning of the water cycle.
New areas of research at the IAEA include identification and assessment of moisture sources in
precipitation, interactions between the water and carbon cycles, fossil groundwater assessment, and
submarine groundwater discharge. This presentation will review recent advances in these fields.
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Since the inception of computer-based, ground-water modeling almost 40 years ago, there have
tremendous scientific and technological advances. Virtually all problems of significance to the
practice of ground water (contaminant transport, regional ground-water flow, and well-field
development) have been solved. On the research side, new codes are pushing the frontiers to complex
multiphase problems, coupled phenomena, and stochastic processes. Nevertheless, our recent
bibliometric studies of papers in Water Resources Research suggest that many research strands are
simply worn out. Researchers often remain content to tinker with twenty-year old codes, embellishing
them with odd new subroutines, or new user interfaces. Others continue to be satisfied with
incremental advancements in historically important strands of research related to modeling. Perhaps
the greatest challenge facing the community of ground-water modelers is finding relevance in a
scientific world that has changed and in many respects has left them behind. The realities are that
modeling now is needed more than ever to help solve the most vexing of societal problems, for
example the impact of global climate change on water resources systems. The opportunities open to
those willing to work in this arena are as enormous as the new challenges stemming from needs to
integration new tools (satellites, information technology) and new unconventional research teams
(economists, social scientists). To an unprecedented degree, governments want more out of science
than just ideas and new modeling techniques. Those researchers able to adapt to this paradigm shift
will help lead modeling to the next logical step of solving important global and regional problems.

128



TAEA-CN-118/68

Tracing sources of organic matter and nitrate in the San Francisco
Bay-Delta-River ecosystem using isotopic techniques

Kendall, C., S.R. Silva, B.E. Bemis, D.H. Doctor, S.D. Wankel

U.S. Geological Survey,
Menlo Park, California,
United States of America

Hypoxic conditions in rivers, wetlands, and coastal ecosystems can cause significant problems for fish
and bird migrations, the local fishing industry, and for the usefulness of the water body for drinking
water and recreational purposes. While it is usually obvious that the problem is excess nutrients, it is
usually less obvious exactly what should be done to remediate the problem. This is because there are
usually many different land uses that contribute nitrate and organic matter to the ecosystem, and it is
often difficult to determine the dominant source of the nutrients and organic matter causing local
problems -- such as low dissolved oxygen levels or the production of disinfection byproduct during
water treatment -- with standard chemical and hydrologic mass balance methods. Isotopes often
provide new insights into sources, and are a useful adjunct to conventional methods.

Therefore, we have analyzed the isotopic compositions of dissolved and particulate organic matter
(DOM, POM), nitrate, and water samples from selected sites in the San Francisco Bay-Delta-River
ecosystem since 2000. Organic matter and/or nitrate samples were collected at various times in 2000-
2003 from ~20 sites on or near the San Joaquin River (SJR) and ~10 sites in the Delta. POM samples
from Delta and SJR sites had similar ranges of 8"°N and §'"°C values. Main-stem SJR sites have nitrate-
8" N ranging from +9 to +14%o (avg. +11%o) whereas samples from drains, creeks, and tributaries that
drain into the SJR range from 0 to +12%o (avg. +6%o). POM samples from main-stem SJR sites have
3"N values ~ 4%o lower than the co-existing nitrate. Depending on season, the nitrate-3'’N may
increase or decrease up to 3%o downstream, due to changing mixtures of sources, while nitrate-5'°0
almost always decreases downstream as the proportion of water in the SJIR derived from the Sierra
Mountains (which has water-5'*0 values of ~ -15%o) increases. C:N values of POM at main-stem SJR
sites were usually <8, whereas C:N values from drains and creeks were usually >15.

The main conclusions from our preliminary investigations are: (1) POM at main SJR sites is mainly
algal in origin except during major storms, whereas POM from the creeks and drains contains
appreciable terrestrial detritus, (2) most of the algae in the SJR appears to be produced in situ, (3)
groundwater is a significant source of nitrate to the river, (4) much of the nitrate in the SJR appears to
be derived from animal or human waste, and (5) algae in the Bay in October 2002 (during a whole-
system transect) seems to be N-limited. Interestingly, these isotope data often contradicted the
conclusions from previous studies that used simple mass balance approaches to determine and
quantify sources, resulting in the re-evaluation of some of the earlier interpretations. The value of
isotopic techniques is that they use the natural isotopic “labels” of different sources of organic matter
and nitrate to quantify the contributions from different sources. Hence, isotope data are an extremely
useful adjunct to traditional methods for assessing and monitoring sources of organics and nutrients
during ecosystem restoration programs.
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Tritium has been used as a tracer for the physical movement of water for the last five decades. After
the major increases in the tritium world inventory produced by atmospheric nuclear weapons testing,
its value as a tracer was quickly recognized [1]. The tritium transient has been applied to a large
variety of environmental studies in hydrology, oceanography and atmospheric circulation. Tritium
data frequently yield information on physical processes which can be difficult or impossible to obtain
by other methods. As the tritium transient enters its sixth decade and the tritium concentrations are
declining, the interpretation of tritium measurements has become more ambiguous. The tritium/*He
methodology has been developed and is of use in groundwater studies, but is of limited values for
surface waters studies. One method, which is frequently overlooked, is the use of measurements made
over long periods of time, either on a routine basis, or sporadically. With the use of a proper input
function, the physical meaning of these data can often be unraveled.

A monthly tritium input function has been developed for a 2° latitude by 5° longitude grid for the
continental United States for the period 1953-2001. The tritium concentrations for the grid are derived
from a series of precipitation collection stations that have operated during the tritium transient [2]. For
coordinates where no station was available, the data is interpolated between the nearest stations. No
station operated prior to 1959 and many stations were discontinued during the 1970s and 1980s. To
overcome these gaps in the data, correlations were carried out with the Ottawa, Canada station to f ill
in gaps in the data for 1953 to 1987. Due to possible influences from local nuclear sources in Ottawa
after 1987, correlations were carried out with the Vienna, Austria station for the period 1987-2001.
Correlation coefficients relative to the Vienna station are given for each section on the grid for each
month so that when more data becomes available on the IAEA website (http://isohis.IAEA.org)
researchers can use it to extend the input function in time. This input function can then be used in
modeling tritium time series.

An historical surface water data set has been compiled in cooperation with the IAEA consisting of
surface water tritium concentrations measured since the 1940s. This data set consists of over 6000
surface tritium measurements made world-wide from prior to the beginning of atmospheric nuclear
testing to 2004. There are many long-term data sets available in this group which furnish valuable data
bases for understanding physical processes within the river basins. These data show the response of
the surface water systems to the tritium transient over the past several decades. For many hydrologic
systems, trittum concentrations in river water will be more important than concentrations in
precipitation. This is frequently the case in studies involving irrigation and urban studies.

Figure 1 shows the response of the typical surface water system (Missouri River at Nebraska City,
Iowa) to the tritium transient compared to that of the precipitation within the basin. The rise of tritium
concentrations in surface waters is less than that found in precipitation, but the drop in concentrations
is much slower. This is due to the residence times of the various reservoirs that contribute to the base
flow of the river system. Mean residence times calculated for a series of different systems have shown
variations from 1-2 years to approximately 20 years. These differences will have important
implications for the response of different basins to pollution, and changes in land use and climate. The
seasonal signal from release of spring melt and rains is also evident in the tritium concentrations for
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FIG. 1. Response of the Missouri River at Nebraska City, lowa to the tritium transient compared to
tritium concentrations in precipitation within the basin.

rivers for three to four years after the peak of the transient in 1963. These increases in concentration
indicate the fraction of young water that makes up the flow during that period. As tritium
concentrations in precipitation decreased this seasonal signal disappeared and cannot be used to
determine the fraction of young water at the present time. These results indicate the importance of
obtaining previous data for proper assessment of current data.
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Abstract. Recent work characterizing the co-variation of stable isotope ratios in the large river systems of the
United States has led us to develop a new mathematical method to express the relationship between stable
hydrogen and oxygen isotope ratios in these systems. This method, entitled line conditioned excess, defines the
offset between a meteoric water line and river water samples, with 0 indicating no difference between a river
water sample and meteoric conditions, a positive value falling above the line and a negative one, below, in
reference to a plot of §°H versus & '*0. When the reference is to a local meteoric water line, the formulation is
entitled ‘lc-excess’ and when to a global meteoric water line, ‘LC-excess’. Line conditioned excess values
reflect both source water differences as well as the full complexity of physical processes that produce surface
waters. The method has proven useful in screening water samples with respect to meteoric conditions. It differs
both in concept and in construct from the method of deuterium excess or d-excess.

1. Introduction

Our recent work characterizing the co-variation of stable isotope ratios in large river systems [1] has
led us to define a new method to express the relationship between stable hydrogen and oxygen isotope
ratios of waters in these systems. We have opportunistically obtained over 2000 samples from over 40
stations in several large river systems of the United States, including the Mississippi and major
tributaries, the Rio Grande, the Colorado, the Columbia and the Yukon. Samples are taken on a quasi-
monthly schedule for the U.S. Geological Survey’s National Stream Quality Accounting Network
(NASQAN) program [2]. Samples have been taken since 1997 through today, although not at all
stations, and some stations have data from the 1980°s as well. [3] Our challenge is to characterize the
isotopic signatures of these large river systems and to understand the history by which the water
arrived in the channel, including recent precipitation from different source air masses, seasonal
evaporation patterns reflecting different conditions of temperature, relative humidity, and windiness,
baseflow contributions from ground waters of possibly different ages, as well as upstream water
contributions including possible dam releases.

2. Definitions and Discussion

The concept of a meteoric water line can be attributed to Craig [4] when he identified a linear
relationship between the stable hydrogen and oxygen isotope ratios of water samples to be

S’H=8 "0+ 10

Craig described this relationship to be indicative of "waters which have not undergone excessive
evapotranspiration." However, his samples included not only precipitation waters, but also water
samples from rivers and lakes.

We reserve herein the term “meteoric water line” (MWL) to indicate a linear relationship based only
on the stable hydrogen and oxygen isotope ratios from precipitation samples and the term “river water
line” (RWL) for one based only on river water samples. Note that a RWL is not necessarily consistent
with the appropriate region’s MWL because a RWL reflects the full complexity of the terrestrial
history of the surface channel water. Indeed, Kendall and Coplen [5] noted that there was generally a
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lack of agreement between a local MWL (LMWL) for precipitation and a linear regression based on o
*H versus 6 '*O of the river water samples.

To determine how the isotopic values of river waters differ from their presumed source, namely
regional precipitation, we defined the concept of “line conditioned excess” (Ic-excess and LC-excess)
to be the difference between the value of 6°H from a water sample and a linear transform of the § '*O
from the same sample where the linear transformation reflects the relevant referenced meteoric water
relationship. In particular, we define

le- excess= 0’H—-a 60 - b

as the line conditioned excess where a and b are the coefficients of the local meteoric water line
(LMWL) from the relevant region for the river water samples. Thus, if the river samples came from a
region in east central Texas, USA, Ic-excess could be defined from the LMWL for Waco, Texas with
a=6.52 and b = 4.58 [6] or if from south east Alberta, Canada, the LMWL for Calgary with a = 7.68
and b =-0.21 [7] could be used.

However, when dealing with river water samples from across the United States, we face two problems.
First, the local meteoric water line may not be known for each specific regional situation. Second, for
a large river basin such as that of the Mississippi, or when making comparisons between large river
basins across the entire United States, no single LMWL represents an appropriate reference condition.
Consequently, we defined an alternative formulation of line conditioned excess to reflect larger
regional conditions using a Global Meteoric Water Line (GMWL). We called this formulation “LC-
excess” and distinguish it from “Ic-excess” which is based on a LMWL. We use here the GMWL as
defined by Rozanski and others [8] based on the weighted average of precipitation at over 200
stations globally distributed. Thus,

LC-excess = 8°H-8.20 50 -11.27

LC-excess expresses mathematically the offset between the GMWL and river water samples, with 0
indicating no difference between a river water sample and the GMWL, a positive value falling above
the GMWL and a negative one, below.

We note here that line conditioned excess is neither the same concept nor the same construst as
deuterium-excess, or d-excess, which was defined by Dansgaard [9] as

d-excess = 5°H -8 §'%0

Mechanically, d-excess is defined as an estimate of the intercept of the Craig relationship. Dansgaard
interpreted d-excess to be an index of non-equilibrium in the simple condensation - evaporation of
global precipitation, informing on kinetic evaporation conditions in the oceanic source area of the
precipitation waters. That line conditioned excess is not the same construct as deuterium excess can
be seen as follows. Suppose that the local meteoric water line is identical to the Rozanski et al. [8]
GMWL and that the river waters are not highly altered after precipitating, so that the river samples
accord with the relationship

O’H~=82065"%0+11.27

Under these circumstances, the computed Ic-excess values would be ~0 for all river water samples,
indicating their close affinity to meteoric conditions, whereas the computed d-excess values would be

d-excess ~=0.20 50 +11.27

which varies with &'°0, thus complicating the assessment of the relationship of interest herein,
namely how consistent are the river samples with meteoric conditions.
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To illustrate, we note that we obtained the following median LC-excess values for the major river
basins: +1.9 %o in the Ohio, -1.6 %o in the mainstem Mississippi, -7.7 %o in the Missouri, -9.9 %o in
the Rio Grande, -1.1 %o in the Upper Colorado, -9.1 %o in the Lower Colorado, -0.2 %o in the
Columbia and -3.2 %o in the Yukon. The Columbia system, a coastal basin, had an LC-excess value
that was indistinguishable from 0 (or the GMWL), whereas the more arid and mid-continental basins
were most negative and furthest from 0 indicative of highly evaporative conditions (Rio Grande and
Lower Colorado) or oxygen isotope depleted meteoric waters (Missouri). The positive value for the
Ohio system may reflect the influence of the Great Lakes on precipitation in that basin.

Using the measurement uncertainties of the USGS Reston Stable Istopope Laboratory, namely 1%o and
0.07 %o for 6°H and §°0, respectively, we can derive the one standard deviation measurement
uncertainty S for the line conditioned excess formulation to be

S ={1"+(a0.07)*} **

where a is the slope coefficient from the MWL. Thus, for LC-excess using the Rozanski et al [§]
coefficients, the value of S is 1.15 %o.

We can make use of S to rescale the formula for line conditioned excess to assess significant
departures from meteoric conditions. That is, we define

lc-excess * = [0°H—-a 'O -b]/S
and
LC-excess* = {6°H-8.25"0-11.27}/1.15

We derive LC-excess* for the median LC-excess values reported above to be, respectively, +1.6, -1.4,
-6.7, -8.6, -1.0, -7.9, -0.2, and -2.8. Only those values for the Missouri (-6.7), the Rio Grande (-8.6),
the Lower Colorado(-7.9) and possibly the Yukon (-2.8) river systems can be considered to be
significantly inconsistent with the GMWL.

3. Summary

Line conditioned excess, specifically Ic-excess (Ic-excess*) and LC-excess (LC-excess*), directly
indicates the offset of surface water samples from the relevant meteoric water line. Its interpretation is
not complicated by varying with the oxygen isotope ratio as d-excess does. It is also an effective
diagnostic method for distinguishing isotopic ratios between river basins.
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Environmental tracers such as stable isotopes or noble gases in groundwater are important tools to
study issues of water resources and to obtain palaeoclimate records. Applications of these methods to
semi-arid regions are of particular interest. Old groundwaters in such places are not only climate
archives, but in the first place water resources of high quality but finite quantity. The goal of our
ongoing study is to investigate groundwater recharge and palaeco-climate in the semi-arid North China
Plain. Here we present the first palacoclimatic results.

The North China Plain consists of the deposits of the Yellow River and is the largest alluvial plain of
eastern Asia. The plain is bordered on the west by the Taihang Mountains and fronts the Bohai Gulf in
the east. It reaches up to the Yen Mountains in the north and to the Yangtze River in the south. The
North China Plain is one of the most densely populated areas of the world. The plain has a temperate
continental monsoon climate, with clear-cut seasons, dry winters and humid summers. The sediments
of the plain contain four partly interconnected aquifers [1]. We focus here on results from the deepest
aquifer, which has its recharge area near the mountains in the west and becomes deeper and confined
to the east near the coast.

In March 2004 twenty-six wells along a transect from the recharge area near Shijiazhuang to the
coastal area near Tianjin were sampled (see map Fig. 1, left panel). Each well was sampled for '*C, *H,
stable isotopes (*H and '0) and noble gases. Because the '*C measurements have not yet been
performed, all results are preliminarily plotted versus the distance along the flow path from well No.1.
The ages derived from wells that were already sampled by Zongyu et al. [1] show that the flow
distance is a reasonable age proxy at least for the first 220 km of the flow path (mountain area to
Cangzhou, see Fig. 1, right panel). Because the transect from Cangzhou to Tanggu was not dated
before, it is uncertain whether this approach provides a reliable age scale at distances greater than 220
km. The right panel of Fig. 1 also shows the *He-concentration versus the distance along the flow path.
The *He-concentration rises along the flow path as a result of accumulation of radiogenic ‘He,
confirming that the groundwater age increases with distance.
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FIG. 1. Left: Map of the North China Plain, with contour lines of the pre-pumping hydraulic head.
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Shijiazhuang to Tanggu near the sea. Right: Previously measured '*C-ages from [1] (left scale, stars),
and *He-concentrations (right scale, small symbols) versus the distance along the flow path. The
circles show the grouping of wells (young, old and mantle-influenced) we refer to in the text.
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FIG. 2. Noble gas temperatures along flow distance. Three groups ¢ young (squares), old (dots) and
mantle-influenced (triangles) groundwater are distinguished. Points are labeled with well numbers.

Using additional information such as the *He/*He-ratio and transient tracers, we distinguish three
different groups of wells. The first group consists of wells with modern groundwater, from the region
of Shijiazhuang (0 — 50 km flow distance). These wells were additionally sampled for SFs and *H and
most of them were found to contain significant amounts of these transient tracers, proving that the
groundwater in this region is very young.

The second group of wells ranges from 80 - 220 km of flow distance and consists of wells with old

groundwater of higher *He-concentration. The results of Zongyu et al. [1] indicate '*C-ages of 10 - 16
ka. The third group contains the wells 21-27 from the transect between Cangzhou and Tanggu. These
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wells have the highest He-concentration and comparatively high *He/*He-ratios, clearly showing an
addition of mantle-derived helium. A mantle helium signature has also been observed by Zhang et al.
[2] in inclusions of the oil-bearing rocks in this area and has been related to several deep faults in this
region. Due to the He isotope anomaly and the uncertain dating, the samples of the third group are
treated separately in the interpretation of our results. The results from Wells 11 and 15 were also
excluded from the analysis. Well 11 is thought to represent the transition between the first two groups,
whereas Well 15 should belong to the old group but seems to be an outlier in the noble gas data.

Noble gas temperatures (NGTs) were calculated according to the model outlined by Aeschbach-Hertig
et al. [3]. It provides very good fits to the data except for Well 13, for which no NGT was assigned.
The NGTs are presented in Fig. 2 with different symbols for the three groups. The mean NGT of the
first group (squares) is 13.0 + 0.4°C, and although there is quite a big variation, the mean temperature
closely reflects the modern mean annual air temperature in the area (13.4°C at Shijiazhuang). The
origin of the relatively large scatter of NGTs in the young group is as of yet unclear. The mean NGT
of the second group, which we interpret as the mean air temperature during the end of the last glacial
period in the North China Plain, is 9.1 £ 0.2°C. Our best estimate for the glacial-interglacial
temperature difference is therefore 3.9 £ 0.5°C. The last group of mantle-influenced groundwater
samples varies strongly in NGTs, possibly because there may be admixing of a different water
component than in the other two groups, related to the mantle He. Because we furthermore lack any
information about the age of these wells, they are not interpreted at this point of time.

The simultaneous measurement of noble gases and stable isotopes in groundwater allows us to directly
derive the slope of the 8" O-T relationship on the glacial-interglacial time scale. Fig. 3 shows the 5'°0-
values in respect to NGT. It shows the three groups of wells again, with the young group located
around 13.0 °C and -8.3 %o and the old group located around 9.1 °C and -10.9 %o. So the slope of the
3"*0-NGT-line is 0.66 %o °C™'. This is about twice the value obtained from modern precipitation at
monitoring stations in China (0.35 %o °C™"), based on which Zongyu et al. [1] derived a temperature
difference of 6 - 9 °C between present and last glacial from their stable isotope data. The NGTs show
that this estimate likely was too high.

Modern-day correlations between stable isotopes and temperature are often used to calculate
paleotemperatures from measurements of stable isotopes in archives such as ice, speleothems,
groundwater, and others. However, it is uncertain whether a 8'*O-T relationship obtained from recent
precipitation can be applied to glacial-interglacial time scales, where many boundary conditions have
changed [4]. The combination of NGTs and stable isotope data from groundwater may provide a more
reliable estimate of the regional long-term slope that may be useful in future stable isotope studies.
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Yet, the reason for the discrepancy observed in this study still needs further investigation. In contrast
to studies of polar ice sheets, in our case using the modern 5'*O-T slope seems to over- rather than
under-estimate the glacial-interglacial change. Comparing the stable isotope data to the global
meteoric water line shows no obvious effects other than temperature. A fit through all data yields 6°H
= 7.45-8"%0 - 0.13 for the local meteoric waterline (Fig. 4). All data lie closely on this line, with no
obvious difference in slope or deuterium excess between the young waters plotting in the upper right
part and the older waters in the lower left. The mantle-influenced group lies somewhere in between.
Evaporation would lead to deviations along lines with a lower slope, which does not seem to be the
case. We can presently only speculate that part of the large glacial-interglacial changes of stable
isotopes may be due to a different source of paleo-precipitation than today, when it is strongly
dominated by summer monsoon rains.
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Abstract. Hawes Water is a carbonate-precipitating, monomictic, oligotrophic lake typical of many temperate,
maritime, hard water lakes in NW Europe. Geochemical and isotopic studies show that lake hydrology is
dominated by the local meteoric groundwater system, with little evidence of evaporative modification. The §'*0
of calcite precipitating from lake waters is consistent with temperature-dependent isotope fractionation
relationships established by laboratory experiment. Minor differences between observed and predicted 830 qcice
result from a pH-dependent kinetic contribution to oxygen isotope fractionation in the natural lake environment.
These observations show that: (a) climate information, in the form of summer water temperature and 8'°0 of
meteoric precipitation, is transferred quantitatively to the sediment record; and (b) ancient lake sediments
preserve a recoverable record of past climate change.

1. Introduction

Oxygen isotope records recovered from carbonate-rich sediment cores collected from the Hawes
Water lake basin (NW England) are being used to reconstruct Holocene and late glacial climate
change. In order to confirm that environmental signals are transferred quantitatively to the sediment
record a detailed study of the limnology of Hawes Water was carried out over a two-year period. The
main objective was to examine the links between factors controlling the isotopic composition of lake
waters and isotopic records preserved by carbonate lake sediment.

2. Methodology

Hawes Water is a small (8 ha), hard water lake located near Carnforth, NW England (54°10.9°N
2°48.0°'W). The lake is situated at approximately 8m above sea level and occupies a localised
depression within a karstic (Carboniferous) limestone aquifer. Water supply to the lake is controlled
by groundwater (with smaller contributions from direct meteoric precipitation, surface drainage and
semi-permanent springs), sourced from a catchment (~150 ha) dominated by low-lying limestone hills
draped by thin (0-1.5 m) glacial diamicts and soils. The lake is characterised by a shallow (0-3 m)
littoral fringe colonised by dense stands of reeds and aquatic macrophytes, and a deep (8-13 m), open
water basin. The lake margin is separated from the deeper basin by a narrow zone (5-20 m wide)
where lake bathymetry changes rapidly. Surface drainage occurs through an intensely modified
(human intervention) peat bog (Hawes Water Moss) located at the southern end of the lake, but overall
lake drainage is controlled by a natural continuation of the regional groundwater system.

Limnological observations were undertaken from April 1998 to April 2000. Water temperature was
monitored continuously (2-hourly intervals) through the entire water column (1 to 3 m spacing) using
in situ temperature data loggers. Water samples were analysed frequently (typically 3-4 week
intervals). On-site measurements included temperature, pH, Xalkalinity and dissolved oxygen.
Separate water samples were collected for laboratory analysis of cations and anions, nutrients
(2SiOxq), P), chlorophyll, and stable isotope ratios (8%H, 8'*0). In addition, for one season (April-
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October 1999), carbonate precipitates were collected for 3'°0 analysis by suspending sheets of nylon
mesh in the water column at 0, 1, 2, 4 and 6 m below lake level.

3. Results

Temperature: Temperature measurements (Fig. 1a) show that Hawes Water is a monomictic lake.
Thermal stratification is initiated in early April and is fully developed — with a distinct thermocline
located at a depth of ~6 m — from May to September. The stratification collapses progressively during
late September and overturn of the water column is complete by late October.

Productivity: Hawes Water is a low productivity — oligotrophic — lake characterised by extremely low
levels (<0.1 pg/mL) of dissolved phosphorous There is little evidence for anthropogenic modification
of the lake nutrient cycle evident in many NW European lakes. Chlorophyll measurements provide
evidence for a spring (early March) productivity event dominated by Stephanodiscus (diatoms) and a
much less prominent autumnal (mid-September) bloom associated with the growth of Chrysophyceae
(flagellates).

Dissolved oxygen: Levels of dissolved oxygen (%O, saturation) show considerable seasonal and depth
variation in response to thermal stratification and biological activity (Fig. 1b). The onset of thermal
stratification coincides with a progressive increase in dissolved oxygen in the epilimnion and a
reduction in the hypolimnion. These changes correspond with increasing photosynthesis in surface
waters and increasing bacterial decomposition of organic matter deposited in lake basin sediment.
During the mid-summer period a zone of intense oxygen enrichment (with peak %O, saturation
>200%) is developed at the thermocline in response to a localised seasonal growth of algae
(Bacillariophyceae). Winter overturn of the water column, combined with the shut-down of significant
biological activity, results in homogenization of dissolved oxygen levels and a return towards
equilibrium with atmospheric pO,.

pH, pCO,, calcite saturation: In hard water lakes, dominated by bicarbonate alkalinity, pH, pCO, and
calcite saturation are dependent variables and are strongly correlated (Fig. 2a). Figure 2b illustrates the
variation in pH and calcite saturation for a 12-month period. Surface waters are permanently over
saturated with respect to calcite; only in bottom waters, during late summer (July-September) when
bacterial processes are most active, is pCO, sufficiently high to approach calcite undersaturation.

Qualitative observation from calcite precipitation on artificial substrates shows that carbonate
precipitation is most intense in near-surface waters (0-4 m) and is effectively confined to summer
months (June-August). Below 4 m the amount of calcite precipitation decreases sharply, with no
precipitation occurring below the thermocline. No precipitation is observed to occur at any depth from
mid-September to mid-April. These observations support CO, degassing and photosynthesis in the
epilimnion as the driving mechanism for calcite precipitation.
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FIG. 1. Contoured depth-time plots: (a) temperature (°C), (b) dissolved oxygen (% O, saturation).
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FIG. 2. (a) Correlation between calcite saturation index (log SI) and pH; (b) pH-time plot illustrating
seasonal variation in pH and SI.
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FIG. 3. (a) 6°H-8"0 plot showing the distribution of Hawes Water data with respect to the UK
regional meteoric water line based on the GNIP site at Wallingford. Shaded area contains 95% of the
data from the GNIP site; (b) Contoured depth-time plot for lake water 5"*Osyop.

Hydrogen and oxygen isotopes: Comparison between a regional UK meteoric water line (MWL),
(Wallingford GNIP site) and water samples collected from the local limestone aquifer and the lake
basin (Fig. 3a) show that, in general, the Hawes Water hydrological system is dominated by meteoric
input. The difference between the epilimnion and the deeper water can be attributed to seasonal
differences in the composition of rainfall and a lack of mixing in the water column (Fig. 3b). Lake-
level and water table measurements, combined with daily local rainfall records show a strong
correlation between rainfall amount and Hawes Water base level. This suggests that the lake is very
responsive to rainfall and implies that the changing isotopic composition of the epilimnion is
dominated by seasonal changes in the isotopic composition of meteoric precipitation.

4. Oxygen isotope equilibrium — quantitative transfer of climate signals

A major objective of this study was to test the assumption that oxygen isotope records are transferred
quantitatively to the calcite sediment deposited within the lake basin (cf. [1]). The 5'%0 of calcite
precipitated on artificial substrates located at fixed depths within the water column was compared
directly with depth-equivalent temperature and 8'°0, measurements. Data were plotted on a
conventional 10°Ina—temperature diagram (Fig. 4) and compared with an established temperature-
dependent, calcite-H,0, oxygen isotope fractionation relationship [2]. Small offsets between observed
and predicted values — note that most data plot on the equilibrium trend within estimates of
experimental error — can be attributed to errors associated with: (a) the averaging of environmental
parameters (temperature, 8'°0,) over the monthly time intervals allowed for accumulation of calcite
precipitates; (b) pH-dependent kinetic contributions to oxygen isotope fractionation [1, 3]; and (c)

142



E. Fisher et al.

possible kinetic artefacts associated with the use of artificial substrates to nucleate and collect
precipitates. A small number of samples, collected at 6 m, are observed to depart significantly from
the equilibrium trend. The reason for this is not yet understood.

(10%In &)

Isotopic fractionation

36 25 20 15 10
Temperature (°C)

FIG. 4. Comparison between calcite-H,O oxygen isotope fractionation (10°Inc) and temperature for
lake precipitates. Errors bars are based on cumulative uncertainties associated with observed ranges
for temperature and &8°0.,, over monthly sampling intervals.

5. Conclusions

Hawes Water provides a natural laboratory for testing the transfer of climate signals to the sediment
record in temperate, oligotrophic, maritime hard water lake systems. Hydrological investigation of the
catchment and lake shows that Hawes Water hydrology is controlled by meteoric processes, with
minimal modification of near-surface waters by seasonal evaporation. Geochemical and isotopic data
obtained from lake waters and calcite precipitates are, in general, consistent with temperature-
dependent equilibrium oxygen isotope fractionation. These observations show that carbonate
sediments preserve a predictable and recoverable record of summer climate.
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Abstract. Here we assess the simulation of isotopic fluxes in basin-scale hydrology, focusing on the ‘big leaf’
representation of land surfaces in numerical models as the current mechanism for incorporating water isotopes.
Applications of the simulation of stable isotopic behaviour simulated by global climate or earth system models,
including river isotopic characterization of basin changes and plant-respired oxygen isotope ‘tagging’, to
resolving uncertainty are limited until more basic criteria such as conservation, current mean climate and capture
of observed variability are demonstrated. We find that surface water budgets are still rather poorly simulated and
inadequately constrained at the scale of large basins; yet surface energy partition can be apparently well captured
by models with inadequate land-surface parameterization.

1. Introduction

Coupled climate models, which integrate processes in the hydrosphere and biosphere into three-
dimensional models of the atmosphere-ocean system are the most sophisticated tools available for
understanding impact of various climate forcings on the climate system. The global water budget in
these climate models is well simulated at a gross scale but, different model simulations applied to
future or past climate changes result in differences in the details of the basin-scale hydrology ([8]). In
addition to continuing to improve gross water flux measurements through coordinated measurement
programs and using these to test models, there is also an opportunity to evaluate and potentially
improve hydrological parameterizations at a basin scale using a novel data set: stable water isotopes.

Models of climate change and climatic variability are now being used to project water resources in
large catchments and the more subtle aspects of these simulations of large basin hydrology still require
validation. Stable isotopes of water have been used to interpret long-term temperature trends since
Dansgaard [1] ([8]), and their systematic variations in the water cycle as a result of phase change and
diffusion-derived isotopic fractionation have also been exploited in understanding the hydrological
cycle in specific locations [2]. Sources of air masses and precipitation processes affect the relative
amounts of isotopes present in precipitation while temperature-dependent equilibrium fractionation
during evaporation and turbulent scale interactions in the atmospheric boundary layer increase the
heavy isotope species in surface waters, [4, 5].

2. Hydro-climate processes

Stable water isotope characteristics of river discharge have provided information about basin-
integrated hydro-climates where detailed measurements of the hydro-climate are impractical [9].
Features of models that require evaluation (and where isotopes could provide valuable assistance)
include water re-cycling by the surface as a function of precipitation variability; evaporation sourcing
(i.e. whether water vapour is from transpiration or evaporation from wetlands, soil, or the vegetation
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FIG. 1. Partitioning of surface energy between scaled sensible heat (SH) and latent heat (LH) for 20
AMIP Il AGCMs (shown as three types: SiBlings, No Canopy and Others, includes Model F), the
MUGCM (open diamond) and three re-analyses [NCEP-DOE (multi-point star), NCEP-NCAR (solid
circle) and ECMWEF (solid triangle)] for the global land surface (GLS) and the three basins: Amazon,
Murray Darling and Mississippi. The vertical downward pointing arrow shows the LH calculated by
VIC (after [14]).

canopy); and groundwater recharge/discharge processes including snow and glacier melt-water
contributions. To utilize biological exchange of isotopes on a global scale, modellers must estimate
photosynthetic discrimination of '*O, the oxygen isotopic composition of plant and soil water over the
continents and soil respiration [10].

Tracer techniques have not been widely employed in continental-scale water budgets, due to the lack
of available isotope data for major components of the gross hydrological cycle, notably river
discharge. Uncertainty regarding the capability of the approach is reducing and possible applications
are being proposed [11]. Improvement of isotope monitoring in rivers and the development of new
techniques for isotopic analysis of atmospheric vapour may support a wide range of multidisciplinary
international programmes currently exploring water and energy budget methods and modelling [6, 7].
Stable water isotopes offer a means of monitoring the partitioning of water fluxes in the basin-
integrated discharge signals of large cold climate basins [12]. Reducing the range of basin scale model
predictions shown in Fig. 1 is a prime goal of climate modellers.

3. IPILPS

IPILPS is a new type of PILPS (http:/pilps.mg.edu.au) experiment in which the process of
international intercomparison will inform, illuminate and educate the land-surface scheme (LSS)
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parameterization community while new aspects of LSS are being developed. Specifically, IPILPS is a
component of the current initiative to add isotopic (stable and radioactive) representation to
atmospheric and land-surface models. The scientific hypotheses to be tackled in IPILPS include:

e The ability of LSSs to reproduce isotopic components of the water and mass (carbon initially)
budgets is directly related to their ability to reproduce gross water and mass budgets;

e Isotopic fluxes between the atmosphere and the land-surface depend more strongly on the
land-surface parameterization than on the computed atmospheric conditions; and

e [t is possible to generate ‘adequately correct’ isotopic pools and fluxes without adding
complexity to the LSSs beyond a ‘bucket’ hydrology and a (one line) stomatal resistance term.

Isotopes offer a novel and unique tool with which to test and improve LSSs: as transpiration does not
fractionate while evaporation does, the SWIs differentiate plant-effected vapourisation from non-plant
processes.

The forcing data includes magnitudes of each isotope (i.e. 'H,'*0 and 'H*H'°0) in precipitation and in
water vapour at the atmospheric lowest level plus all the standard (ALMA) meteorological forcing
including ‘regular’ water ('H,'°0). Currently, REMOiso is the only functional RCM with SWI module
worldwide, hence it is a crucial component of IPILPS [15, 16]. REMO uses the same physical
schemes as the ECHAM-4, which provides its lateral boundary conditions. It runs on an Arakawa C
grid with 0.5° resolution (~54 km), offering a factor of two improvement as compared with the highest
resolution for ECHAM (T106 ~ 125 km). REMO can further be nested in itself, reaching a 1/6°
resolution (~18 km). The SWI module computes the H,'®*O and HD'O cycles identically to the
standard H,'°O hydrological cycle. Fractionation processes are represented at all steps of the
hydrological cycle: kinetic fractionation during open-sea evaporation, thermodynamical equilibration
between vapour, liquid and ice phases according to convective and large-scale cloud microphysics, re-
evaporation and kinetic equilibration of falling rain droplets and vertical diffusion through the
planetary boundary layer. REMOiso has been applied and validated in several climatic environments
including the three regimes selected for IPILPS.

Offline simulations need appropriate boundary conditions, i.e. input from a host model representing
the atmospheric processes as close as possible to the actual meteorological conditions. Furthermore,
both climatic and isotopic variables should be coherent. Even though the surface features are better
represented in REMOiso than a GCM, running in a climatological mode does not permit reproduction
of a specific synoptic meteorological situation. Reanalyses, on the other hand, assimilate all available
meteorological observations and so are believed to provide the best estimation of the actual state of the
atmosphere (cf. [13]). At present, no isotopic reanalysis information is available so to resolve this
problem, Georg Hoffmann, Max Kelley and Kristof Sturm are developing a nudged version of
ECHAMiso: leaving the (isotopic) water cycle untouched, the model dynamics is forced to match the
reanalyses while conserving the water budget. Hence the simulated precipitation events correspond
better to observed precipitation. This nudging technique applied to a SWI GCM is a unique feature,
from which REMOiso will greatly benefit in the form of accurate lateral boundary conditions. Similar
nudging will be applied to REMO in near future.

Under the IAEA CRP on “'*O in the Terrestrial Environment” Australia has agreed to make detailed
observations at a site west of Canberra. Tumbarumba (35° 39' 20.6"S 148° 09' 07.5"E), which will be
the Australian site, is located between Canberra and Wagga Wagga. The vegetation is classified as wet
sclerophyll forest with the dominant species being Eucalyptus delegatensis and average tree height of
40 m. The site is 1200 m above mean sea level with mean annual precipitation of 1000 mm and
temperature ranging between -10 to 30°C. A preliminary field effort using the Fourier Transform
Infra-Red spectrometry (FTIR: University of Wollongong) will start in Jan/Feb 2005. We are very
keen to obtain high quality observations of isotopic data in vapour, precipitation, soil and plant water
and river run off. The IAEA archives some of these data within GNIP and GNIR as monthly averages.
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Individual laboratories have similar data archived at higher temporal resolution. In the context of
GEWEX prime focus on the diurnal cycle, it seems likely that monthly averaged data will be of only
modest value.

[9]
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There is an increasing number of studies published in the literature, which report on the isotopic
compositions of sulfate (5**S and 8'*0) and nitrate (5"°N and 5'®0) in headwater creeks, rivers, and
streams. Many of these studies are, however, characterized by infrequent sampling and by a scarcity of
accompanying hydrological or chemical data. This severely hampers the ability to relate the obtained
isotope data to potential sources of sulfate and nitrate, or to processes which these solutes may have
undergone in aquatic systems. We present a number of case studies, in which sulfate and nitrate from
surface water systems were sampled repeatedly and the obtained &*'S, 8'°N and 8'*0 values were
interpreted in conjunction with hydrological and chemical data.

Using this approach in selected forested headwater catchments in New Hampshire and Vermont
(USA), we were able to show that a significant portion of stream water sulfate during base flow may
be derived from weathering of bedrock, particularly in catchments with sulfur-rich lithology. During
storm events at the Archer Creek sub-catchments in the Arbutus Lake Watershed in the central
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Adirondack Mountains of New York State (USA) in the fall of 2002, sulfate concentrations in stream
water increased significantly and 834ssulfate decreased to minimum values. This suggested that sulfate
derived from oxidation of sulfide minerals, possibly in wetland areas or the hyporheic zone,
contributed to the increased sulfate load in the streams following the storm events. Monitoring of
stream water during spring snowmelt events in the Sleepers River Research Watershed (Vermont,
USA) revealed elevated contributions of sulfate from pedospheric sources, but little direct contribution
of sulfate from the melting snowpack. Also, nitrate was not derived from atmospheric inputs but
primarily from nitrification processes in the soils.

In agriculturally used portions of a large watershed in southern Alberta (Canada), oxidation of pyrite
in tills was identified as an additional source of riverine sulfate, indicated by increasing sulfate
concentrations and decreasing 8°*S values. Furthermore, chemical and isotopic data showed that
manure-derived nitrogen was responsible for increasing nitrate concentrations in the Oldman River
and its tributaries, which drain agricultural land. Particularly in parts of the watershed with intensive
irrigation, manure-derived nitrate appeared preferentially during the winter months in the irrigation
canals, tributaries, and the Oldman River. This suggests that hydrological conditions control
agricultural return flows to the surface water bodies in southern Alberta and impart significant
seasonal variations on concentrations and isotopic compositions of riverine nitrate.

Using a combination of hydrological, chemical and isotopic techniques, we were also able to show
that urban centers, such as Calgary in southern Alberta (Canada), have a significant impact on riverine
nitrate and sulfate loads. Elevated nitrate concentrations were observed 30 to 50 km downstream of a
large municipal sewage treatment plant, whereas 5'"°N values indicated the presence of sewage-derived
nitrate more than 60 km downstream of the point source. Sulfate concentrations also increased
significantly in the Bow River downstream of the city of Calgary. Initially, it was speculated that this
might be caused by the use of alum (aluminum sulfate) during drinking water treatment, but the
changes in the isotopic composition of sulfate in river water below the city were inconsistent with this
hypothesis. Therefore, we analyzed the sulfur isotope ratios of soluble sulfate released from a number
of widely used detergents, soaps, and shampoos obtained from local supermarkets and determined an
average 8°'S value of +1 + 4%o (n = 18). Since sulfate released from the large municipal sewage
treatment plant had similar &S values, we concluded that the use of detergents and soaps in
households is a major contributor to the increased sulfate load in the Bow River downstream of the
city of Calgary.

In watersheds with forested, agricultural and/or urban land use, there are a number of different natural
and anthropogenic sources of riverine sulfate and nitrate. Their relative contributions to sulfate and
nitrate loads in rivers and streams can vary significantly depending on hydrological conditions and
hence season. To identify these different sources and to asses their relative contributions, it is essential
to repeatedly determine the isotopic composition of sulfate and nitrate obtained from several sampling
sites along headwater creeks, rivers or streams. Interpretation of the trends of the obtained isotope data
in conjunction with hydrological and chemical parameters will result in a significantly improved
understanding of the sources of riverine sulfate and nitrate.
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Mining, forestry and hydroelectric development are placing increasing stress on aquatic ecosystems of
the Boreal Forest of Canada, particularly within the Athabasca Oil Sands Region of northeastern
Alberta (near Ft. McMurray). Evaluation of the sensitivity of various aquatic ecosystems to such
disturbances requires an improved understanding of the basic processes that control ecosystem health
including water balance, biogeochemical interactions between lakes and their watersheds, acid
sensitivity, and potential future modifications to these conditions under changing climate. One of the
more pressing issues in Oil Sands development is the capacity of soils and water to buffer acidic
emissions and deposition associated with mining and upgrading of bitumen. Current operations emit
up to one tonne of SOx and NOy per thousand barrels of oil produced. Many new projects are
improving on these emission rates, however, improvements are at considerable cost and future
projections are still as much as 600 tonnes of SOx and NO, per day from operations near Ft.
McMurray [1].

Sulfur and nitrogen emissions are oxidized in the atmosphere producing sulfate and nitrate anions,
reducing the pH of atmospheric moisture and producing acid rain that is deposited on soils and
vegetation. Positively charged cations are subsequently mobilized from the soil matrix and leach to
surface waters with the deposited nitrate and sulfate reducing the buffering capacity of soils. While
most of Alberta’s soils have a large cation reserve and capacity to buffer acid deposition, a significant
proportion of the landscape in the Ft. McMurray area contains soils with poor buffering capacity,
which is expected to enhance the sensitivity of surface waters to acid deposition. The ability of surface
waters to buffer acidic deposition is currently being evaluated using a steady state acid-loading model,
the Henriksen model, although future efforts also include dynamic modelling.

The Henriksen model for predicting critical acidifying loads requires only two data inputs. One input,
the base cation concentration, is currently obtained directly through routine sampling of lakes and is a
relatively accurate measure of the buffering capacity in a lake. The second input, basin water yield, is
estimated and is subject to significant errors, especially in complex, ungauged, low-relief drainage
basins associated with the Boreal Plain of Alberta. The basin water yield is required to estimate the
amount of buffering capacity delivered on an annual basis from the watershed. Error in water yield
estimates limits the ability to determine the annually sustainable buffering capacity of both lakes and
their watersheds.

This study demonstrates application of an isotope mass balance method for estimating basin water
yield and other key hydrological parameters (throughflow, water residency) for acid sensitivity
modelling in a network of 50 lakes in the region. Stable isotopes of water (oxygen-18 and deuterium)
have been analysed from water samples collected during routine water quality surveys of the lakes.
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Isotope composition of lakes in the region is controlled by isotope composition of precipitation input
with predictable modifications by evaporation, so that the degree of isotopic enrichment can be used as
a reliable indicator of lake flushing rates (throughflow), and water replacement rates. Basin water yield
can subsequently be calculated from the replacement rate and volume of water in each lake. The
isotope mass balance approach for estimating water balance parameters has been demonstrated in
previous studies of open water bodies [2-8] and has been previously applied with success to
characterize water balance of lakes in northern Alberta [9-11]. Required variables, practical limitations
and successes of the approach in evaluating critical acid loadings are discussed.
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Abstract. During the last thirty years environmental changes in the Caspian and Aral Sea basins were studied
measuring the isotopic composition of water and bottom sediments of the two seas, neighboring lakes and
inflowing rivers. Results of these studies related to the impact of climate variations of the past and present-day
hydrologic regime, water dynamics, sea level variation and sedimentation process are discussed in this paper.
Evidence is given for eight short-periodic cycles of regression and transgression of the Caspian Sea in the Late
Pleistocene-Holocene. The Caspian Sea was formed by two lakes separated by the natural Apsheron sill/dam.
The discussion includes also the environmental conditions in the Aral Sea basin, especially the recent drying up
of this Sea. Finally, the physical basis for understanding the nature of the short and long-periodic climate
variation is emphasized by presenting the solution of the problem of rotation and oscillation of the Earth in its
own force field.

1. Introduction

The aim of the paper is to summarize the results of the author’s almost thirty year study of
environmental changes carried out in the Caspian and Aral Sea basins. The selected region is well
suited for studying environmental and climatic changes through isotope investigations including water
and sediment of the sea. The study area represents a closed catchment basin of about 510° km®
consisting of two sub-basins located in different climatic zones. One sub-basin belongs to a humid
zone and including the catchment areas of rivers Volga and Ural, and also rivers from the eastern and
northern slopes of the Caucasus and Elburs mountains. The second sub-basin is located in an arid zone
occupying the widespread Turonean Lowlands, including the Aral Sea, and the Central Asian
mountain slopes. The discharge of the first sub-basin reaches the Caspian Sea directly through the
Caspian rivers, in the case of the second sub-basin indirectly through the Usboy River if the of the
water level in the Aral Sea is higher than +56 m asl. Therefore, only during humid climate periods the
Aral Sea catchment discharges into the Caspian Sea.

152



V. Ferronsky et al.
2. Objects of study and measured values

Since 1974 water and sediments of the following seas, lakes and rivers were investigated: Caspian
and Aral Seas; Kara-Bogaz-Gol Gulf; Lakes Issyk Kul, Balkhash and Yaskhan; Rivers Volga, Amu
Darya, Syr Darya, Chu and Ily.

The results of the studies were presented at a number scientific meetings and published in various
proceedings and journals [1-8]. The investigations included (i) field work and sea cruises for sampling
of water, coring of bottom sediments and in-situ measurements of oceanographic and hydrologic
parameters, (ii) monitoring of isotopic composition of precipitation, and sea/lake and river water, and
(i) sample analyses in specialized laboratories. The following isotopic, sedimentologic,
oceanographic, hydrometeorologic and chemical characteristics were measured and collected for
evaluating the results in terms of environmental and climatic changes in the study area: '*O and *H in
water samples; oxygen and carbon isotopes of bulk carbonates; '‘C in sediments; lithology,
petrography, granulometry, mineralogy of the sediments; X-ray and difractometry of carbonates and
fine crystals; magnetic susceptibility, pollen, diatoms in the sediments; fossil remains of organisms
and coarse-grained minerals; salt forming ions of pore water; CaCO; and MgCO; of the bulk
sediments; salinity, temperature and density of marine water; bathymetric topography of the Apsheron
Sill.

A database of the hydrometeorologic and oceanographic data was compiled. The evaluation of the
data included modeling of the carbonate precipitation and formation of the isotopic composition of the
carbonates.

3. The main findings

The hydrological, sedimentologic and oceanographic findings of the investigations include the
following:

(1)  Within the time interval from 24 to 11 ka BP the average sedimentation rate in the Middle
Caspian Sea basin was about 0.12 mm/yr, whereas during the period of 11 to 6 ka, it was one
order of magnitude higher (1.2 mm/yr). In contrast, in the southern basin of the Caspian Sea the
average sedimentation rate during the period from 23 to 17.6 ka BP reached 0.9 mm/yr but only
0.19 mm/yr in the period from 17 to 6 ka [3, 4].

(2) The isotopic composition of oxygen and carbon of the carbonate fraction in bottom sediments
shows that during the periods of increasing sedimentation rate in both Caspian basins
isotopically light river water recharged alternatively from the south or the north [3, 4].

(3) The main salt forming ions in the pore water of the Caspian bottom sediments demonstrates that
the water salinity of the basins varied asynchronously, only 22 ka BP the salinity of both basins
reached the same value [3, 4].

(4) The accumulation of clastic particles of 1 to 0.63 mm size in the Caspian sediments shows that
during the last 20 ka eight transgressive and regressive sea cycles occurred in each basin. About
twenty or more short-periodic cycles can be derived by means of oxygen and carbon isotope
records in the carbonates [3, 8].

(5) The present day water dynamics study using hydrogen and oxygen isotopes shows that the
Caspian Sea level rise of 2.5 m in 1978-1995 has not been reflected by the water isotopic
composition below a depth of 300 m. In 1996, in most of the southern basin sampling stations
an increase of tritium content with depth below that level has been found. Tritium appeared to
be the most sensitive tracer of vertical water exchange in the Caspian Sea [9].

(6) The investigation of sediment cores from the Kara-Bogaz-Gol Gulf demonstrates that within the
period from 9.2 to 8.5 ka BP the reservoir was drying and sedimentation proceeded from fresh
water discharged most likely by the Karyn-Zharyk River and its tributaries. This conclusion is
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based on the fact that the 3°H value in pore water was +6%o. That value suggests that the
process took place in a drying up water body. And also concentration of Na" and CI  there was
2.5 to 3 g/L suggests that the gulf was a terminal lake without connection to the middle Caspian
Sea. Around 8.5 ka BP the 8°H value in water decreased up to -6%o, which indicates the
beginning of dilution of the water in the former terminal salt lake by river runoff. During the
period from 8.5 to 2.2 ka the value of 8°H in the pore water decreased from -6 to -17%o, which
points to an increase of the river runoff. The gulf was rapidly filled up and after ~3 ka BP
periodically discharged water to the middle basin of the Caspian Sea. After the events of the
New Caspian transgression at about 2.2 ka, the Karyn-Zharyk River system dried up and since
that time the gulf is recharged by water from the Caspian Sea. All the measured values prove
this conclusion [6].

Four transgressive and three regressive periods during the Holocene history of the Aral Sea
were found by study of the shore terraces and bottom sediments. The sea level rose from 53 m
to 57 m asl and dropped from 44 m to 35 m asl. The sea level of 57 m asl indicates that at this
time water from the Aral Sea discharged in the southern basin of the Caspian Sea through the
Usboy river. Two peat layers of 0.2 and 0.4 m thickness with an age of 4,5 and 1.3 ka BP,
respectively, were found in a sediment core. From 1.3 ka BP up to present time sedimentation
continues at variable hydrological regimes with periodic rises and drops of the sea level. These
findings are confirmed by alternate clay and sand lamination and salt crystal inclusions
identified in the bottom sediment section [6].

The results of isotopic, mineral and chemical analysis of bottom sediments from the Lake Issyk-
Kul show that within 7.6 to 6 ka BP sedimentation was connected with steady recharge of cold
water and discharge into the Chu River. Low concentrations of organic carbon,
monohydrocalcite, 50 and Sr/Ca, and slightly increased concentrations of CaCO; and MgCOs
at the upper boundary of the core interval prove the above conclusion. During the time interval
from 6 to 4.3 ka BP, sedimentation continued at a reduced river water inflow, lower water level
in the lake, increased salinity, and decreased sedimentation rate. This conclusion is proved by an
increase in 3'°0 in mollusk shells, a decrease in Mg®" concentration in the deposited calcite, and
an increase in concentration of organic matter and Sr/Ca ratio in shells. Within the upper
interval from 4.3 to the present time periodic change in the lake regime was subject to periodic
changes with deceases and increases of the lake level up to the Chu River bed through which the
excess water was discharged [6].

(9) It was found by means of 8°H, 8'0 and "C data, that the Yaskhan lens of fresh groundwater,

(10)

which is located in the central part of the Karakumy desert in West Turkmenia (~40° N, 63° E)
and has mineralization of less than 0.6 g/L and a "*C contents of 17-22 pmc, has formed about
12 ka BP [1, 5].

Impact of the pluvial epoch on the groundwater in the Central Asian and Near East region was
demonstrated by isotope studies carried out in the Syr Darya, Amu Darya, Chu and Ily River
basins and the Syrian desert [1, 5].

4. Environmental changes and natural events

On the basis of the above findings, the relationship between natural events and the most severe
environmental changes in the Caspian and Aral basins can be described as follows:

(1) The opposite change in sedimentation rate between the southern and middle basin of the Caspian
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Sea accompanied by changes in isotopic composition of carbonates, salinity of water, chemistry
and mineral contents of sediments, provides evidence of a change in the hydrological regime over
the Central Asian and the European part of the catchment basin in the Late Pleistocene and
Holocene. This change in the hydrological regime was caused by a drastic change of climate
conditions, which started around 23-25 ka BP and finished about 10-12 ka BP. It was the latest
long-periodic cycle of the Earth's climate evolution. As a result, the temperate humid climate in
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the Central Asian region changed to hot semi-arid and arid climate, and the cold semi-arid
climate in the Volga and Ural basins alternated to a temperate humid regime. The onset of aridity
in the Central Asian region was accompanied by melting of the vast glaciers in the Pamir and
Tien Shan and by runoff of enormous volumes of melt water to the Aral Sea and through the
Usboy River to the Caspian Sea (Fig. 1). Judging by isotope data of carbonates and by salinity of
pore water of the sediments, the process continued within 12 to 8 ka BP and periodically appeared
later on.

(2) Extremely different sedimentation rate, salinity of pore water, changes of other measuring
parameters in the southern and middle basin of the Caspian Sea and also the shape of bathymetric
section of submarine part of the Apsheron Sill evidence that up to recent times the Caspian Sea
was separated by the 30-50 km wide natural dam, the Apsheron Sill (Fig. 2). The geological
history of the Apsheron Sill proves this conclusion [7]. Obviously, the merging of the lakes
happened after the dam was washed out by water overflowing from one lake to another. The
structure of the bathymetric section shows that the direction of the eroding flow was mainly from
south to north. The measured data suggest that the unification of the two lakes was completed
between 12 to 8 ka BP.

(3) The Aral Sea started to discharge water to the Caspian Sea after the Turonean Lowlands were
filled in up to +56 m asl which is the mark of the Usboy River’s outflow in the Kugunek Hills.
From 23 to 8 ka BP the Turonean Lowlands were filled up to that mark forming an expansive low
water Aral-Sarikamish Sea. During that period excess water discharged to the Caspian Sea by the
Usboy River. At present a dry and highly eroded bed of the Usboy River at the foot of the Kopet-
Dag Mountains evidences this (Fig. 2).

(4) The registered periodic change in contents of clay minerals in the Caspian bottom sediments mark
at least eight transgression and regression cycles of c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>