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Abstract The typical features of the structure of the redox layers in a marine water
column are described. The oxic, hypoxic, suboxic and anoxic layers are discussed
with respect to the definitions of terms. A classification of the redox conditions is
proposed based on processes typical of the redox conditions appearing during the
different stages of oxygen depletion.

Oxygen depletion events are connected with anthropogenic forcing such as
eutrophication. However, climatic forcing may further stimulate the formation of
oxygen-depleted zones. The redox interfaces and oxygen depletion events studies
will therefore require an interdisciplinary approach, which the present book reflects.
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Abbreviations

DO Dissolved oxygen
OM  Organic matter

1 Preface

During the last decades, many studies have focused on the oxygen depletion of coastal
and oceanic waters in the context of the series of projects and programmes, i.e. INCO-
Copernicus, NATO, FP6 and FP7 programmes Bonus, HYPOX and SESAME. The
results obtained have been published in numerous articles and monographs, many of
which are listed in the reference section. This new book is well timed and urgent. It
presents the “state of the art” of our knowledge and understanding of the nature of
redox interfaces, structures and oxygen depletion. It synthesises the joint response of
the global scientific community to the challenge of global changes in the “oxygen
condition” of marine waters, new developments in observation techniques, such as the
introduction of new analytical methods, and the analysis of data to identify thresholds
of change using new models. Nevertheless, there are still gaps in our knowledge about
the cycling of chemical elements in changing redox conditions. An understanding of
the processes involved is fundamental to assess the impacts and effects of global and
climatic changes and to enable an ecosystem approach of adaptive environmental
management for the coastal seas and ocean basins.

2 Occurrence and Hydrophysical Structure

The occurrence of oxygen-depleted and anoxic water depends on the combined
influence of eutrophication (organic matter and nutrient loads) and hydrodynamics
(intensity of mixing and water renewal). Oxygen depletion zones form when there is
an imbalance between the supply of organic matter (OM) and the supply of dissolved
oxygen (DO) for its decomposition. This may occur when a hydrophysical structure,
such as temperature stratification, restricts the aeration of the water column. The
existence of low-oxygen structures can be temporary or permanent, correspondingly
creating zones of temporary or permanent hypoxia and anoxia.

Oxygen depletion and anoxia in the water column are increasingly common
features observed in the World Ocean, inland seas and coastal areas. Observations
show a decline in the dissolved oxygen concentrations at continental margins in
many regions, and these are related to both an increase in anthropogenic nutrient
loadings and a decrease in vertical mixing (e.g. [1-3]). Observations of decreases in
oxygen are also reported in the tropical oceans [4-9]. Low-oxygen “dead zones”
have spread exponentially since the 1960s [1]. The decrease in DO throughout the
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open ocean basins may be a long-term, nonperiodic trend related to climate change,
or the result of natural cyclical processes, or a combination of both [6]. Within the
marine science community, there is increasing interest to these events in recent
years because of their global character.

The scales of processes that affect the formation of each system’s hydrophysical
structure vary from molecular diffusion to climatic variability. However, in lakes
and fjords, some processes, such as transport of water with geostrophic currents or
mesoscale eddies, are unimportant, leading to less intense mixing than under
marine conditions. Therefore, the chemical structure of redox interfaces in fjords
and lakes is characterised by sudden changes in redox conditions and steep chemi-
cal gradients. In comparison to lakes and fjords, oxidation-reduction features at
marine redox interfaces are characterised by gradual gradients, and gradually
varying temporal changes as well. For example, the boundary of anoxic zone of
the Cariaco Basin is influenced by mesoscale eddies that periodically supply dense
water with high oxygen content to the anoxic zone [10]. In the Baltic Sea, under
certain winter weather conditions in particular years, there is an influx of oxygen-
rich saline northern Sea waters to the deep anoxic layers [11, 12]. The Black sea
oxic/anoxic interface appears to be more stable, because the Bosphorus plume
waters influence only the south-western part of the Black Sea. The central and
peripheral Black Sea are characterised by the stability of the chemical features
(i.e. maximum positions, onset levels) in the density field [13, 14]. Such a
chemotropicity implies that there are no horizontal gradients of chemical variables
along the same density surface, supporting the use of a 1D model for describing the
processes responsible for the maintenance of the redox-layer chemical structure.

3 Global Distribution

Permanent anoxic conditions are observed in numerous lakes, lagoons, fjords, seas
and also in some regions of the World Ocean. They include examples of very
different systems under the simultaneous influence of saline and brackish waters
and suffering from restricted ventilation [15]. The most notable and stable example
is in the Black Sea [16, 17]. Other examples include the Cariaco Trench of
Venezuela [10, 18], the Gotland Deep of the Baltic Sea [19, 20], Drammensfjord
[21], Framvaren [22], Hemmelsdorfer See [23], Gulf of Mexico [2], coastal salt
ponds along the US coast [24], Saanich Inlet (Vancouver Island) [25], Elefsis Bay
[26] and meromictic lakes in the Vestfold Hills in Antarctica (e.g. [27]).

4 Effects on Chemistry, Biochemistry and Ecosystem Function

The redox interface is a layer where oxic and anoxic conditions are adjacent. It is
very complex because of the many chemical reactions and biogeochemical
mineralisation processes that can be oxic, suboxic and anoxic. The decline in DO
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concentration therefore affects the biogeochemical cycles of N, P, S, as well as the
carbonate system and trace metals equilibria. Water layers that are already depleted
with respect to DO may be close to the threshold between suboxic and anoxic
conditions and are the water bodies most vulnerable to the effects of the globally
observed deoxygenation trend [28]. It is necessary to better understand the physical
processes leading to anoxia, the biogeochemical structure of the oxic/anoxic
interfaces and the ecological consequences of oxygen depletion in order to predict
the possible effect of global changes in oxygen conditions.

Oxygen depletion significantly affects the water quality and ecosystem function.
Absence of oxygen impairs the oxic ecosystem both directly and indirectly.
Increased occurrence and volumes of anoxic water threaten the functioning of
healthy aerobic ecosystems and thereby have a direct impact to human welfare
and ecosystem services. There can be an additional, indirect impact at the
water—sediment interface, where redox equilibria control the rate of supply of
phosphorus from the sediments and the release of hazardous substances, e.g. methyl
mercury.

There is a normal sequence or succession of processes during the transition from
oxic to anoxic. The bacterial decomposition of organic matter is an oxidative
process. If there is an excess of organic material to be decomposed once the DO
has been used, bacterial activity will substitute the DO with a series of other
electron acceptors that usually ends with reduction of sulphate, a major constituent
in seawater. This last process produces hydrogen sulphide, which is toxic to aerobic
life forms. Conversely, the oxidation of reduced inorganic compounds in the anoxic
zone also fuels the microbial production of OM via chemosynthesis [17, 29, 30]. It
is necessary to emphasise that the synthesis of organic matter happens in all the
oxygen conditions via photosynthesis (oxic and anoxygenic) or chemosynthesis.

5 Terminology, Definitions, Boundaries and Thresholds

The oxygen condition of natural waters is an important element of water quality
legislation, e.g. in the Water Framework Directive (EC 2000). However, there are
several terms that are in use to describe the changes in oxygen condition, i.e. oxic,
oxygen-deficient, hypoxic, suboxic, anoxic, but these are not be precisely defined.
The terms reflect different DO conditions and the associated processes. For exam-
ple, the term “oxygen-deficient” is widely used for a wide range of low oxygen
concentrations, from below 80% saturation to suboxic levels. Nevertheless, the
boundaries in terms of oxygen concentrations are rather arbitrary, and therefore,
there are several problems to the currently used definitions. Biochemical thresholds
provide less arbitrary boundaries.

A frequently used boundary between oxic and hypoxic conditions is set at
2 mg O, L! (~63 UM O, i.e. [31]) or 2 ml O, L! (~89 UM O3 i.e. [1, 32]). The
threshold of tolerance, stress responses and morbidity of pelagic and benthic
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animals is usually in the range of 1-4 mg O, L™ (e.g. [32—34]), which corresponds
to a threshold molar concentrations of ~75 pM O,.

The boundary between hypoxic and suboxic conditions is also arbitrary, and
there has been opposition to the use of the term “suboxic” once oxygen is no longer
present [35]. In the Black Sea, for example, the reported suboxic values range from
4.5 uM O, [36] to 15 uM O, [37]. A value of 10 uM [13] is often used, which
corresponds to the water layers with enhanced nitrification due to an upward flux of
ammonia [28]. However, this boundary should correspond to the biochemical
threshold after which the dominant electron acceptors are oxidised ions of N
(nitrate, nitrite) or oxidised species of metals [Mn(IV), Fe(Ill)], whereas DO
becomes an auxiliary oxidant.

The suboxic layer may be further divided into “suboxidised” layer, where DO is
present, and “subreduced” layer, where DO is absent [38]. The suboxidised layer is
therefore a layer where DO is present with a threshold molar concentration of
~15 uM O, as an “upper” boundary. The subreduced layer, where there is no longer
any DO but H,S is not yet present, should correspond to the conditions necessary
for the onset of processes such as anammox [39] or formation of Mn(III) [40], that
are inhibited by both oxygen and hydrogen sulphide.

Once the oxidised species of nitrogen, manganese or iron and DO is completely
depleted, OM microbial decomposition uses sulphate as the next electron acceptor
for oxidation. This is the appropriate threshold for the term anoxic.

The main biogeochemical processes change in intensity dependent on the oxy-
gen conditions as summarised in Table 1. A schematic of the corresponding layers
and different redox conditions with respect to the distributions of DO, H,S,
speciation of Mn and N is shown in Fig. 1.

6 The Redox Layers in a Marine Water Column

The transition layer between the oxic and anoxic conditions in the water column is
often called “redoxcline” or “redox layer”. The redox boundaries in the water
column are established and controlled by two opposite fluxes: the upward flux of
reduced chemical species and the downward flux of oxidised chemical species. The
redox layer covers the layer of transformation from the oxic conditions to anoxic.
A nitrate maximum can be taken as the upper boundary of the redox layer. This
corresponds to oy ~ 15.3 kg m ™~ for the Black Sea [41]. The lower boundary of
this layer corresponds to the disappearance of oxidised manganese species,
69 ~ 16.15 kg m > for the Black Sea.

In the stratified water bodies, these counter fluxes generate a wide range of redox
potentials within narrow zones in the water [42]. The biogeochemical processes
occur in a predictable sequence according to their redox potential (i.e. [13]) and the
products of these reactions appear in the water according to the laws of thermody-
namics. The vertical distributions of the chemical compounds result from the
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Table 1 Basic biogeochemical processes and corresponding oxygen condition

. ) . Suboxic .
Oxygen conditions Oxic Hypoxic — Anoxic
Suboxidised Subreduced
DO concentration >75uM 15-75 uM 0-15 pM 0 pM
H,S concentration >0 uM
Oxic mineralisation of OM and + +
nitrification
Oxidation with DO of reduced species + +
of S, Mn, Fe, C, N
Denitrification and mineralisation of + +
OM with metals
Anammox, accumulation of Mn(III) +
Reduction of oxidised species of + +
S, Mn, Fe, C
Sulphate reduction, methanogenesis +
Increased mortality + + + +
Synthesis of OM + + + + +
oxic NO,
O,~75 M o,
HYPOXIC
O,~15 uM
SUBOXIDIZED \/ NO,
O,~0 UIM| SUBOXIC -—--——————— et -k -
SUBREDUCED
H,S>0 pM
NH,
ANOXIC AZA Mn(lI)

Fig. 1 A redox framework for the structure of the oxygen condition of a water column with
respect to the distributions of DO, H,S and indicative speciation of Mn and N

reactions that can occur in narrow layers, i.e. 2-5 m in the Black Sea [43] and
several dm in the fjords.

There are common features of the water column redox interfaces for the different
marine basins [44]. These characteristics are:

e A nitrate maximum is observed at the depth where the vertical gradient of
oxygen decreases (lower part of oxycline).

¢ Onset depths of concentrations of ammonia and dissolved manganese corre-
spond to oxygen depletion and the position of the “shallow” phosphate
minimums.

» Hydrogen sulphide appears in deeper waters, about 10 m in the Black Sea.
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Organic matter is the main reducing agent in the redox zone [45]. It is a product
of photosynthesis and is transported downwards from the euphotic zone. Organic
matter is also generated in the redox zone by chemosynthesis. Organic matter
serves as a carbon source for the reduction of DO and thereafter, nitrate, nitrite,
Mn oxide, Fe oxide and sulphate.

The biogeochemical structure of the water column redox layer is characterised
by an absence of overlap between dissolved oxygen and hydrogen sulphide
[13, 46-48]. Reduced and oxidised forms of several elements (N, S, C, Mn, Fe)
can be observed in the redox layer, which reflects the complexity of the chemical
processes. The role of the biogeochemical cycles of the different elements in the
formation and support of the redox-layer structure is still not clear.

Oxygen disappears at a depth where the onset of ammonia and dissolved
manganese is observed, while hydrogen sulphide appears deeper (approximately
5-10 m in the Black Sea).

The depth at which H,S is first observed also depends on the equilibrium
between the transport of electron acceptors and organic matter (e.g. [28, 49, 50]).

The suboxic (subreduced) zone phenomenon where both oxygen and hydrogen
sulphide are absent [13] is not clearly understood. It may be due to the peculiarities
of the manganese cycle: the formation of a significant amounts of the particulate
Mn(IV) that can precipitate from the depth at which it is formed due to the reaction
between oxygen and dissolved Mn(Il) [51, 52]. Mn(III) has been observed in the
marine environment [40]. It is an important intermediate product of the Mn cycle
that could be formed both by Mn(Il) oxidation [53] and by Mn(IV) reduction
[54, 55]. This dissolved, oxidised Mn(III) could explain the distribution of other
elements at redox interfaces, such as phosphate. Mn(III) permits the formation of
P-containing complexes [53]. Studies of this oxidised and dissolved species of Mn
are recent (Luther, p.c. [56]). This species was not represented in previous suboxic
zone models that seek to describe the flow of primary nutrients such as nitrogen,
phosphate and carbon as well as heavy metals through the oxic/anoxic boundary.

7 Modelling

The study of the processes responsible for the maintenance of redox interfaces
should combine field observations and experimental measurements. These should
be supplemented by modelling to allow a joint analysis of the complex processes
studied by the different scientific disciplines. Models are oversimplifications of real
system, sometimes overemphasising particular characteristics, as in a caricature.
Nevertheless, modelling seems to be appropriate for use as a diagnostic tool.
Models can be used to test the hypothesis of which processes are responsible for
the observed distributions. Thus, modelling and observations mutually complement
each other.

Nutrient cycling in the oxic conditions can be described for individual
elements, and it is possible to use the Redfield ratios to estimate the other
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elements changes. However, the modelling of oxic/anoxic transformation requires
the parameterisation of cycles of several elements simultaneously [52, 57].

In contrast to modelling in the typical oceanic and marine waters oxic
conditions, the modelling of the oxic/anoxic transformation cannot only give
numerical estimates but can reveal the mechanisms of the main processes occur-
ring. This is particularly useful because there are still many knowledge gaps. The
main goal of oxic/anoxic modelling is therefore to use the knowledge of events,
processes and systems to analyse and understand the observed situation and distri-
bution of observed chemical species.

The choice of list of variables and complexity of a model should depend on the
time and space scale of the studying event. Nevertheless, the model should at least
parameterise all those listed in Table 1 processes. The model should also establish
the thresholds that provide the boundaries or “switches” between the different
redox processes.

8 Structure of the Monograph

This monograph is characterised by the following features. First of all, it is
multidisciplinary since it deals with the principal processes that form the physical,
biogeochemical and biological structures of the redox interfaces. Secondly, it
assesses the issues connected with predicting the development interannual oxygen
depletion and mathematical modelling.

The book consists of 11 chapters, which may be conventionally joined into the
sections devoted to the general features of the redox-layer biogeochemical and
microbiological structure (3 chapters), cycling of selected elements (2 chapters),
interannual estimates (3 chapters) and modelling (3 chapters).

Thus, this book presents a description of the knowledge accumulated to date
(2012) on pelagic redox interfaces. Nevertheless, it is not a collection of individual
papers but rather a monograph written by a team of scientists joined by a common
understanding of the complicated phenomena and processes that are connected with
the redox-interfaces structure formation and oxygen depletion development. The
publication is based on numerous observational data, collected by the authors of the
chapters during sea and shore expeditions, on the archive data of P.P. Shirshov
Institute of Oceanology RAS, Winogradsky Institute of Microbiology, Water
Problems Institute RAS, Faculty of Biology, Lomonosov Moscow State University
(Russia), Norwegian Institute for Water Research (Norway), Leibniz Institute for
Baltic Sea Research, Warnemuende, Helmholtz-Zentrum Geesthacht, Max Planck
Institute for Marine Microbiology (Germany), Hellenic Centre for Marine
Research, Institute of Oceanography (Greece), Baltic Nest Institute, Stockholm
University (Sweden) and others, as well as on a wide scientific literature. These
data are complemented by the results of a series of national and international
projects listed below, where an extensive research was carried out over the past
decades.
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This book is addressed to the specialists working in various fields of physical
oceanography, marine chemistry, pollution studies and biology and studying a
cascade of problems from regional climate to mesoscale processes and from remote
sensing of the sea to numerical and laboratory modelling. It may also be useful to
the students and postgraduates specialising in the oceanographic research of the
seas. The editors and authors expect that this monograph would help the readers to
complement the information on the nature of the oxygen depletion and the redox
interfaces phenomena. More information on special issues may be derived using the
reference lists contained in each chapter.

The studies of the authors of this book were supported by FP7 project HYPOX
(No. EC Grant 226213), SESAME, Norwegian Research Council grant 211227/
F11, Russian Foundation for Basic Research grants 10-05-00653, 10-04-00220,
Russian World Ocean Federal Research Programme (project 7), the “World
Ocean”, CRDF Grant (RUG1-2828-KS-06), Max Planck Society, Norwegian Insti-
tute for Water Research project 29083 and institutional funding of the IOW.

On behalf of the authors, we would like to thank Springer-Verlag Publishers for
the timely interest in the topic and the support of the publication presented.

In the final stage of the chapter’s preparation, the discussions with colleagues
Jens Skei and Violeta Velikova were all of enormous importance.

Finally, we would like to express our deep appreciation to colleagues and the
administrations at the Shirshov Institute of Oceanology RAS (in Gelendzhik and
Moscow), at the Norwegian Institute for Water Research (NIVA) for their patience
and understanding for the time spent working on this book.
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