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Preface

The past two or three decades have seen many important advances in our
knowledge of the chemistry, physics, geology and biology of the oceans.
It has also become apparent that in order to understand the manner in
which the oceans work as a ‘chemical system’, it is necessary to use a
framework which takes account of these interdisciplinary advances.
Marine geochemistry has been written in response to the need for a single
state-of-the-art text that addresses the subject of treating the sea water,
sediment and rock reservoirs as a unified system. In taking this approach,
a process-orientated framework has been adopted in which the emphasis
is placed on identifying key processes operating within the ‘unified
ocean’. In doing this, particular attention has been paid to making the
text accessible to students from all disciplines in such a way that future
advances can readily be understood.

I would like to express my thanks to those people who have helped
with the writing of this volume. In particular, I wish to put on record my
sincere appreciation of extremely helpful suggestions made by Professor
John Edmond, FRS. In addition, I thank Dr S. Rowlatt for his comments
on the sections covering the geochemistry of oceanic sediments, and
Dr G. Wolff for his invaluable advice on the organic geochemistry of
biota, water and sediments. It is a great pleasure to acknowledge the help
of Dr K. J. T. Murphy, who gave so freely of his time at all stages in the
preparation of the text. I also thank all those authors who have kindly
allowed their diagrams and tables to be reproduced in the book. Many
other people have influenced the way in which my thoughts have
developed over the years, and to these friends and colleagues I owe a
great debt of gratitude.

I would like to thank Unwin Hyman for their understanding during the
preparation of the volume; Roger Jones for helping to develop the idea in
the beginning, and Andy Oppenheimer, whose patience in handling the
manuscript has known no bounds.

Finally, I would like to express my gratitude to my wife Alison, for all
the devoted support she has given me during the writing of this book and
at all other times.

R. Chester
Liverpool
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Symbols and concentration units

1 General symbols

All symbols used in the present work are defined at the appropriate place
in the text, which can be found by reference to the index at the end of the
volume.

2 Units

The units defined below, and the symbols by which they are identified,
are confined to a general list of those most commonly used in the present
work; other units will be defined where necessary in the text itself. It
must be noted that a number of traditional units have been retained as a
matter of policy throughout the work because they are still widely used in
the current as well as in the past literature; e.g. the litre has been
employed as a unit volume although IAPSO have recommended that for
high precision measurements of volume it be replaced by the cubic
decimetre (dm®). For a detailed treatment of the use of SI units in
oceanography see the IAPSO recommendations published by Unesco
(1985).

Length

SI unit = metre

nm, nanometre = 10™° m

um, micrometre = 1075 m
mm, millimetre = 1073 m
cm, centimetre = 1072 m

m, metre

km, kilometre = 10°> m

Weight or mass

SI unit = kilogram

pg, picogram = 107? g
ng, nanogram = 10~° g
ug, microgram = 107% g
mg, milligram = 1073 g
g, gram

kg, kilogram = 10° g

t, ton/tonne = 10° g
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SYMBOLS AND CONCENTRATION UNITS

Volume

SI unit = cubic metre

dm?, cubic decimetre = 1073 m> = 1 litre
m>, cubic metre

ul, microlitre = 107° 1

ml, millilitre = 10731

1, litre

Time

SI unit = second

s = second

min = minute

h = hour

d = day

yr = year

Ma = million years = 10° yr

Concentration™*

The SI unit for the amount of a substance is the mole. However, the most
commonly used concentration for particulates and sediments is still mass

per unit mass; €.g.

ug g~ = ppm = parts per million
ng g~ = ppb = parts per billion

A number of systems are currently in common use for expressing the

concentration of solutes in sea water.

(a) The concentrations can be expressed in units of mass per unit
volume or per unit mass of sea water: e.g. g kg~! or mg kg™ for
major components, or ng dm™> or ng kg~! of sea water for trace
elements; however, trace element concentrations are still often
expressed in terms of mass 17'. Examples of such concentrations are

ng 171 = 107¢ g I"! (or dm™>, or kg™')
ng171=10"° g 17! (or dm™3, or kg™?)
pgl 1 =10"2g17! (or dm~3, or kg™

(b) The most usual practice now is to use the mole as the unit of
concentration for solutes in sea water. Examples of concentrations

are

pmol 17! = 107% mol 17! (or dm™3, or kg™')
nmol 17! = 107° mol 17! (or dm~3, or kg™')
pmol 17! = 1072 mol I"! (or dm ™3, or kg™")
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SYMBOLS AND CONCENTRATION UNITS

(c) Traditionally, the concentrations of the nutrients have often been
expressed as pg-at 17!, where

ug-at 17! = pg-atoms 17! = pg/atomic weight 171

The atmospheric concentrations of particulate elements given in the
text are expressed in' the form

ug m™3 of air = 107% g per cubic metre of air

ng m~? of air = 10~° g per cubic metre of air

Radioactivity

SI unit = Bq m™2 (becquerels per cubic metre) or Bq kg™*
dpm = disintegrations per minute

Ci = curie; 1 Ci = 3.7 x 10'° Bq

3 Some data that are useful for flux calculations

Areast
Area of the oceans = 361110 X 10® km?

Area of the Atlantic Ocean (to ~ 80°S) = 98013 X 10° km?
Area of the North Atlantic = 52264 X 10° km?

Area of the South Atlantic = 45749 x 10° km?

Area of the Indian Ocean (to ~ 70°S) = 77700 X 10° km?
Area of the northern Indian Ocean = 12482 x 10> km?
Area of the southern Indian Ocean = 65218 x 10> km?

Area of the Pacific Ocean (to ~80°S) = 176 888 x 10% km?
Area of the North Pacific = 81390 x 10° km?

Area of the South Pacific = 95498 x 10° km?
Area of the continents = 148 904 x 10® km?

River transport

River inflow into the North Atlantic Ocean = 11405 km> yr™?
River inflow into the South Atlantic Ocean = 7946 km?® yr™!
River inflow into the northern Indian Ocean = 3247 km?® yr~
River inflow into the southern Indian Ocean = 2354 km® yr™!
River inflow into the North Pacific Ocean = 7678 km?> yr™!
River inflow into the South Pacific Ocean = 4459 km? yr™!
Total river inflow to all oceans = 37 400 km> yr™!

1

Atmospheric transport

The area of the marine atmosphere is equal to the total area of the
oceans; however, the atmospheric volume used for calculating atmospheric
deposition fluxes depends on the scale height to which a component is
dispersed, usually between about 3 and 5 km - see Section 6.2.
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References

Baumgartner, A. & E. Reichel 1975. The world water balance. Amsterdam: Elsevier.
Unesco 1985. Unesco Tech. Pap. Mar. Sci., no. 32. Paris: Unesco.
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processes that control them) in either sea water or sediments. However, the approach
adopted in the text is to follow a global ‘source-sink’ journey, and in order to simplify and
standardize assessments of the transport of elements from sea water to the sediment
reservoir, mole concentrations have been converted to mass concentrations in water
column/sediment surface flux calculations.

1 Taken mainly from Baumgartner & Reichel (1975).
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1 Introduction

The fundamental question underlying marine geochemistry is ‘How do
the oceans work as a chemical system?’ At present, that question cannot
be fully answered. However, the past two decades or so have seen a
number of ‘quantum leaps’ in our understanding of some aspects of
marine geochemistry. Three principal factors have made these leaps
possible: (a) advances in sampling and analytical techniques; (b) the
development of theoretical concepts; and (c) the setting up of large-scale
international oceanographic programmes (e.g. DSDP, MANOP, HEBBLE,
GEOSECS, TTO, VERTEX, GOFS, SEAREX), which have extended
the marine geochemistry database to a global ocean scale.

1.1 Setting the background: a unified ‘process-orientated’
approach to marine geochemistry

Oceanography attracts scientists from a variety of disciplines, including
chemistry, geology, physics, biology and meteorology. A knowledge of at
least some aspects of marine geochemistry is an essential requirement for
scientists from all these disciplines and for students who take courses in
oceanography at any level. The present volume has therefore been
written with the aim of bringing together these recent advances in marine
geochemistry in a form that can be understood by all those scientists who
use the oceans as a natural laboratory_and not just by marine chemists
themselves. However, one of the major problems involved in doing this is
to provide a coherent global ocean framework within which marine
geochemistry can be described in a manner that not only can readily
relate to the other oceanographic disciplines but also can accommodate
future advances in the subject. To develop such a framework, it is
necessary to explore some of the basic concepts that underlie marine
geochemistry.

Geochemical balance calculations show that a number of elements that
could not have come from the weathering of igneous rocks are present at
the Earth’s surface. It is now generally accepted that these elements,
which are termed the excess volatiles, have originated from the degassing
of the Earth’s interior. The excess volatiles, which include H and O
(combined as H,0), C, Cl, N, S, B, Br and F, are especially abundant in
the atmosphere and the oceans. It is believed, therefore, that both the
atmosphere and the oceans were generated by the degassing of the
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INTRODUCTION

Earth’s interior. In terms of global cycling, Mackenzie (1975) suggested
that sedimentary rocks are the product of a long-term titration of primary
igneous-rock minerals by acids associated with the excess volatiles, a
process that can be expressed as

Primary igneous-rock minerals + Excess volatiles —
Sedimentary rocks + Oceans + Atmosphere. 1.1

As this reaction proceeds, the seawater reservoir is continuously
subjected to material fluxes, which are delivered along various pathways
from external sources. The oceans are therefore a flux-dominated system.
However, sea water is not a static reservoir in which the material has
simply accumulated over geological time, otherwise it would have a very
different composition from that which it has at present; for example, the
material supplied over geological time far exceeds the amount now
present in sea water. Further, the composition of sea water has not
changed markedly over very long periods of time. Rather than acting as
an accumulator, therefore, the flux-dominated seawater reservoir can be
regarded as a reactor. It is the nature of the reactions that take place
within the reservoir, i.e. the manner in which it responds to the material
fluxes, which defines the composition of sea water via an input — internal
reactivity — output cycle.

Traditionally, there have been two schools of thought on the overall
nature of the processes that operate to control the composition of sea
water. In the equilibrium ocean concept, a state of chemical equilibrium is
presumed to exist between sea water and sediments via reactions that are
reversible in nature. Thus, if the supply of dissolved elements to sea
water were to increase, or decrease, the equilibrium reactions would
change in the appropriate direction to accommodate the fluctuations. In
the steady-state ocean concept, it is assumed that the input of material to
the system is balanced by its output, i.e the reactions involved proceed in
one direction only. In this type of ocean, fluctuations in input magnitudes
would simply result in changes in the rates of the removal reactions, and
the concentrations of the reactants in sea water would be maintained. At
present, the generally held view supports the steady-state ocean concept.
Whichever theory is accepted, however, it is apparent that the oceans
must be treated as a unified input-output type of system, in which
materials stored in the sea water, the sediment and the rock reservoirs
interact, sometimes via recycling stages, to control the composition of sea
water.

It is clear, therefore, that the first requirement necessary to address the
question ‘How do the oceans work as a chemical system?’ is to treat the
sea water, sediment and rock reservoirs as a unified system. It is also
apparent that one of the keys to solving the question lies in understanding
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SETTING THE BACKGROUND

the nature of the chemical, physical and biological processes that control
the composition of sea water, since this is the reservoir through which the
material fluxes flow in the input — internal reactivity — output cycle. In
order to provide a unified ocean framework within which to describe the
recent advances in marine geochemistry in terms of this cycle, it is
therefore necessary to understand the nature and magnitude of the fluxes
that deliver material to the oceans (the input stage), the reactive
processes associated with the throughput of the material through the
seawater reservoir (the internal reactivity stage), and the nature and
magnitude of the fluxes that take the material out of sea water into the
sinks (the output stage).

The material that flows through the system includes inorganic and
organic components in both dissolved and particulate forms, and a wide
variety of these components will be described in the text.- However, in
order to avoid falling into the trap of not being able to see the wood for
the trees in the morass of data, it is essential to recognize the importance
of the processes that affect constituents in the source-to-sink cycle.
Rather than taking an element-by-element ‘periodic table’ approach to
marine geochemistry, the treatment adopted in the present volume will
therefore involve a process-orientated approach, in which the emphasis
will be placed on identifying the key processes that operate within the
cycle. The treatment will include both natural and anthropogenic
materials, but is is not the intention to offer a specialized overview of
marine pollution. This treatment does not in any way underrate the
importance of marine pollution. Rather, it is directed towards the concept
that it is necessary first to understand the natural processes that control
the chemistry of the ocean system, since it is largely these same processes
that affect the cycles of the anthropogenic constituents.

Since the oceans were first formed, sediments have stored material, and
thus have recorded changes in environmental conditions. However, the
emphasis in the present volume is largely on the role that the sediments
play in controlling the chemistry of the oceans. The diagenetic changes
which have the most immediate effect on the composition of sea water
take place in the upper few metres of the sediment column. For this
reason attention will be focused on these surface deposits, and the role
played by sediments in palaeooceanography will only be touched upon
briefly.

In order to rationalize the process-orientated approach, special
attention will be paid to a number of individual constituents, which can
be used to elucidate certain key processes that play an important role in
controlling the chemical composition of sea water. In selecting these
process-orientated constituents it was necessary to recognize the flux-
dominated nature of the seawater reservoir. The material fluxes that
reach the oceans deliver both dissolved and particulate elements to sea

3



INTRODUCTION

water. However, it was pointed out above that the amount of dissolved
material in sea water is not simply the sum of the total amounts brought
to the oceans over geological time. This was highlighted in the last
century by Forchhammer (1865) when he wrote: ‘Thus the quantity of the
different elements in sea water is not proportional to the quantity of
elements which river water pours into the sea, but is inversely
proportional to the facility with which the elements are made-insoluble by
general chemical or organo-chemical actions in the sea’ [my italics].
According to Goldberg (1963), this statement can be viewed as elegantly
posing the theme of marine chemistry, and it is this ‘facility with which
the elements are made insoluble’, and so are removed from the dissolved
phase, which is central to our understanding of many of the factors that
control the composition of sea water. This was highlighted more recently
by Turekian (1977). In one of the most influential geochemical papers
published in recent years, this author formally posed a question that had
attracted the attention of marine geochemists for generations, and may be
regarded as another expression of Forchhammer’s statement, i.e. “Why
are the oceans so depleted in trace metals?” Turekian concluded that the
answer lies in the role played by particles in the sequestration of reactive
elements during every stage in the transport cycle from source to marine
sink.

Ultimately, therefore, it is the transfer of dissolved constituents to the
particulate phase, and the subsequent sinking of the particulate material,
that is responsible for the removal of the dissolved constituents from sea
water to the sediment sink. However, it must be stressed that, although
dissolved — particulate transformations are the driving force behind the
removal of most elements to the sediment sink, the transformations
themselves involve a wide variety of biogeochemical processes. For
example, Stumm & Morgan (1981) identified a number of chemical
reactions and physicochemical processes that are important in setting the
chemical composition of natural waters. These included acid-base
reactions, oxidation-reduction reactions, complexation reactions between
metals and ligands, adsorption processes at interfaces, the precipitation
and dissolution of solid phases, gas—solution processes, and the distribution
of solutes between aqueous and non-aqueous phases. The manner in
which reactions and processes such as these, and those specifically
assocated with biota, interact to control the composition of sea water will
be considered throughout the text. For the moment, however, they can
simply be grouped under the general term particulate < dissolved
reactivity. The particulate material itself is mainly delivered to the
sediment surface via the down-column sinking of large-sized organic
aggregates as part of the oceanic global carbon flux. Thus, within the
seawater reservoir, reactive elements undergo a continuous series of
dissolved < particulate transformations, which are coupled with the
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transport of biologically formed particle aggregates to the sea bed.
Turekian (1977) aptly termed this overall process the great particle
conspiracy. In the flux-dominated ocean system the manner in which this
conspiracy operates to clean up sea water is intimately related to the
oceanic throughput of externally transported, and internally generated,
particulate matter. Further, it is apparent that several important aspects
of the manner in which this throughput cycle operates to control the
inorganic and organic compositions of both the seawater reservoir and the
sediment sink can be assessed in terms of the oceanic fates of reactive
trace elements and organic carbon.

Many of the most important thrusts in marine geochemistry over the
past few years have used tracers to identify the processes that drive the
system, and to establish the rates at which they operate. These tracers
will be discussed at appropriate places in the text. However, the tracer
approach has also been adopted in a much broader sense in the present
volume in that special attention will be paid to the trace elements and
organic carbon in the source/input — internal reactivity — sink/output
transport cycle. Both stable and radionuclide trace elements (e.g. the use
of the ‘time clock’ Th isotopes as both transport and process indicators)
are especially rewarding for the study of reactivity within the various
stages of the cycle, and organic carbon is a vital constituent with respect
to both the oceanic biomass and the down-column transport of material
to the sediment sink.

To interpret the source/input — internal reactivity — sink/output
transport cycle in a coherent and systematic manner, a three-stage
approach will be adopted, which follows the cycle in terms of a global
journey. In Part I, the movements of both dissolved and particulate
components will be tracked along a variety of transport pathways from
their original sources to the point at which they cross the interfaces at the
land/sea, air/sea and rock/sea boundaries. In Part II, the processes that
affect the components within the sea water reservoir will be described. In
Part III, the components will be followed as they are transferred out of
sea water into the main sediment sink, and the nature of the sediments
themselves will be described. However, the treatment is mainly
concerned with the role played by the sediments as marine sinks for
material that has flowed through the sea water reservoir. In this context, it
is the processes that take place in the upper few metres of the sediments
which have the most immediate effect on the composition of sea water.
For this reason attention will be restricted mainly to the uppermost
sediment sections, and no attempt will be made to evaluate the status of
the whole sediment column in the history of the oceans.

The steps involved in the three-stage giobal journey are illustrated
schematically in Figure 1.1. This is not meant to be an all-embracing
representation of reservoir interchange in the ocean system, but is simply
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Figure 1.1 A schematic representation of the source/input — sea water internal reactivity —
sink/output global journey. The large open arrows indicate transport from material sources,
and the large filled arrows indicate transport into material sinks; relative flux magnitudes are
not shown. The small arrows indicate only that the strengths of the fluxes can be changed as
they cross the various interfaces in the system; thus, g and n represent gross and net inputs
or outputs, respectively. Material is brought to the oceans in both particulate and dissolved
forms, but is transferred into the major sediment sink mainly as particulate matter. The
removal of dissolved material to the sediment sink therefore usually requires its
transformation to the particulate phase. This is shown by the p — d term. However, the
intention here is simply to indicate that internal particulate/dissolved reactivity occurs within
the seawater reservoir, and it must be stressed that a wide variety of chemical reactions and
physicochemical processes are involved in setting the composition of the water phase — see
text. For convenience coastal zones are not shown.
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intended to offer a general framework within which to describe the global
journey. By directing the journey in this way, the intention is therefore to
treat the sea water, sediment and rock phases as integral parts of a unified
ocean system.

The volume has been written for scientists of all disciplines. To contain
the text within a reasonable length, a basic knowledge of chemistry,
physics, biology and geology has been assumed and the fundamental
principles in these subjects, which are readily available in other
textbooks, have not been reiterated here. However, since the volume is
deliberately designed with a multidisciplinary readership in mind, an
attempt has been made to treat the more advanced chemical and physical
concepts in a generally descriptive manner, with appropriate references
being given to direct the reader to the original sources. However, one of
the major aims of marine geochemistry in recent years has been to model
natural systems on the basis of theoretical concepts. To follow this
approach it is necessary to have a more detailed understanding of the
theory involved, and for this reason a series of Worksheets have been
included in the text. Some of these Worksheets are used to describe a
number of basic geochemical concepts; for example, those underlying
redox reactions and the diffusion of solutes in interstitial waters. In
others, however, the emphasis is placed on modelling a variety of
geochemical systems using, where possible, actual examples from the
literature sources; for example, the topics covered include a sorptive
equilibrium model for the removal of trace metals in estuaries, a stagnant
film model for the exchange of gases across the air/sea interface, and a
variety of models designed to describe solid phase—dissolved phase
interactions in sediment interstitial waters.

Overall, therefore, the intention is to provide a unifying framework,
which has been designed to bring a state-of-the-art assessment of marine
geochemistry to the knowledge of a varity of ocean scientists in such a
way that allows future advances to be understood within a meaningful
context.
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PART 1

THE GLOBAL JOURNEY:
MATERIAL SOURCES



2 The input of material to the
ocean reservoir

The World Ocean may be regarded as a planetary dumping ground for
material that originates in other geospheres, and to understand marine
geochemistry it is necessary to evaluate the composition, flux rate and
subsequent fate of the material that is delivered to the ocean reservoir.

2.1 The background

The major natural sources of the material that is injected into sea water
are the continental crust and the oceanic crust. Primary material is
mobilized directly from the continental crust mainly by low-temperature
weathering processes and high-temperature volcanic activity. In addition,
secondary (or pollutant) material is mobilized by a variety of anthropo-
genic ‘weathering’ processes, which often involve high temperatures. The
various types of material released on the continents during both natural
and anthropogenic processes include particulate, dissolved and gaseous
phases, which are then moved around the surface of the planet by a
number of transport pathways. The principal routes by which continentally
mobilized material reaches the World Ocean are via fluvial, atmospheric
and glacial transport. However, the relative importance of these pathways
varies considerably in both space and time. For example, atmospheric
transport is strongest in low latitudes, where aeolian dust can be carried
to the sea surface in the form of intermittent pulses. However, material is
dispersed throughout the atmosphere over the whole ocean and is
present, albeit sometimes at low concentrations, at all marine locations.
Fluvial transport also delivers material to very large areas of the World
Ocean. However, glacial transport is much restricted in scope.

Water in the form of ice can act as a major mechanism for the physical
mobilization of material on the Earth’s surface. The magnitude of the
transport of this material depends on the prevailing climatic regime. At
present, the Earth is in an interglacial period and large-scale ice sheets
are confined to the polar regions. Even under these conditions, however,
glacial processes are a major contributor of material to the oceans. For
example, Garrels & Mackenzie (1977) estimated that at present
~ 20 X 10" g yr™?! of crustal products are delivered to the World Ocean
by glacial transport, of which ~ 90% is derived from Antarctica. Thus,
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INPUT OF MATERIAL TO THE OCEAN RESERVOIR

ice transport is second only to fluvial run-off in the global supply of
material to the marine environment. From the point of view of marine
geochemistry, however, glacial transport is less important than either
fluvial or atmospheric transport in the supply of material to the oceans on
a global scale. There are two principal reasons for this:

(a) Glacial transport is at present largely restricted to the polar regions,
and so does not have the same global importance as either fluvial or
atmospheric transport. For example, although ice-rafted material
has been found in marine sediments from many areas, glacial
marine sediments are largely confined to the polar regions around
Antarctica, where they form a ring of sediment, and to areas in the
Arctic Ocean (see Figure 13.5a).

(b) Water is the main agency involved in chemical weathering, and
during glacial processes this water is locked in a solid form. As a
result, there is a general absence of chemical weathering in the polar
regions and therefore little release of elements into the soluble
phase.

In general, therefore, glacial material does not make a significant global
contribution to the dissolved pool of elements in sea water. It has been
suggested, however, that one way in which glacially transported material
can contribute to this dissolved pool is by the leaching of elements from
fine-grained rock flour by sea water. In this context, Schutz & Turekian
(1965) suggested that such a process might account for enrichments in Co,
Ni and Ag in waters of intermediate depth south of 68°S. In general,
however, it may be concluded that the effects resulting from the transport
of material to the World Ocean by glacial processes are largely confined
to the polar regions. The principal transport pathways that supply
material derived from the continental crust to the oceans are therefore
river run-off and atmospheric deposition.

Material is also supplied to the oceans from processes that affect the
oceanic crust. These processes involve low-temperature weathering of the
ocean basement rocks, mainly basalts, and high-temperature water-rock
reactions associated with hydrothermal activity at spreading ridge centres.
This hydrothermal activity, which can act as a source of some components
and a sink for others, is now known to be of major importance in global
geochemistry; for example, in terms of primary inputs it dominates the
supply of dissolved manganese to the oceans. Although the extent to
which this type of dissolved material is dispersed about the ocean is not
yet clear, hydrothermal activity must still be regarded as a globally
important mechanism for the supply of material to the seawater reservoir.

On a global scale, therefore, the main pathways by which material is
brought to the oceans are: (a) river run-off, which delivers material to the.
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surface ocean at the land/sea boundaries; (b) atmospheric deposition,
which delivers material to all regions of the surface ocean; and
(¢) hydrothermal activity, which delivers material to deep and inter-
mediate waters above the sea floor. The manner in which these principal
pathways operate is described individually in the next three chapters, and
this is then followed by an attempt to estimate the relative magnitudues
of the material fluxes associated with them.
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3 The transport of
material to the oceans:
the river pathway

Much of the material mobilized during both natural crustal weathering
and anthropogenic activities is dispersed by rivers, which transport the
material towards the land/sea margins. In this sense, rivers may be
regarded as the carriers of a wide variety of chemical signals to the World
Ocean. The effect that these signals have on the chemistry of the ocean
system may be assessed within the framework of three key questions (see
e.g. Martin & Whitfield 1983): (1) What is the quantity and chemical
composition of the dissolved and particulate material carried by rivers?
(2) What are the fates of these materials in the estuarine mixing zone?
(3) What is the ultimate quantity and composition of the material that is
exported from the estuarine zone and actually reaches the open ocean?
These questions will be addressed in this chapter, and in this way river-
transported materials will be tracked on their journey from their source,
across the estuarine (river/ocean) interface, through the coastal receiving
zone and out into the open ocean.

3.1 Chemical signals transported by rivers

3.1.1 Introduction

River water contains a large range of inorganic and organic components
in both dissolved and particulate forms. However, a note of caution must
be introduced before any attempt is made to assess the strengths of the
chemical signals carried by rivers, especially with respect to trace
elements. In attempting to describe the processes involved in river
transport, and the strengths of the signals that they generate, great care
must therefore be taken to assess the validity of the databases used.
‘Modern’, i.e. post-1975, trace element data have now started to appear
in the literature and, where available, these will be used in the discussion
of river-transported chemical signals.

3.1.2 The sources of dissolved and particulate material found in
river waters
Water reaches the river environment either directly from the atmosphere
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or indirectly from surface run-off, underground water circulation and the
discharge of waste solutions. The sources of the dissolved and particulate
components that are found in the river water include rock weathering, the
decomposition of organic material, wet and dry atmospheric deposition
and, for some rivers, pollution. The source strengths are controlled by a
number of complex, often interrelated, environmental factors which
operate in an individual river basin; these factors include rock lithology,
relief, climate, the extent of vegetative cover and the magnitude of
pollutant inputs.

The various factors that are involved in setting the composition of river
water are considered in the following sections, and to do this it is
convenient to use a framework in which the dissolved and the particulate
components are considered separately.

3.1.3 Major and trace elements: the dissolved river signal
3.1.3.1 Major elements The major element composition of rivers
entering the principal oceans is given in Table 3.1, together with that of
sea water. From the average river and seawater compositions given in this
table it can be seen that there are a number of differences between these
two types of surface water. The most important of these are that in river
water there is a general dominance of calcium and bicarbonate, whereas
in sea water sodium and chloride are the principal dissolved components
contributing to the total ionic, i.e. salt, content. However, the major
element composition of river water is much more variable than that of
sea water, and some idea of the extent of this variability can be seen from
the data in Table 3.1. Maybeck (1981) has ranked the global order
of variability for the major dissolved constituents of river water as
follows: Cl~ > SO7™ > Ca?* = Na* > Mg?* > HCO;3; > SiO, > K™.
The major factors that control these variations are discussed below.
There are a number of types of water on the Earth’s surface, which can
be distinguished from each other on the basis of both their total ionic
content (salinity) and the mutual proportions in which their various ions
are present (ionic ratios). Gibbs (1970) employed variations in both
parameters to identify a number of end-member surface waters. The
cations that characterize the two principal water types are Ca®* for fresh
water and Na™ for highly saline waters, and Gibbs (1970) used variations
in these two cations to establish compositional trends in world surface
waters — see Figure 3.1a. He also demonstrated that the same general
trends could be produced using variations in the principal anions in the
two waters, i.e. HCOj3 for fresh water and Cl1™ for highly saline waters —
see Figure 3.1b. By displaying the data in these two forms, Gibbs (1970)
was able to produce a framework which could be used to characterize
three end-member surface waters — see Figure 3.1c. These end-member
waters were defined as follows:
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TRANSPORT: THE RIVER PATHWAY

Table 3.1 The major element composition of rivers draining into the
oceans® (units, mg 17)

Element Atlantic Indian Arctic Pacific World Sea
average water
river
water

Na' 4.2 8.5 8.8 5.2 5.3 10733

xt 1.4 2.5 1.2 1.2 1.5 399

ca?t 10.5 21.6 16.1 13.9 13.3 412

Mgt 2.5 5.4 1.3 3.6 3.1 1294

c1” 5.7 6.8 11.8 5.1 6.0 19344

s0%” 7.7 7.9 15.9 9.2 8.7 2712

HCO3 37 94.9 63.5 55.4 51.7 142

$103” 9.9 14.7 5.1 11.7 10.7 -

105 78.9 154.9 123.7 105.3 101.6 -

2 pata from Martin & Whitfield (1983), and Riley & Chester (1971).

b 1ps = total dissolved solids.

A precipitation- or rain-dominated end-member, in which the total
ionic content is relatively very low, and the Na/(Na + Ca) and the
Cl/(Cl + HCOg3) ratios are both relatively high. Conditions that
favour the formation of this end-member are low weathering
intensity and low rates of evaporation.

A rock-dominated end-member, which is characterized by having an
intermediate total ionic content and relatively low Na/(Na + Ca)
and Cl/(Cl + HCOg3) ratios. This end-member is formed under
conditions of high weathering intensity and low rates of evaporation.
An evaporation—crystallization end-member, which has a relatively
very high total ionic content and also relatively high Na/(Na + Ca)
and CV/(Cl + HCOj3) ratios. Conditions that favour the formation
of this end-member are high weathering intensity and high rates of
evaporation.

Gibbs (1970) was therefore attempting to classify surface waters on the
basis of the predominance of the principal external sources of the major
ionic components, i.e. precipitation and rock weathering, and the
operation of internal processes, such as evaporation and precipitation.
However, the diagrams he produced have received considerable criticism.
For example, Feth (1971) suggested that the Pecos River, which was
identified by Gibbs (1970) as belonging to the evaporation—crystallization
end-member, has acquired its major increase in total dissolved salts from
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Figure 3.1b Variations in the weight ratio CV/(Cl + HCOj') as a function of total dissolved

salts.

the inflow of groundwater brines; thus, it should perhaps be termed an
evaporite end-member. Stallard & Edmond (1983) also demonstrated
that the Amazon Basin rivers, which have relatively high total salt
contents, have arisen primarily via the weathering of evaporites and
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carbonates.

Stallard & Edmond (1981) also cast doubt on the existence of the rain-
dominated end-member in the rivers of the Amazon Basin. By using
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Figure 3.1c Diagrammatic representation of the processes controlling end-member water
compositions. See text for explanation.

chloride as a marine reference element, the authors were able to define
the cyclic salt background for the Amazon surface waters, and drew the
following conclusions from their data. (a) Only Na*, Mg?* and SO3™,
after ClI- the next three most abundant ions in sea water, exhibited
significant cyclic contributions in any of the rivers in the basin. For a
near-coastal river the cyclic source was dominant, and for one other river
cyclic Na contributed ~ 50% to the surface water. However, for all other
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rivers, the cyclic Na and Mg was found to be minor compared to inputs
from weathering. (b) For the near-coastal river, ~ 15% of the Ca and K
had a cyclic origin, but for all other rivers less than ~ 3% of the Ca and
K had a marine origin. These estimates are considerably lower than those
made by Gibbs (1970), who proposed that ~ 80% of the Na, K, Mg and
Ca in the dilute lowland rivers of the Amazon Basin are cyclic. These
conclusions were confirmed in a later publication in which Stallard &
Edmond (1983) concluded that it is rock weathering, and not precipitation
input, which controls the major cation chemistry of the lowland rivers of
the Amazon Basin, i.e. the rivers are not precipitation-dominated. Thus,
the very existence of the rain-dominated river end-member was
challenged.

It is apparent, therefore, that, in the division of surface waters into the
three end-members, the status of the rain-dominated and the evaporation—
crystallization types must be seriously questioned. Nevertheless, there is
no doubt that there are considerable variations in the total ionic content
of river waters. This can be illustrated with respect to a number of
individual river types (see Table 3.2), and in a general way the variations
can be related to the Gibbs classification.

(a) Rivers with relatively small total ionic contents can be found (i) in
catchments draining thoroughly leached areas of low relief where
the rainfall is small, e.g. in some tropical regions of Africa and
South America, and (ii) in catchments that drain the crystalline
shields, e.g. those of Canada, Africa and Brazil. For example, very
‘pure’ waters, with total ionic contents of ~ 19 mg 171, are found on
the Canadian Shield — see Table 3.2. It is waters such as these that

Table 3.2 Average major element concentrations of rivers draining
different catchment types® (units, mg 17%)

Rivers draining Mackenzie River; Colorado River;
Canadian 'rock-dominated' 'evaporation -
Shield end-member crystallization'

end-member

Na 0.60 7.0 95
' 0.40 1.1 5.0
ca?* 3.3 33 83
mg2t 0.7 10.4 24
[ 1.9 8.9 82
s02” 1.9 36.1 270
HCO3 10.1 111 135
1P 18.9 207 694

: Data from Maybeck (1981),
TIC = total ionic content.
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will have their major ion composition most influenced by precipita-
tion, even if they are not rain-dominated.

(b) As rock weathering becomes increasingly more important, the total
ionic content of the river water increases. The Mackenzie River,
which drains sedimentary and crystalline formations, is an example
of a river having a rock-dominated water type. The average total
ionic content of the Mackenzie River water is ~ 200 mg 1!, which
is about an order of magnitude higher than that of the Canadian
Shield rivers, and the concentration of Ca®* exceeds that of Na* by
a factor of 4.7 — see Table 3.2.

(c) Some river waters have relatively high total ionic contents and high
Na/(Na + Ca) ratios. The Colorado River is an example of this type
and has a total ionic content of ~ 700 mg1~* and a Na* concentration
slightly in excess of Ca** — see Table 3.2. It is probable, however,
that the major ion composition of this river has been influenced
more by the input of saline underground waters draining brine
formations than by evaporation—crystallization processes.

Maybeck (1981) took a global overview of the extent to which the three
end-member waters are found on the Earth’s surface. He concluded that
the precipitation-dominated end-member (even if it exists at all) and the
evaporation—crystallization (or evaporite) end-member together make up
only around 2% of the world’s river waters, and that in fact ~ 98% of
these surface waters are rock-dominated types.

Because the vast majority of the world’s river waters belong to the
rock-dominated category it is the extent to which the major rock-forming
minerals are weathered, i.e. the influence of the chemical composition of
the source rocks, that is the principal factor controlling the concentrations
of the major ions in the waters. This can be illustrated with respect to
varations in the major ion composition of rivers that drain a number of
different rock types — see Table 3.3. From this table it can be seen, for
example, that sedimentary rocks release greater quantities of Ca*,
Mg?*, SO}~ and HCO;3 than do crystalline rocks. Maybeck (1981)
assessed the question of the chemical denudation rates of crustal rocks
and concluded that: (a) chemical denudation products originate principally
from sedimentary rocks, which contribute ~ 90% of the total products,
~ 66% being derived from carbonate deposits; and (b) the relative 