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Preface to the third edition

This edition of Marine Geochemistry has been
created at a time when the role of the oceans in the
Earth System is becoming ever more evident. The
central role of ocean processes in climate change, and
indeed in all aspects of global change, is increasingly
important to all society. The scientific understanding
of the role of the oceans and of how they function
has developed sufficiently over recent years to justify
a new edition of this book. The revisions incorpo-
rated in this new edition are the result of the collabo-
ration between the two authors following Roy’s
retirement.

This edition has been updated to reflect recent
advances in the field of marine geochemistry. In par-
ticular new insights into nutrient cycling and the
carbon cycle have led to a large scale reorganisation
of Chapters 8 and 9 compared to previous editions.
The relatively recent recognition of the key role of
iron as a nutrient is discussed in Chapters 9 and 11.
In addition, a section on shelf seas has been added

in Chapter 6 to draw together the new understanding
of processes in these regions which are now evidently
of considerable importance to the marine geochemi-
cal cycle, as well as being both of great societal value
while also under considerable pressure from human
activity.

We are grateful to our publishers for their patience
and support, to Phil Judge for producing the new
diagrams for this edition and to our respective insti-
tutions for allowing us the opportunity to develop
this and previous editions. Our special thanks go to
colleagues around the world who have published the
science we attempt to summarize here.

Finally we would also like to thank Alison Chester
and Sue Jickells for their help and support with this
endeavour, and for so much more — including keeping
us reasonably sane.

Roy Chester and Tim Jickells
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1 Introduction

The fundamental question underlying marine geo-
chemistry is, ‘How do the oceans work as a chemical
system?’ At present, that question cannot be answered
fully. The past four decades or so, however, have seen
a number of ‘quantum leaps’ in our understanding
of some aspects of marine geochemistry. Three prin-
cipal factors have made these leaps possible:

1 advances in sampling and analytical techniques;
2 the development of theoretical concepts;

3 the setting up of large-scale international oceano-
graphic programmes (e.g. DSDP, MANOP, HEBBLE,
GEOSECS, TTO, VERTEX, JGOFS, SEAREX,
WOCE), which have extended the marine geochem-
istry 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 been written,
therefore, with the aim of bringing together the
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. Furthermore, the
oceans are a key component of the Earth System, so
an understanding of ocean geochemistry is central
to understanding the functioning of the Earth as an
integrated system (Lenton and Watson, 2011). One
of the major challenges involved in doing this,
however, is to provide a coherent global ocean

framework within which marine geochemistry can be
described in a manner that cannot only relate readily
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 atmos-
phere and the oceans were generated by the degas-
sing of the 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 therefore are a flux-dominated
system. Seawater, however, is not a static reservoir in
which the material has simply accumulated over geo-
logical time, otherwise it would have a very different
composition from that which it has at present; for
example, the material supplied over geological time
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2 Chapter 1

far exceeds the amount now present in seawater.
Further, the composition of seawater appears not to
have changed markedly over very long periods of
time; at least the last few million years and probably
longer. Rather than acting as an accumulator, there-
fore, the flux-dominated seawater reservoir can be
regarded as a reactor. Elements are intensively recy-
cled within the vast oceans by biological and chemi-
cal processes, although the extent of this recycling
and the associated lifetime of components of the
chemical system within the oceans vary enormously.
It is the nature of the reactions that take place
within the reservoir, that is the manner in which it
responds to the material fluxes, which defines the
composition of seawater via an input — internal
reactivity — output cycle. The system is ultimately
balanced by the Earth’s geological tectonic cycle that
subducts ocean sediments into the Earth’s interior
and returns them to the land surface.

Traditionally, there have been two schools of
thought on the overall nature of the processes that
operate to control the composition of seawater.

1 In the equilibrium ocean concept, a state of chemi-
cal equilibrium is presumed to exist between seawa-
ter and sediments via reactions that are reversible in
nature. Thus, if the supply of dissolved elements to
seawater were to increase, or decrease, the equilib-
rium reactions would change in the appropriate
direction to accommodate the fluctuations.

2 In the alternative steady-state ocean concept, it is
assumed that the input of material to the system is
balanced by its output, that is, 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 seawater 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 seawater, the
sediment and the rock reservoirs interact, sometimes
via recycling stages, to control the composition of
seawater.

It is clear, therefore, that the first requirement nec-
essary to address the question ‘How do the oceans
work as a chemical system?’ is to treat the seawater,

sediment and rock reservoirs as a unified system. It
is also apparent that one of the keys to solving
the question lies in understanding the nature of
the chemical, geological and biological (biogeochem-
ical) processes that control the composition of sea-
water and how these interact with the physical
transport within the ocean system, as this is the res-
ervoir 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 geochem-
istry 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 magni-
tude 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. In order to
avoid falling into the trap of not being able to see
the wood for the trees in the morass of data, however,
it is essential to recognize the importance of the pro-
cesses 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
involve a process-orientated approach, in which
the emphasis will be placed on identifying the key
processes that operate within the cycle. The treat-
ment will include both natural and anthropogenic
materials, but it is not the intention to offer a special-
ized 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, because 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. The emphasis in the
present volume, however, is largely on the role that
the sediments play in controlling the chemistry of the



oceans. The diagenetic changes that have the most
immediate effect on the composition of seawater take
place in the upper few metres of the sediment column.
For this reason attention will be focused on these
surface deposits and their role in biogeochemical
cycles. The role played by sediments in recording
palaeooceanographic change will be touched upon
only briefly. It is, however, important to recognize
that the oceans play a key role in the Earth System,
a role that evolves over geological time, and the
oceans also record the history of the evolution of the
Earth System and its climate (e.g., Emerson and
Hedges, 2008; Lenton and Watson, 2011).

In order to rationalize the process-orientated
approach, special attention will be paid to a number
of individual constituents, which can be used to elu-
cidate certain key processes that play an important
role in controlling the chemical composition of sea-
water. In selecting these process-orientated constitu-
ents it was necessary to recognize the flux-dominated
nature of the seawater reservoir. The material fluxes
that reach the oceans deliver both dissolved and par-
ticulate elements to seawater. It was pointed out
above, however, that the amount of dissolved mate-
rial in seawater is not simply the sum of the total
amounts brought to the oceans over geological time.
This was highlighted a long time ago by Forchham-
mer (1865) when he wrote:

Thus the quantity of the different elements in sea-

water is not proportional to the quantity of ele-

ments which river water pours into the sea, but is
inversely proportional to the facility with which
the elements are made insoluble by general chemi-

cal or organo-chemical actions in the sea. . .

[our 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 seawater. This was high-
lighted more recently by Turekian (1977). In an influ-
ential geochemical paper, 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,
that is “Why are the oceans so depleted in trace
metals?’ Turekian concluded that the answer lies in

Introduction 3

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 subse-
quent sinking of the particulate material, that is
responsible for the removal of the dissolved constitu-
ents from seawater to the sediment sink. The biologi-
cal production and consumption of particles by
the ocean microbial community and its predators is
central to this process. It must be stressed, however,
that although dissolved — particulate transforma-
tions 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, Emerson and Hedges (2008)
and Stumm and Morgan (1996) identified a number
of chemical reactions and physicochemical processes
that are important in setting the chemical composi-
tion of natural waters at a fundamental physico-
chemical level. These processes included acid—base
reactions, oxidation-reduction reactions, complexa-
tion reactions between metals and ligands, adsorp-
tion 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
associated with biota, interact to control the compo-
sition of seawater will be considered throughout the
text. For the moment, however, they can be grouped
simply under the general term particulate < dis-
solved reactivity. The particulate material itself is
delivered to the sediment surface mainly via the
down-column sinking of large-sized organic aggre-
gates as part of the oceanic global carbon flux.
Thus, within the seawater reservoir, reactive elements
undergo a continuous series of dissolved «> particu-
late transformations, which are coupled with the
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 seawater
is intimately related to the oceanic throughput of
externally transported, and internally generated, par-
ticulate matter. Further, it is apparent that several
important aspects of the manner in which this
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throughput cycle operates to control the inorganic
and organic compositions of both the seawater reser-
voir 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 (Broecker and Peng, 1982). These tracers
will be discussed at appropriate places in the text.
The tracer approach, however, also has 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 Th
isotopes as a ‘time clock’ for 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 the oceanic biomass, the down-column
transport of material to the sediment sink and sedi-
ment diagenesis.

To interpret the source/input — internal reactiv-
ity — 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 seawater reservoir will be described. In
Part III, the components will be followed as they are
transferred out of seawater into the main sediment
sink, and the nature of the sediments themselves will
be described. The treatment, however, is concerned
mainly with the role played by the sediments as
marine sinks for material that has flowed through
the seawater reservoir. In this context, it is the pro-
cesses that take place in the upper few metres of the
sediments that have the most immediate effect on the
composition of seawater. 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 global journey
are illustrated schematically in Fig. 1.1. This is not
meant to be an all-embracing representation of res-
ervoir interchange in the ocean system, but is simply
intended to offer a general framework within which
to describe the global journey. By directing the
journey in this way, the intention therefore is to treat
the seawater, sediment and rock phases as integral
parts of a unified ocean system.

In addition to the advantages of treating the oceans
as a single system, the treatment adopted here is
important in order to assess the status of the marine
environment in terms of planetary geochemistry.
For example, according to Hedges (1992) there is a
complex interplay of biological, geological and
chemical processes by which materials and energy
are exchanged and reused at the Earth’s surface.
These interreacting processes, which are termed
biogeochemical cycles, are concentrated at interfaces
and modified by feedback mechanisms. The cycles
operate on time-scales of microseconds to eons, and
occur in domains that range in size from a living cell
to the entire ocean—atmosphere system, and inter-
faces in the oceans play a vital role in the biogeo-
chemical cycles of some elements. The chemistry of
the vast oceans is ultimately profoundly shaped by
their internal biological processes which are domi-
nated by tiny organisms — microorganisms less than
1mm in diameter. The carbon fixed from the atmos-
phere and transformed within the water column by
these organisms affects the chemistry of the oceans
and sustains most of the biological life within the
oceans. The exchanges of CO, associated with these
processes also play a critical role in the global carbon
cycle and in the habitability of the whole planet.

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. As the volume is deliberately designed
with a multidisciplinary readership in mind, however,
an attempt has been made to treat the more advanced
chemical and physical concepts in a generally descrip-
tive manner, with appropriate references being given
to direct the reader to the original sources. One of
the major aims of marine geochemistry in recent
years has been to model natural systems on the basis
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Fig. 1.1 A schematic representation of the source/

input — seawater 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

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

major sediment sink mainly as particulate matter largely by
biological processes. 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. The
intention here, however, 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.

redox reactions and the diffusion of solutes in inter-
stitial waters. In others, however, the emphasis is
placed on modelling a variety of geochemical systems
using, where possible, actual examples from litera-
ture sources; for example, the topics covered include
a sorptive equilibrium model for the removal of trace
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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 the interac-
tions between solid and dissolved phases 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 geo-
chemistry to the knowledge of a variety of ocean
scientists in such a way that allows future advances
to be understood within a meaningful context.
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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, prior to its tectonic recycling, 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 seawater are the continental crust, the
oceanic crust and the atmosphere. 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 anthropogenic ‘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 river, atmospheric
and glacial transport. The relative importance of
these pathways, however, varies considerably in
both space and time. Rivers and glaciers enter the
oceans at particular locations and impact particu-
larly coastal regions, while atmospheric transport
disperses material more widely with fluxes decreas-
ing away from source regions. 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, Raiswell et al. (2006) estimated that at
present ~29 x 10"gyr™ of crustal products are
delivered to the World Ocean by glacial transport, of
which ~90% is derived from Antarctica. Thus, ice
transport is second only to fluvial run-off in the
global supply of particulate material to the marine
environment, although it is less important as a
source of dissolved material because it is frozen
and hence has reduced chemical weathering. The
impacts of material fluxes associated with glaciers
are seen predominantly in the high latitudes, par-
ticularly in the shelf seas of the Arctic and Southern
Oceans.

Material also is supplied to the oceans from pro-
cesses 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 hydrother-
mal activity, which can act as a source of some com-
ponents 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:

1 river and glacial run-off, which delivers material
to the surface ocean at the land—sea boundaries;

Marine Geochemistry, Third Edition. Roy Chester and Tim Jickells.
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2 atmospheric deposition, which delivers material to References
all regions of the surface ocean;

3 hydrothermal activity, which delivers material to
deep and intermediate waters above the sea floor.

Raiswell, R., Tranter, M., Benning, L.G., Siegert, M.,
De’ath, R., Huybrechts, P. and Rayne, T. (2006) Contri-
butions from glacially derived sediment to the global

The manner in which these principal pathways iron(oxyhyr)oxide cycle: implications for iron delivery to
operate is described individually in the next three the oceans. Geochim. Cosmochim. Acta, 70, 2765-
chapters, and this is followed by an attempt to esti- 2780.

mate the relative magnitudes of the material fluxes
associated with them.



3 The transport of material to the oceans:

the fluvial 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 and 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 estua-
rine 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 estua-
rine (river-ocean) interface, through the coastal
receiving zone and out into the open ocean. Chemi-
cal fluxes of some components have also been sub-
stantially modified by human impact and the nature
and scale of this impact will be considered.

In addition to riverine inputs, glacial flows also
contribute inputs to the oceans. Chemical weather-
ing in glacial environments is similar or slower than
rates in fluvial catchments (Anderson et al., 1997).
The largest glacial flows arise from Antarctica and
Greenland, and hence inputs of anthropogenic mate-
rials from these systems are small compared to fluvial
ones and organic matter will also be at low concen-
trations because of limited biological activity. Physi-

cal weathering in glacial systems is very substantial
(Raiswell ez al., 2006), but the chemical composition
and behaviour of this material will be similar to that
of fluvial particulate matter. Hence, the inputs of
glaciers will not be treated separately but with river
systems with differences noted where appropriate.

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 particu-
late forms. A note of caution, however, 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 attempt-
ing to describe the processes involved in river trans-
port, and the strengths of the signals they generate,
great care must be taken to assess the validity of the
databases used and, where available, ‘modern’ (i.e.
post around 1975) trace-element data will be used in
the present discussion of river-transported chemical
signals, since some earlier data sets may include over-
estimates of concentrations due to contamination
problems during the sampling and analysis which
were not recognized at the time.

3.1.2 The sources of dissolved and
particulate material found in river waters

Water reaches the river environment either directly
from the atmosphere or indirectly from surface run-
off, underground water circulation and the discharge

Marine Geochemistry, Third Edition. Roy Chester and Tim Jickells.
© 2012 by Roy Chester and Tim Jickells. Published 2012 by Blackwell Publishing Ltd.
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of waste solutions. Freshwater reaches the ocean
predominantly via rivers with about 5% of the
total arising directly via groundwater. The fluxes of
groundwater and its composition are less well
known. This component can be locally very impor-
tant, for instance on limestone islands where there is
often no surface freshwater, but in terms of global
fluxes, rivers dominate and will be the focus of
attention here. 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 deposi-
tion and, for some rivers, human activity induced
discharges. The source strengths are controlled by a
number of complex, often interrelated, environmen-
tal factors that 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 fol-
lowing sections, and to do this it is convenient to use
a framework in which the dissolved and the particu-
late components are considered separately. This
distinction is usually based on simple filtration and
hence dissolved components are defined as those
passing through a filter usually with 0.2-1pum pore
diameter. This dissolved component therefore will
include material that is in reality colloidal, that is,
very small (<0.2um and >1nm) particulate matter.
Such material may include biological and mineral
particles, and mixtures of the two. Colloids have a
very high surface area relative to its mass. Since
particle-water interactions usually involve interac-
tions at surfaces, this colloidal component of the
fraction operationally defined as dissolved may be
particularly important (Gaillardet et al., 2004)

3.1.3 Major and trace elements:
the dissolved river signal

3.1.3.1 Major elements

The average inorganic composition of rivers entering
the principal oceans is given in Table 3.1, together
with that of seawater (note nitrogen and phosphorus
are considered later). From the average river and
seawater compositions given in this table it can be
seen that there are a number of differences between

Table 3.1 Average major element composition of rivers
umol I" except bicarbonate p equivalents I”' (see Chapter 9)
after Meybeck (2004) based on the summed fluxes in 680
individual river basins, seawater composition from Broecker
and Peng (1982).

World average river

composition seawater
Na* 240 4.7 x10°
K* 44 10 x 10°
Ca** 594 10 x 10°
Mg 245 5.3 x 10
cr 167 5.5x 10°
Nera 175 2.8x 10°
HCO3 798 2.3 x10°
SiO; 145 100

these two types of surface water. The most important
of these is that in river water there is a general domi-
nance of calcium and bicarbonate, whereas in sea-
water sodium and chloride are the principal dissolved
components contributing to the total ionic, that is
salt, content. The major element composition of river
water, however, is much more variable than that of
seawater, and some idea of the extent of this variabil-
ity can be seen from the data in Table 3.1. Note
dissolved Si is a major component but not dissoci-
ated at river water pH and is represented as SiO,.
Meybeck (2004) has ranked the global order of vari-
ability for the major dissolved constituents of river
water as follows:

Cl">SO% > Na*> Mg* > Ca** > §i0, > K*> HCO:s.
The major factors that control these variations are
discussed in the following sections.

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) used 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 Fig. 3.1(a). He also
demonstrated that the same general trends could be
produced using variations in the principal anions in
the two waters, that is HCOj3 for fresh water and
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Fig. 3.1 Processes controlling the composition of surface
waters (from Gibbs, 1970). (a) Variations in the weight ratio
Na/(Na + Ca) as a function of total dissolved salts. (b)
Variations in the weight ratio ClI/(Cl+HCOg3) as a function of
total dissolved salts. (c) Diagrammatic representation of the
processes controlling end-member water compositions. See
text for explanation. Note Gibbs uses ‘total dissolved solids’ in

CI” for highly saline waters: see Fig. 3.1(b). By dis-
playing the data in these two forms, Gibbs (1970)
was able to produce a framework that could be used
to characterize three end-member surface waters: see
Fig. 3.1(c). These end-member waters were defined
as follows:

1 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+HCO3) ratios
are both relatively high. Conditions that favour the
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his diagram as a measure of all the dissolved ions in a sample,
in more modern studies conductivity measurements are used
and an approximate conversion to ionic strength and a total
dissolved solids concentration of 200mg I”" approximates to
an ionic strength of about 2 x 10mol I”". Andrews et al.
(2004).

formation of this end-member are low weathering
intensity and low rates of evaporation.

2 A rock-dominated end-member, which is charac-
terized by having an intermediate total ionic content
and relatively low Na/(Na + Ca) and Cl/(Cl+HCO3)
ratios. This end-member is formed under condi-
tions of high weathering intensity and low rates of
evaporation.

3 An evaporation—crystallization end-member, which
has a relatively very high total ionic content and also
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Fig. 3.1 Continued

relatively high Na/(Na + Ca) and Cl/(Cl+HCO3)
ratios. Conditions that favour the formation of this
end-member are high weathering intensity and high
rates of evaporation.

Gibbs (1970) therefore was attempting to classify
surface waters on the basis of the predominance of
the principal external sources of the major ionic
components, that is, precipitation and rock weather-
ing, and the operation of internal processes, such as
evaporation and precipitation. The ‘Gibbs Diagram’
essentially represents a hypothesis describing the
large scale processes controlling river chemistry. This
begins with the input of rainwater characterized by
low ionic strength and a dominance of Na* and CI-
ions derived from the injection of seaspray into the
atmosphere leading to deposition in rain, snow and
so on, and freshwater whose composition is domi-

z
?
[a]

nated by that of the precipitation (‘precipitation
dominance’). As this rainwater percolates through
soil and rock and begins to flow as river or ground-
water, it will accumulate products of crustal weather-
ing. Calcium carbonate is very abundant in the crust
(globally ~20% of crust) and relatively soluble due
to acid hydrolysis (Andrews et al., 2004). Therefore
the products of calcium carbonate dissolution (Ca**
and HCO3) are appropriate tracers of weathering,
although bicarbonate can be problematic because of
its involvement in acid-base reactions with CO,
and CO3 (see Chapter 9) on creating the ‘rock
dominance’ regime. In addition, seaspray does
contain some calcium from seawater itself, but this
can be corrected for by assuming all chloride is from
the atmosphere and the seaspray injected into the
atmosphere has the same Ca?/Cl™ ratio as seawater.
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Table 3.2 Average major element concentrations of rivers draining different catchment types; units, umoll~" bicarbonate as

w equiv. I' (data from Meybeck, 1981).

Rivers draining

Mackenzie River; ‘rock-dominated’

Colorado River; ‘evaporation—crystallization’

Element Canadian Shield end-member end-member
Na* 23 304 4000
K* 10 28 128
Ca* 82 825 2075
Mg?* 29 433 1000
cr 53 251 2310
Ne/ 19 361 2700
HCO3 165 1820 2213

The final component of the Gibbs diagram the
‘evaporation/precipitation’ regime represents fresh-
waters in hot arid environments where chemical
precipitation takes place with calcium carbonate
the first mineral to precipitate leading to a rise in the
relative importance of sodium and chloride at the
expense of calcium and bicarbonate.

The Gibbs diagram is of course very simplistic in
its characterization of the complex processes regulat-
ing stream chemistry in terms of simple ratios. The
approach breaks down in several situations which
mostly fall into three categories.

1 If saline brines or evaporate minerals are impor-
tant within a catchment, this will provide a source
of NaCl in addition to atmospheric deposition.
Examples of this situation include the Pecos River
(Feth, 1971) and some tributaries of the Amazon
draining parts of the Andes (Stallard and Edmond,
1983).

2 If weathering is dominated by rocks other than
calcium carbonate. For example, the Rio Negro, a
major tributary of the Amazon, drains highly weath-
ered soils severely depleted in weatherable cations
but containing some feldspars, resulting in low ionic
strength waters where weathering is still the main
source of cations.

3 If atmospheric deposition is not dominated by
sodium chloride. In many parts of the world atmos-
pheric deposition now contains a significant amount
of sulfuric acid derived from emissions of combus-
tion processes. This acts to increase the ionic strength
without associated weathering products.

Despite these and other caveats, the Gibbs approach
represents a useful simple first order description of river

chemistry which Meybeck (2004) suggests is appro-
priate for 80% of the river systems he considered.
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.
1 Rivers with relatively small total ionic contents
can be found:
(a) in catchments draining thoroughly leached
areas of low relief where the rainfall is high, for
example in some tropical regions of Africa and
South America;
(b) in catchments that drain the crystalline shield
rocks, for example those of Canada, Africa and
Brazil, and rivers fed from glacial melt waters in
arctic and Antarctic (e.g. ‘dry valleys’ region of
Antarctica). As an example, very ‘pure’ waters,
with total ionic contents of ~19mgl™, are found
on the Canadian Shield: see Table 3.2. It is waters
such as these that will have their major ion com-
position most influenced by precipitation, even if
they are not rain-dominated.
2 As rock weathering becomes increasingly more
important, the total ionic content of the river water
increases. The Mackenzie River, which drains sedi-
mentary 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 mgl™', which is about an order of mag-
nitude 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.
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3 Some river waters have relatively high total ionic
contents and high Na/(Na + Ca) ratios. The Colo-
rado River is an example of this type and has a
total ionic content of ~700mg I"' and a Na* concen-
tration slightly in excess of Ca*: see Table 3.2. It
is probable, however, that the major ion composi-
tion of this river has been influenced more by the
input of saline underground waters draining brine
formations than by evaporation—crystallization
processes.

Meybeck (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% only 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, in other words 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 variations in the major ion composi-
tion 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*", SO7” and HCOj3 than do
crystalline rocks. Meybeck (1981) assessed the ques-
tion of the chemical denudation rates of crustal rocks
and concluded that:

1 chemical denudation products originate princi-
pally (~90%) from sedimentary rocks, with about
two-thirds of this coming from carbonate deposits;

2 the relative rates at which the rocks are weathered
follow the overall sequence evaporites >> carbonate
rocks >> crystalline rocks, shales and sandstones.

These are general trends, however, and in practice
the extent to which a crustal terrain is weathered
depends on a complex of interrelated topographic
and climatic factors.

3 biogenic processes chemistry,
although these principally influence the behaviour of
N, P and C.

It is apparent, therefore, that river waters can be
characterized on the basis of their major ionic con-
stituents. The total concentrations, and mutual pro-
portions, of these constituents are regulated by a
variety of interrelated parameters. Rock weathering,
however, is the principal control on the dissolved
major element chemistry of the vast majority of the
world’s rivers, with regional variations being control-
led by the lithological character of the individual
catchment. The dissolved solid loads transported
by rivers are correlated with mean annual run-off
(see e.g., Walling and Webb, 1987), and although
the concentrations of dissolved solids decrease with
increasing run-off, as a result of a dilution effect, the
flux of dissolved solids increases.

influence river

3.1.3.2 Trace elements

The sources that supply the major constituents to
river waters (e.g., rock weathering, atmospheric
deposition, pollution) also release trace elements into
surface waters. Trace elements are components with
dissolved concentrations of <1 mg 1™, and many have
concentrations orders of magnitude less than this.
The measurement of trace elements is a demanding
task in terms of sampling and analysis, but there is
now a reasonable body of data and Table 3.4 is based

Table 3.3 Major ion composition of rivers draining different rock types; units, umol I"! bicarbonate as p equiv. I (data from

Meybeck, 1981).

Plutonic and highly

Element metamorphic rocks Volcanic rocks Sedimentary rocks
Na* Lithological influence displaced by oceanic influence

K* 26 38 26

Ca** 100 200 750

Mg?** 42 125 333

clr Lithological influence displaced by oceanic influence

SO% 20 60 250

HCO3 245 738 1640
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Table 3.4 Average concentrations of elements in upper crust, riverine particulate matter, dissolved in river water and seawater plus
ratio of dissolved river concentration to crustal abundance. Note different units for ocean water. While most elements are listed,
for some of the rarest elements there is insufficient data and these are omitted.

Average Upper  Average River Average River
Crust (AUC) particulate matter dissolved (ARD) Average ocean Deep Sea clay
Element umolg™ (RP) umolg™ umol ™ ARD/AUC nmol ! umolg™’
Li 3.5 3.6 0.27 0.07 26 x 10° 6.5
Be 0.23 - 1x1073 4 %107 0.023
B 1.6 6.5 0.9 0.56 0.42 x 10° 20.3
C inorganic - - 798 - 2.25x 10°
N (nitrate) 15% 30 x 10°
Na 520 310 240 0.46 0.47 x 10° 870
Mg 620 490 245 0.40 53 x 10° 109
Al 3000 3500 1.2 0.4 x 107 1.1 3500
Si 11000 10000 145 0.013 100 x 10° 10000
P 20 37 0.7* 0.035 2000 45
N 1.9 - 175 92 28 x 108
Cl 10.4 - 167 16 545 x 10°
K 590 510 44 0.07 10 x 10° 718
Ca 640 530 594 0.93 10 x 108 250
Sc 0.31 0.40 0.027 0.09 0.015 0.44
Ti 80 117 0.010 0.12 x 107 0.13 119
\ 1.9 3.3 14 x 107 7.4 %107 39 0.36
Cr 1.8 1.9 13 x 1073 7.2%x 107 4.1 1.9
Mn 14 19 0.62 0.04 0.36 109
Fe 700 860 1.1 1.6 x 1073 0.54 1000
Co 0.29 0.34 2.5x%x 107 8.6 x 1073 0.02 0.9
Ni 0.8 1.5 0.0135 17 x 1073 8.2 3.4
Cu 0.44 1.6 23 x 107 52 x 1073 2.4 3.1
Zn 1.0 5.4 9.2 x 1073 9.2 x 107 53 1.8
Ga 0.25 0.36 0.43 x 107 1.7 x 1073 0.017 0.23
Ge 0.019 - 0.09 x 1073 47 x 107 0.076
As 0.064 0.067 8.3 x 107 0.134 16 0.17
Se 0.0011 - 0.89 x 1073 0.81 2
Br 0.02 0.062 840 x 10° 1.25
Rb 0.98 1.2 0.019 0.019 1400 1.3
Sr 3.65 1.7 0.69 0.19 90 x 10° 2.8
Y 0.23 - 0.45 x 1073 1.9%x 1073 0.19 0.36
Zr 2.1 - 0.43 x 1073 0.2x 107 0.16
Nb 0.13 - 0.018 x 107 0.14 x 107 <0.05
Mo 0.011 0.031 0.0044 0.4 104 0.08
Cd 0.8x 1073 - 0.71x 1073 0.9 0.62 2x107°
Sb 33x 107 20 x 107 0.57 x 1073 0.17 1.6 6.5%x 107
Cs 37 x 1073 45 x 1072 0.08 x 1073 2x 107 2.3 0.03
Ba 4.6 4.4 0.17 0.04 109 10.9
La 0.22 0.32 0.86 x 107 3.9x 107 0.04 0.32
Ce 0.45 0.68 1.9x 1073 42 %1073 5x 107 0.7
Pr 0.05 - 0.28 x 1073 5.6x 107 5x 107 0.06
Nd 0.19 0.24 1x1073 52x 107 23 x 107 0.28
Sm 0.03 0.05 0.24 x 107 8x 107 3.8x 107 0.05
Eu 0.0066 0.01 0.64 x 107 9.7 x 1073 1.1 %1073 10 x 107
Gd 0.025 - 0.25x 1073 10 x 1073 5.7 x 107 0.05
Tb 4.4 %1073 6x 107 0.034 x 1073 7.7 x 1073 1.1 x 1073 6x 107
Dy 0.024 - 0.18 x 107 7.5x%x 107 6.8 x 1073

Continued
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Table 3.4 Continued

Average Upper
Crust (AUC)

Average River
particulate matter

Average River
dissolved (ARD)

Average ocean

Deep Sea clay

Element umolg™ (RP) umolg™ umol 7! ARD/AUC nmol I”! umolg™
Ho 5x 107 - 0.043 x 107 8.6 x 1073 22 %107 6x 107
Er 0.014 - 0.12 x 107 8.6 x 107 7.2 %107 16 x 107
Tm 1.8x073 - 0.019 x 107 10 x 107 1.2x1073 2x 1073
Yb 0.011 0.02 0.098 x 107 8.9 x 1073 6.9 x 1073 0.014
Lu 1.8x 1073 2.8x 107 0.014 x 107 7.8x 1073 1.3x 1073 3x 1073
Hf 0.030 0.034 0.033 1.1x1073 19 %1073 0.025
Ta 5x 107 6.9 x 107 0.006 x 107 1.2x 1073 5x 107
W 0.01 - 0.54 x 107 54 x 1073 0.055

Re 1.1x10° - 2.1 x10° 1.9 0.042

Pb 0.082 0.72 0.38 x 1073 46x 1073 13 x 107 1

Th 0.045 0.06 0.18 x 1073 4 %1073 0.09 x 107 0.04

U 0.011 0.013 1.6x 1073 0.145 13 2.9

Element for which there are no data and all gases are excluded.
AUC from Rudnick and Gao (2004), RP from Martin and Meybeck (1979), RDC from Gaillardet et al. (2004) except major ions (Na,
K, Ca, Mg, CI7, SO, HCO% and dissolved Si) from Meybeck (2004).
Ocean average from Nozaki http://www.agu.org/eos_elec/97025e-table.html. Deep sea clay is from Martin and Whitfield (1983).

*See text, these fluxes are highly impacted by human activity.

S Cl Ca Se Be Na Mg

log of normalised ratio of
dissolved river concentration to
crustal abundance

Element

Fig 3.2 Ratio of dissolved river concentrations of elements to their crustal abundances, normalized to sodium. This illustrates the
decreasing mobility of elements in the weathering process from left to right based on Gaillardet et al. (2004). Note the log scale.
Reprinted from Gaillardet et al. (2004) with permission from Elsevier.

on the thorough compilation presented by Gaillardet
et al. (2004). The average concentrations span 10
orders of magnitude! We are currently a long way
from a good understanding of the factors regulating
trace metal concentrations in river waters but some
trends are becoming clear. If the dissolved concentra-
tions of the elements are compared to their average
crustal abundances (Table 3.4) then a rough classifi-
cation can be made which is illustrated for selected
elements in Fig. 3.2. Based on this analysis Gaillardet
et al. classify elements using the ratio of dissolved
concentration to crustal average abundance, although
in reality there is a continuous spectrum from very
soluble to very insoluble elements.

The most mobile elements (ratios >1) are all
present in natural waters as simple cations and
anions and include chloride, calcium and molybde-
num (present as the anion molybdate MoO?~). Mod-
erately mobile elements (ratios 0.1-1) include silicon,
potassium, copper and nickel. Other elements includ-
ing lead, aluminium and iron have very low dissolved
concentrations compared to their crustal abun-
dances. The patterns identified here are very similar
to those seen in seawater and suggest an underlying
fundamental geochemical control in all aquatic envi-
ronments. We will discuss this issue in detail in
Chapter 11 and show that this control reflects the
charge and size of cations and their interaction with
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water. We will also see in Chapter 11 that many trace
metals are not present as free cations in solution but
rather are complexed often with organic matter, and
the same is true of freshwater, although we are far
from understanding the fundamental nature of these
interaction, partly at least because we cannot cur-
rently characterize the organic matter. While in sea-
water, the pH is rather constant (see Chapter 9) this
is not necessarily the case in freshwater where the
buffering of pH by the carbonate system is rather
variable, depending on the supply of carbonate from
weathering. Decreases in pH tend to solubilize metals
due to competition of the H* cation with the trace
metals for adsorption sites on the particulate phase.

Beyond this fundamental geochemical solubility
control, there are of course many additional processes
operating leading to variability of the concentrations
of any particular element between and within river
systems. Clearly rock type has the potential to influ-
ence trace metal concentrations, with the most obvious
example being enhancement of concentrations associ-
ated with mineral deposits. Anthropogenic activities
including mining, but also many direct agricultural,
industrial and urban inputs (and indirect ones such as
through the atmosphere) can also alter the concentra-
tions of trace metals. Examples of the interactions of
these multiple factors can be seen in Table 3.5 which
compares the global average concentrations with data
from two river systems in the UK, one of which, the
Trent, drains a large, diverse and heavily anthropo-
genically impacted region including the city of Bir-
mingham and the other, the Swale, draining a rural
low intensity upland agricultural catchment where

Table 3.5 Average concentrations of some dissolved trace
metals in rivers Swale (subject to mining legacy particularly for
Pb and Zn) and Trent (subject to widespread and varied human
impact) from Neal et al. (1996) compared to global average
from Gaillardet et al. (2004) (all concentration umol I).

Global Average Trent Swale
Al 1.2 2.8 2.2
Cr 0.01 0.04 0.004
Cu 0.02 0.13 0.05
Fe 1.2 1.2 2.0
Pb 0.38 x 1073 5.8 x 107 30 x 107
Mn 0.6 0.65 0.13
Ni 0.01 0.24 0.04
Zn 6x 1073 0.44 0.61

there is a legacy of lead and zinc mining with contin-
ued leaching from old spoil heaps.

3.1.4 Major and trace elements:
the particulate river signal

In the present context, river particulate material (RPM)
refers to solids carried in suspension in the water
phase, that is, the suspended sediment load. River
particulate material consists of a variety of compo-
nents dispersed across a spectrum of particle sizes.
These components include the following: primary alu-
minosilicate minerals, for example; feldspars, amphib-
oles, pyroxenes, micas; secondary aluminosilicates, for
example the clay minerals; quartz; carbonates; hydrous
oxides of Al, Fe and Mn; and various organic compo-
nents. In addition to the discrete oxides and organic
solids, many of the individual suspended particle sur-
faces are coated with hydrous Mn and Fe oxides and/
or organic substances.

The mineral composition of RPM represents that of
fairly homogenized soil material from the river basin,
and as a result each river tends to have an individual
RPM mineral signature. This was demonstrated by
Konta (1985), who gave data on the distributions of
crystalline minerals in RPM from 12 major rivers. The
results of the study may be summarized as follows.

1 Clay minerals, or sheet silicates, were the dominant
crystalline components of the RPM, although the
distributions of the individual minerals differed.
Mica-illite minerals were the principal sheet silicates
present and were found in all the RPM samples. Kao-
linite was typically found in higher concentrations in
RPM from tropical river systems where weathering
intensity is relatively high, for example the Niger and
the Orinoco. Chlorite was found in highest concen-
trations in kaolinite-poor RPM, and tended to be
absent in RPM from rivers in tropical or subtropical
areas of intense chemical weathering. Montmorillon-
ite was found only in RPM from some tropical and
subtropical rivers.

2 Significant quantities of quartz were present in
RPM from all the rivers except one.

3 Other crystalline minerals found as components of
RPM included acid plagioclase, potassium feldspar
and ampbhiboles.

4 Calcite and/or dolomite were reported in RPM
from seven of the rivers, but it was not known if
these minerals were detrital or secondary in nature.
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The crystalline components of RPM therefore are
dominated by the clay minerals, and the distribution
of these minerals reflects that in the basin soils,
which itself is a function of source-rock composition
and weathering intensity. As a result, the clays in
RPM have a general latitudinal dependence; for
example kaolinite has its highest concentrations in
RPM from tropical regions. This imposition of
latitudinal control on the distribution of clay miner-
als in soils is used in Section 15.1 to trace the disper-
sion of continentally derived solids throughout the
oceans. The mineral composition of RPM, however,
also is dependent on particle size. For example, the
size distribution of RPM transported by the Amazon
is illustrated in Fig. 3.3, and demonstrates that,
whereas quartz and feldspar are found mainly in the
>2 um diameter fraction, mica and the clay minerals,
kaolinite and montmorillonite are concentrated in
the <2um fraction. This mineral size fractionation
has important consequences for the ‘environmental
reactivity’ of elements transported via RPM, and this
topic is considered below when elemental partition-
ing among the various components of the solids is
discussed. For a ‘first look’, however, the chemical
composition of RPM will be described in terms of
the total samples.

Martin and Meybeck (1979) have provided an
estimate of the global chemical composition of the
total samples of river particulate material. This esti-
mate was based on the determination of 49 elements
in RPM from a total of 20 of the world’s major

_____ Mont