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‘We might say that the earth has the spirit of growth; that its flesh is the soil.’
Leonardo da Vinci

This book pays homage to Professor Fiorenzo C. Ugolini, who has recently
retired from his long career as a university professor of soil science. All the
authors of this book had spirited interactions with him. He is an enthusiastic and
inspirational teacher and scientist, a tremendous mentor and friend, and a talented
Renaissance man. We all benefited greatly from his valuable contributions
through which he enriched us and our discipline, soil science. For this reason, and
perhaps also for the vital energy Professor Ugolini showed on every occasion, the
authors accepted with enthusiasm the invitation to contribute to this book
dedicated to his career.

We hope that this text represents a useful resource for preparing future soil
scientists.






Contents

List of contributors page xi
Preface xiii
Acknowledgements XVi

1 Concepts of soils 1
Richard W. Arnold

1.1 Some Greek and Roman concepts 2
1.2 The transition 4
1.3 The awakening 4
1.4 Genetic supremacy 5
1.5 Sampling volumes 7
1.6 Landscape systems 9
1.7 The new millennium 9

2 Pedogenic processes and pathways of horizon differentiation 11
Stanley W. Buol

2.1 Horizonation processes 11

2.2 Studies of soil genesis 12
2.3 Surface horizons 14
2.4 Subsurface horizons 15
2.5 Formation of structural features in soil 21
3 Soil phases: the inorganic solid phase 23
G. Jock Churchman
3.1 Description 23
3.2 Future prospects 44
4 Soil phases: the organic solid phase 45

Claire Chenu

4.1 Soil organic matter complex composition 46

vii



viii

10

Contents

4.2 Organomineral associations
4.3 Soil organic matter dynamics

Soil phases: the liquid phase
Randy A. Dahlgren

5.1 The liquid phase of soils

5.2 Methods of soil solution characterization

5.3 Application of soil solution studies to pedogenesis
5.4 Conclusions

Soil phases: the gaseous phase
Andrey V. Smagin

6.1 Gaseous components of soil

6.2 Sources, sinks and transport of gases in the soil

6.3 Agroecological evaluation of the soil air

6.4 Gases emissions and global ecological functions of the soil

Soil phases: the living phase
Oliver Dilly, Eva-Maria Pfeiffer and Ulrich Irmler

7.1 Physiological capabilities of soil organisms

7.2 The role of organisms for soil functions

7.3 Aerobic and anaerobic metabolisms in soil

7.4 The living phase indicates soil quality

7.5 Modification of biotic communities during soil degradation

The State Factor theory of soil formation
Ronald Amundson
8.1 The soil system

8.2 State factors
8.3 Importance of State Factor theory

Factors of soil formation: parent material. As exemplified

by a comparison of granitic and basaltic soils

Michael J. Wilson

9.1 Mineralogical properties

9.2 Physical properties

9.3 Chemical properties

9.4 Conclusions

Factors of soil formation: climate. As exemplified by
volcanic ash soils

Sadao Shoji, Masami Nanzyo and Tadashi Takahashi

10.1 Global climate and soil formation

51
54

57

59
63
66
73

91

92
95
96
98
100

103

105
108
111

114
116
119
127



11

12

13

14

15

16

Contents

10.2  Influences of climatic factors on soil formation based on
the studies on volcanic ash soils

Factors of soil formation: topography

Robert C. Graham

11.1 Topographic elements of landscapes

11.2 External factors mediated by topography

11.3  Pedogenic processes linked to topography

11.4 Topography-based models of soil distribution

Factors of soil formation: biota. As exemplified by case studies
on the direct imprint of trees on trace metal concentrations
in soils

Francois Courchesne

12.1 Approach

12.2 Case study 1: Trace metal distribution at the soil-root interface

12.3 Case study 2: Trace metal patterns in organic horizons

12.4  In conclusion

Factors of soil formation: time

Ewart A. FitzPatrick

13.1  Time for horizon differentiation

13.2  Soil development

13.3  Holocene soil formation

13.4  Soil age and progressive change

13.5 Time and soil classification

Soil formation on Earth and beyond: the role of additional
soil-forming factors

Giacomo Certini and Riccardo Scalenghe

14.1  The anthropogenic factor

14.2  Other factors of pedogenesis

14.3  Extraterrestrial soils

Soil functions and land use

Johan Bouma

15.1  How to deal with future demands on our soils

15.2  To characterize soil functions better

15.3  Storylines: what can the soil tell us when we listen?

15.4  In conclusion

Physical degradation of soils

Michael J. Singer

16.1  Soil compaction

16.2  Sealing and crusting
16.3  Physical soil management

iX

137
151

151
155
156
162

165

168
169
175
179

181

182
183
185
185
190

194
205
208

211

212
215
219
221

223

224
227
229



16.4
16.5

Contents

Secondary effects
Conclusions

17 Chemical degradation of soils
Peter Blaser

17.1
17.2

Chemical soil degradation processes
Our duty

18 The future of soil research
Anthony C. Edwards

18.1
18.2
18.3
18.4
18.5
18.6

Soils and their buffering capacities
The soil resource

Soil phosphorus

Soil processes

Nitrogen cycling

The continued investigation of soil processes

Appendix: Naming soils and soil horizons

Stanley W. Buol, Giacomo Certini and Riccardo Scalenghe

References

Index

231
232

235

236
253

255

257
258
258
260
261
263

265

277
303



List of contributors

Ronald Amundson
Division of Ecosystem Sciences, University of California, Berkeley, USA

Richard W. Arnold
Fairfax, Virginia, USA

Peter Blaser
Swiss Federal Institute for Forest, Snow and Landscape, Birmensdorf, Switzer-
land

Johan Bouma
Wageningen Unioversity and Research Centre, Wageningen, The Netherlands

Stanley W. Buol
Department of Soil Science, North Carolina State University, Raleigh, USA

Giacomo Certini
Dipartimento di Scienza del Suolo e Nutrizione della Pianta, Universita degli
Studi di Firenze, Firenze, Italy

Claire Chenu
Département AGER, UMR BIOEMCO, Thiverval Grignon, France

G. Jock Churchman
School of Earth and Environmental Sciences, University of Adelaide, Adelaide,
Australia

Francois Courchesne
Département de Géographie, Université de Montréal, Montréal, Canada

Randy A. Dahlgren
Department of Land, Air and Water Resources, University of California, Davis,
USA

Xi



xii List of contributors

Oliver Dilly
Lehrstuhl fiir Bodenschutz und Rekultivierung, Brandenburgische Technische
Universitit, Cottbus, Germany

Anthony C. Edwards
Peterhead, Scotland, UK

Ewart A. Fitzpatrick
Department of Plant and Soil Science, University of Aberdeen, Scotland, UK

Robert C. Graham
Department of Environmental Sciences, University of California, Riverside, USA

Ulrich Irmler
Okologie-Zentrum, University of Kiel, Kiel, Germany

Masami Nanzyo
Graduate School of Agricultural Science, Tohoku University, Sendai, Japan

Eva-Maria Pfeiffer
Institute of Soil Science, University of Hamburg, Hamburg, Germany

Riccardo Scalenghe
Dipartimento di Agronomia Ambientale e Territoriale, Universita degli Studi di
Palermo, Palermo Italy

Sadao Shoji
Sendai, Japan

Michael J. Singer
Department of Land, Air and Water Resources, University of California, Davis,
USA

Andrey V. Smagin
Faculty of Soil Science, Moscow State University, Moscow, Russia

Tadashi Takahashi
Graduate School of Agricultural Science, Tohoku University, Sendai, Japan

Michael J. Wilson
The Macaulay Institute, Aberdeen, Scotland, UK



Preface

Soil is a dynamic natural body occurring in the upper few metres of the Earth’s
surface at the interface between the atmosphere, biosphere, hydrosphere and
geosphere. A soil is both an ecosystem in itself, and a critical part of the larger
terrestrial ecosystem. From the earliest perceptions of soils as the organic
enriched surface layer to today’s pedologic horizonation of profiles, there is a rich
history of beliefs and understanding of this vital life-sustaining resource.

In Chapter 1 changes in perceptions of soils and their classification are
explored. Chapter 2 describes some of the specific reactions that are components
of the soil-forming processes that transform geologic materials into recognizable
pedologic features and horizons. Solids, along with the liquids and gases that fill
pore spaces between the solids, compose the three-phase soil system.

Chapter 3 treats the inorganic fraction of the solid phase, examining
differences between primary minerals, derived directly from rocks, and secondary
minerals, formed by pedogenic processes. Soil organic matter is discussed in
Chapter 4. It is often a minor fraction of soil in quantitative terms, but exerts a
major control on soil properties. Soil organic matter is complex, being a mixture
of a multitude of different components. Organic matter may be tightly bound to
clay surfaces by adsorption or physically protected by entrapment within
aggregates. These associations modify the physicochemical and physical
properties of the mineral phase and affect organic matter biodegradation rates.

The liquid phase of soil is an aqueous solution of solids and gases. It is
dynamic and highly sensitive to changes occurring in the soil ecosystem. As
shown in Chapter 5, studies examining soil solution chemistry can be a powerful
approach to elucidate pedogenic processes, equilibrium and kinetic factors, solute
transport, soil fertility, nutrient cycling, and the fate and transport of
environmental contaminants. Chapter 6 provides an overview of the composition
and dynamics of the soil gaseous phase. This phase has received considerable
attention in recent years due to the realization that soils act as a global source,
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sink and reservoir of gaseous substances that control the atmospheric composition
and thus affect the global climate.

Soil biota, the biologically active powerhouse of soil, includes an incredible
diversity of organisms. It has been reckoned that there may be greater than 4
trillion organisms per kilogram of soil and more than 10 000 different species in a
single gram of soil! Chapter 7 examines how soil biota plays a tremendous role in
a number of soil properties and processes.

Genetic soil science (pedology), espoused by Dokuchaev and colleagues in
Russia in the late 1880s, described soils as independent natural bodies resulting
essentially from interaction of five environmental factors: parent material,
climate, topography, biota, and time. Chapter 8 outlines how Hans Jenny
rigorously defined or redefined the meaning of these factors, and more
importantly, added the new concept of the soil system, which when combined
with these factors provides a powerful conceptual framework to study and
understand soils.

The influence of parent material as a soil-forming factor is an inverse function
of time, making it especially important in young soils. Chapter 9 focuses on the
impact of dissimilar parent materials — granite and basalt, the two most widely
occurring igneous rocks on the Earth’s surface — on the physical and chemical
properties of soils in the context of different weathering intensities.

Climate, often the predominant soil-forming factor when considering soil
development over the long term, is treated in Chapter 10. Temperature and
precipitation are the most important components of climate. Temperature strongly
influences the rates of chemical and biological reactions while soil moisture
contributes to the dissolution, neoformation and transport of materials. Climate
also determines the type and productivity of vegetation that, in turn, affect soil
formation.

Topography, referring to the configuration of the land’s surface, can have a
major control on soil genesis. Chapter 11 examines the influence of topography
on the disposition of energy and matter experienced by soils on the landscape.
Slope, aspect, elevation and position modify the regional climate, causing soils to
intercept more or less water and solar energy. Fine-scale topographic features
may also influence pedogenesis by trapping aeolian dust, altering water
infiltration patterns, modifying localized thermal regimes, and providing niches
for biological activity.

Chapter 12 deals with the effects of biota on soil formation. Two field studies
that illustrate the direct impact of trees on the spatial distribution of trace metal
concentrations in uncontaminated forest soils are described.

The length of time needed to convert geological material into a soil varies,
depending on the nature of the material and its interaction with climate,
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topography and living organisms. A given period of time may produce large
changes in one soil and have little effect on another soil. Some horizons
differentiate before others, especially those at the surface which may take only a
few decades to form in unconsolidated deposits. Middle horizons differentiate
more slowly, particularly when a considerable amount of translocation of
material or weathering is necessary, some taking several millennia to develop.
Chapter 13 examines the evolution of soil properties over time.

Pedogenesis is also possible in the absence of biota, as documented in some
ice-free areas of the Arctic and Antarctic regions. On this basis, the physically
and chemically weathered substrata of the Moon and Mars must be considered
soils. Chapter 14 discusses extraterrestrial soils, as well as a variety of factors that
can affect soil genesis on Earth, in addition to the five soil-forming factors first
proposed by Dokuchaev.

Soil functions and land uses are described in Chapter 15. Several ideas are
provided that will allow soil scientists to be better prepared for collaboration in
the interdisciplinary arena. The pressure of a constantly growing population along
with its demands and activities increasingly threaten the soil as a slowly
renewable resource. Major problems arise from the cumulative use of land for
living space, infrastructure, food and industrial production. Chapter 16 examines
the most common issues due to physical degradation of soil, while Chapter 17
discusses the various forms of chemical degradation and their causes. The non-
linearity of many soil processes and the spatial and temporal variability
associated with their kinetics is particularly worthy of further investigation. Some
of the questions that more urgently need an answer from soil science are
discussed in Chapter 18.

Finally, this book includes an Appendix that provides: (a) the rudiments for
naming genetic horizons, (b) a list of diagnostic horizons, properties and soil
materials of the World Reference Base for Soil Resources (WRB) with their Soil
Taxonomy (ST) equivalents, (c) description of the 32 WRB Reference Soil
Groups, and (d) an approximate correlation of the WRB Reference Soil Groups
with the 12 Soil Orders of Soil Taxonomy.
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1

Concepts of soils
Richard W. Arnold

In this chapter we will explore some changes of people’s perceptions of soils and
their classification as background for the dominant concepts of today.

Close your eyes for a moment and imagine that when you open them you are at
the beginning of human time, a hunter and gatherer somewhere in the world,
isolated, with barest of necessities, and you are hungry. By trial and error and
stories passed on to you, you now know which plants and berries are okay to eat
and how to stalk and kill animals and how to fish for your survival. As a keen
observer you detect the location of specific plants and the common habitats and
behaviour of the animals that become your food. You can’t go far from where you
are because your source of protein is here — not somewhere else. One or two
million years pass by almost unnoticed.

Close your eyes again and when you open them imagine that you look beyond
the bank of a river to small plots of irrigated land where grain is growing. Fish are
still an important protein source but now with harvestable and storable grains you
can easily carry protein with you. The world around you opens up to exploration
and conquest. Ideas and technology are transferable to faraway places. It is
known locally that some lands are better than others for producing grains and are
easier to prepare and manage. Your observations reveal many new relationships —
for instance, that the effort expended and the yields returned are geographic for
the most part.

Throughout the Holocene, starting 11-12000 years BP, there has been evi-
dence of increasing use of land for cultivated grains and fruits. From the early
habitats at the edge of sloping uplands to the later migrations into the lower lying
river and lake plains, there arose complex systems of irrigation enabling the
blossoming of early civilizations. Egypt, the Middle East, India, China, and

Soils: Basic Concepts and Future Challenges, ed. Giacomo Certini and Riccardo Scalenghe.
Published by Cambridge University Press. © Cambridge University Press 2006.



2 Richard W. Arnold

subtropical America — each with a remarkable history of use of land for agri-
culture and other needs of society (Stremski, 1975; Krupenikov, 1992). The
concept of land (and soil) during the global expansion of people seems to have
been twofold: one was the suitability for growing specific plants, and the other
was the energy required to prepare and use the land. In general, sandy soils were
much easier to prepare but the yields were more difficult to maintain, whereas
clayier soils were hard to prepare but the yields were much better. Thus properties
of soils, functions of soils, and classification of soils have been around a long,
long time.

Soil, as we understand it today, is a concept of the human mind. From the earliest
perceptions of soils as the organic enriched surficial layer to today’s pedologic
horizonation of profiles there is a rich history of beliefs and understanding of the
vital life-sustaining resource. The earthy material is real, it exists, you can touch it,
feel it, stand on it, and dig in it, but defining it is far more complex because it can be
what you want it to be. The Mother of life, a healer of sickness, a home of spirits, a
geomembrane that sustains ecosystems of which we are a part — yes, soil surely is
all of these and likely much more depending on your cultural background and
heritage, education and training, and your personal experiences.

An interesting aspect of thinking about soils is the uncertainty expressed as
dichotomies, which have been present throughout humankind’s involvement with
this surficial layer of ‘dirt’ that somehow is vital to our existence and survival.
From sacred to profane, from beautiful to filthy, from productive to unresponsive —
all are human perceptions of soils — brave and bold and highly subjective.

Several references (Boulaine, 1989; Yaalon and Berkowicz, 1997) may help
you get started in your search of vignettes of what the ‘ancients’ did. There is a
natural tendency to look for the initiator — the first — the beginning — and then
follow the paths of evolution, the birth and death of ideas. Why? Perhaps because
we are also cyclic.

1.1 Some Greek and Roman concepts

By the time of Greek civilization there had already been several millennia of
records of humankind’s achievements and failures to control soils scattered
among the languages of the Earth’s inhabitants. Let us pick up the story with
Aristotle. He said that there were four elements formed and shaped from the same
amorphous matter by a spirit endowed with reason. Fire, air, water and earth were
in opposition to ether, the fifth element, which could not be perceived by the
senses. These four elements were carriers of both active and passive qualifiers.
Earth was characterized by opposing qualities, such as warm and cold, dry and
wet, heavy and light, and hard and soft.
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One of Aristotle’s students, Theophrastos (371-286 BC) gave soil the name of
‘edaphos’ to contrast it with earth (terrae) as a cosmic body. Edaphos was a
layered system; a surface stratum of variable humus content, a fatty subsoil layer
that supplied nutrients to grass and herb roots, a substratum that provided juices
to the tree roots, and below was the dark realm of Tartarus. He described
numerous relationships of soils and plants, and indicated six groups of lands
suitable for different crops. The Greeks paid special attention to grapevines and
Theophrastos even noted that an important way to increase productivity on stony
soils was by transplantation of soil.

Herodotus (c. 485-425 BC), an experienced traveller, considered soil as an
important element in characterizing a place, noting for example that Egyptian
soil was black and friable, and consisted of silt brought by the Nile from Ethiopia.

In summary, the Greek intelligentsia concluded that soil was something special
and important, had a profiled (layered) structure, fertility was its main quality,
soil was spatially variable, plants were both wild and cultivated, and plant
selection and cultivation were highly dependent on the properties of the soils.

In ancient Rome, the problems of agronomy including technology and orga-
nization of agriculture, and better land utilization were important. The nature of
Italy is diverse and these features created a complicated mosaic of soil cover; thus
it was necessary for Roman farmers to determine ‘which land likes what’.

Cato, the senior (234-149 BC), was a government official, a big landlord, and
traveled on assignment for the Senate. One of his major works, De Agricultura,
appeared about 160 BC. In addition to knowing ‘which land likes what’, he also
admonished that careful ploughing and application of dung and use of green
manure crops was necessary to create those conditions that are best for plant
development. Cato dealt at length with the problem of dung manure. He devel-
oped a classification of arable soils based on farming utility with nine major
groups that were subdivided into 21 classes.

Varro (11627 BC), an encyclopedia specialist, was assigned by Julius Caesar
the task of organizing a public library in Rome and may have been the first to
recognize the independent status of farming as a science. He also observed that it
teaches us what should be sown on which field so that the earth will constantly
produce the highest yields. Varro devised a classification recognizing as many
as 300 types of soil using soil properties such as moisture, fattiness (texture),
stoniness, colour and compaction. Maintaining productivity by rotating crops was
important advice to farmers.

Twelve volumes about agriculture by Columella (first century AD) covered the
gamut of agronomy of the Mediterranean region. With regard to declining soil
fertility he said that the guilt lies with people who deal with agriculture like a
hangman with a prisoner, the lowliest among slaves. He developed a classification
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based on combinations of properties yet conceded that no one can know ‘in foto’
the whole diversity of soils. He conducted many field experiments, noting that
science shows the learner the correct path.

Stremski (1975) summarized Roman heritage by noting that Cato emphasized
the suitability of soils for farming and their quantitative productive potential,
Varro was concerned mainly with physical composition of soils, Columella
emphasized physical properties, and Pliny the Elder focused on rocks and
minerals as soil-forming materials. It is obvious that ancient knowledge of soils
was extensive; however, agricultural soil science stagnated with the downfall of
Rome only to be revitalized in the eighteenth and nineteenth centuries.

1.2 The transition

Close your eyes again and when you open them imagine that the Renaissance and
the Age of Enlightenment have just finished. Here in the nineteenth century there
abound a myriad of discipline-oriented concepts of soil based on the background
and interests of scientists in different disciplines. The geologists refer to the
straight-line function of rocks to soils; thus there were granite soils, limestone
soils, shale soils, and so forth. Geomorphologists recognized upland soils, river
valley alluvial soils, colluvial soils, mountain soils, steppe soils, desert soils and
so forth. Botanists associated plant communities with soils; thus there were oak
soils, prairie soils, pine soils, desert shrub soils, taiga soils, etc. Chemists denoted
alkali soils, carbonaceous soils, base saturated soils, acid soils, and so on.
Agriculturists referred to maize soils, wheat soils, pasture soils, fertile and
infertile soils and many others. People concerned with mechanical behaviour
recognized sticky soils, clayey soils, push soils, silty soils, one, two and three
water buffalo soils, stony soils and so forth.

Throughout this period there was no general agreement on how to recognize
and refer to soils. One cultural attitude still prevailed — that of the lowly status of
those who tended the fields. Serfs, peasants and slaves were associated with the
menial, filthy aspects of preparing, tilling and harvesting produce from the earth.
By association soil was not generally worthy of serious consideration.

1.3 The awakening

As you open your eyes once more you suddenly stand in a gently waving sea of
prairie grass looking across a seemingly infinite expanse of open landscape — the
home of the famous Russian Chernozem. Severe droughts in 1873 and 1875 in
this region caused untold misery and economic loss. In 1877 the Free Economic
Society instituted the ‘Chernozem Commission’ and funded V. V. Dokuchaev, a
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geologist at the University in St Petersburg, to conduct geologic-geographic
investigations of the Chernozem. In the report of the second year of work he
described soil generally as a mineral-organic formation of unique structure
lying on the surface and continuously being formed as a result of the constant
interaction of living and dead organisms, parent rock, climate and relief of the
locality. He also stated that ‘soil exists as an independent body with a specific
physiognomy, has its own special origin, and properties unique to it alone’
(Krupenikov, 1992, p. 161). Dokuchaev’s classic monograph, ‘Russian Chernozem’
published in 1883, was the final report to the Free Economic Society about the
Chernozem problem and it was defended as his doctorate dissertation.

In 1882 the Nizhi Novgorod province requested Dokuchaev to conduct geo-
logical and soil investigations for a rational assessment of land. The project
continued from 1882 to 1886, was published in 14 volumes, and laid the foun-
dation for the new school of genetic soil science. According to Dokuchaev the
main aim of pedology was to study soils ‘as they are’ and to understand the
regularities of their genesis, interrelations with the factors of soil formation, and
geographical distribution. This was the principal difference from the prevailing
notions of soil as just an object of agricultural activities. What did this really
mean? It brought together many of the ideas about soil, restructured them into a
set of integrated causal relationships, and provided a framework for research and
understanding of soil as an independent science.

1.4 Genetic supremacy

After blinking your eyes again, you realize that another hundred years has passed
and that pedology has been constantly evolving (Bockheim et al., 2005). Genetic
soil science has been accepted around the world and soil surveys have been
underway in many countries for a number of years, associated mainly with
agriculture and forestry. Pedologic and geologic concepts and terminology of soil
horizons, solum, profile and weathering layers have come into existence and been
adapted to meet both scientific and societal needs (Tandarich et al., 2002).

The conservation of soils has usually been stimulated by catastrophic events
related to their degradation. For example, the Dust Bowl in the USA in the 1930s
spurred government action to create a Soil Conservation Service in the Depart-
ment of Agriculture. Along with practices to mediate water and wind erosion,
there were attendant actions to better manage water resources and maintain
fertility. Advice about protecting soils was based on knowledge of the soil
resources; consequently an expanded programme of soil survey was undertaken.
The need for basic units of classification and for mapping was evident and
pedological concepts prevailed.
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Based on the ‘neo-Dokuchaev paradigm of pedology’ that relates factors —
processes — properties (Gerasimov as referenced by Sokolov, 1996, p. 253) there
arose two major pedological concepts of soils. One is represented by the pedon, or
arbitrary volume; the other by the polypedon, or small landscape unit (Fig. 1.1). The
literature contains many terms for both small arbitrary volumes of soils and the
spatial entities identified by named and defined kinds of soils (Arnold, 1983).

A major Russian textbook based on Dokuchaev’s concepts stated that ‘the
moisture and thermal regimes determine the dynamics of all phenomena in
soils, i.e. they are fundamental in soil formation as a whole’ (Gerasimov
and Glazovskaya, 1965, p.147); however, neither soil temperature nor soil
moisture state were considered or defined as ‘soil properties’. Climatic regimes,

A polypedon

A pedon

Soil profile

Fig. 1.1. A hierarchy of spatial relations of soil bodies commonly used in
pedology. The profile, a thin rectangular section is the basis for soil description;
the pedon represents a small sampling volume for property characterization; the
polypedon represents a body having a set of similar properties in a landscape;
and the landscape represents a portion of the pedosphere containing bodies of
several kinds of soils. Adapted from Fig. 3.1 in Brady and Weil (1996).
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by contrast, were commonly identified as important environmental conditions for
specific kinds of soils in Russia. The United States Department of Agriculture’s
(USDA) ‘7th Approximation’ and subsequent editions of Soil Taxonomy
(Soil Survey Staff, 1999) have described and defined soil temperature and soil
moisture state as soil properties. Proper placement of soils in Soil Taxonomy has
been achieved by defining patterns of soil temperature and soil moisture as
regimes and using them to define specific taxonomic classes. This revolutionary
deviation from other taxonomies recognized soils as dynamic entities in addition
to being historical records of soil evolution by quantifying these properties.

1.5 Sampling volumes

Arbitrary small volumes of soils are the basic source of information about the
genesis and properties of soils (Holmgren, 1988). This information abstracts the
central concept of a soil and the properties characterize a soil mainly for purposes
of classification and correlation.

Because soil-forming factors occupy space and their influence is over time,
there is a concept of soil as a geographic entity whose recognition and dis-
tribution depend on limits associated with defined kinds of soils and external
features associated with the processes and properties of the dominant soil.

The USDA Soil Survey Manuals of 1951, 1962 and 1993 highlighted a number
of concepts guiding soil surveys in many parts of the world. Soil was thought of
as the collection of natural bodies on the Earth’s surface, in places modified or
even made by humans of earthy materials, containing living matter and sup-
porting or capable of supporting plants out of doors. The upper and lower limits
with non-soil were discussed but not quantified.

Natural soil bodies were still considered to be the result of climate and living
organisms acting on parent material, with topography or local relief exerting a
modifying influence and with time required for soil-forming processes to act.
Some confusion still existed about whether soil referred to the broader concept of
a resource, or to its component members; that is, the soil, or kinds of soils.

In the first version of a new Russian soil classification scheme (Shishov et al.,
2001) soil was considered to be a system of interrelated horizons composing a
genetic profile, which derived from the transformation of the uppermost layer of
the lithosphere by the integration of soil-forming agents.

A pedon was regarded as the smallest body of one kind of soil large enough
to represent the nature and arrangement of horizons and variability in other prop-
erties that are preserved in samples (Soil Survey Staff, 1999). It had a minimal
horizontal area of 1 square metre but ranged to 10 square metres depending on the
variability in the soil. In the USA, the pedon was originally considered to be a
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sampling unit within a polypedon that was a unit of classification, a soil body
homogeneous at the series level, and big enough to exhibit all the soil character-
istics considered in the description and classification of soils (Fig. 1.1). Because of
the difficulty in fitting boundaries on the ground and the circular nature of the
concept, the polypedon seldom served as the real thing to be classified.

In the 1998 Keys to Soil Taxonomy (Soil Survey Staff, 1998) soil was referred to
as a natural body that comprises solids (mineral and organic), liquid and gases that
occur on the land surface, occupies space, and is characterized by one or both of the
following: horizons, or layers, that are distinguishable from the initial material as a
result of additions, losses, transfers and transformations of energy and matter; or
the ability to support rooted plants in a natural environment. This expanded defi-
nition of soil was meant to include soils of Antarctica where pedogenesis occurred
but where the climate was too harsh to support the higher plant forms. For purposes
of classification the lower limit of soil was set at 200 cm. The deposition, alteration,
and layering of sediments helped explain discontinuities of parent materials.
Recognition of in situ alteration such as weathering, hydrothermal influence or
contamination expanded the concept of factor interactions.

For the most part profile features were combined into models of soil formation
involving the processes and events of geomorphology that had influenced and
helped to shape the hypothesized features.

As portrayed by the National Cooperative Soil Survey in the United States, a
soil series was a group of soils or polypedons that had horizons similar in
arrangement and in differentiating characteristics. The soil series had a relatively
narrow range in sets of properties. Map unit delineations had commonly been
identified as phases of the taxonomic soil series. This process attempted to bridge
the gap between classification and geography as classification became more
quantitative; however, the resolution by refining soil series definitions to fit the
limits imposed by the hierarchical Soil Taxonomy resulted in the loss of much
landscape information.

After several decades of study the Food and Agriculture Organization’s (FAO)
legend for the map of World Soil Resources was accepted at the 1998 World
Congress of Soil Science as the basis for developing a World Reference Base to
correlate soil classification systems with the intent to provide an updated legend,
map and database for global soil resources. Although no real definition of soil
was reiterated (FAO/ISRIC/ISSS, 1998), Reference Soil Groups were defined by
a vertical combination of horizons within a defined depth and by the lateral
organization of the soil horizons, or by the lack of them, at a scale reflecting the
relief of a land unit. Soil horizons and properties were intended to reflect the
expression of genetic processes that are widely recognized as occurring in soils
(Bockheim and Gennadiyev, 2000).
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1.6 Landscape systems

Several other approaches to describe and define geographic bodies of soils were
summarized by Fridland (1976). Most of these concepts arose where detailed soil
mapping was not the major soil survey activity, but where exploratory and other
small-scale studies were being undertaken. The French school of pedology has
refined and implemented many concepts related to soil landscape mapping
(Jamagne and King, 2003). Soils were believed to result from transformations
that affect the material of the Earth’s crust, and that successive climates and
biological and human activities had been the agencies directly responsible. Their
effect depended not only on the nature of the rock and their derived formations
that have resulted from them, but also on landscape relief and the migration of
matter in solution or in suspension in water. The overall result was that the
original arrangement of geological material disappeared, leaving an entirely new
arrangement of pedological origin.

They maintained that the genetic conditions of soils resulted in a double differ-
entiation: in their vertical arrangement and in their spatial distribution. The former
corresponded to the common notion of soil profiles that are vertical sections through
the nearly horizontal layers of altered parent materials (horizons) (Fig. 1.1), and the
latter corresponded with the lateral arrangement of different types of horizons
within the landscape, thus allowing for the definition of soil systems in space.

The concept of soilscape or ‘pedolandscape’ was defined as the soil cover, or
part of the cover, whose spatial arrangement resulted from the integration of a
group of arranged soil horizons and other landscape elements. A soil system was
a type of soilscape, a toposequence, where the differentiation was linked with a
functioning process. A reference relief unit was a catchment or watershed area
and the analysis of lateral transfers on, in and through the soils (vertically and
laterally) had to be considered to understand the functioning of the landscape
units. The systems could be open or closed relative to the flow of water and
energy. Soil systems provided a framework to describe the process dynamics of
the evolution of a landscape and its associated soils.

1.7 The new millennium

Now as you open your eyes once more, a new millennium has begun. It is one full
of uncertainty, especially concerning the extent to which humans have irrever-
sibly altered their global habitat. It has been postulated that the achievements of
the Industrial Revolution and the rapid changes of the Information Age are
characteristic of the Anthropocene, the current geological period.

In the 1997 edition of the Russian classification (Shishov et al., 2001) special
attention was given to agrogenically and technogenically transformed soils. These
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soils were considered to be the result of soil evolution under the impact of human
activities. When considering natural soil, the anthropogenically transformed soils
formed an evolutionary sequence grading finally to non-soil surface formations.
Recognition was based on morphology and did not include direct impacts on soil
fertility. The initial proposal recognized Agrozems as soils whose profiles had been
agrogenically modified providing a homogeneous topsoil more than 25 cm deep
over diagnostic subsoils or parent material. Agrobrazems lacked a surface diag-
nostic horizon due to erosion, deflation or mechanical cutting but had a specific
surface horizon formed from subsoil or parent material. Abrazems, although similar
to Agrobrazems, were recognized by the presence of a subsoil horizon or transition
to parent material and were not suitable for cropping. In addition degraded
soils due to chemical impacts, Chemdegrazems, could be recognized in any other
class of soil. A special group of artificially constructed materials (non-soils) called
Fabricats were suggested for trial use. They included Quasizems that had a humus-
enriched surface layer placed over chaotic mixtures, Naturfabricats that lacked an
organic matter enriched surface layer but consisted of human transported or mixed
materials, Artifabricats that had substrates whose materials are absent in nature, and
Toxifabricats that consisted of toxic, chemically active materials unsuitable for
agriculture or forestry.

Man as an important soil-forming factor is also reflected in the concepts of
soils as functional entities now within the realm of the noosphere where man and
nature are considered to be co-evolutionary factors of the biogeosphere.
Ecological and environmental soil functions as described are human values
associated with actual and potential behaviour of soil landscapes and their rele-
vance to society. Although not far removed from the concepts attributed to use of
the soil by ancients, the details are more focused and even global in scope.

One perspective describes the function of soils in the pedosphere as they
interact with associated spheres, namely the atmosphere, biosphere, hydrosphere
and the lithosphere (Arnold et al., 1990). These concepts portray the pedosphere
as the active geomembrane interface that mediates energy fluxes and enables
terrestrial life to exist (Ugolini and Spaltenstein, 1992).

Another perspective describes major soil functions as: biomass producer and
transformer; filter, buffer and reactor; habitat for macrobiota and microbiota;
direct utilization as raw material and infrastructure support; and cultural and
heritage aspects (GACGC, 1995). Both perspectives are significant to our
understanding of soil quality, soil health, ecosystem sustainability, and the world
of human-influenced soils. The chapters that follow describe major aspects of
pedology and lead us to consider the challenges and changes of the concepts that
will guide the future.
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Pedogenic processes and pathways of
horizon differentiation
Stanley W. Buol

Soils acquire and maintain their characteristics and composition while under-
going simultaneous alteration by an almost infinite number of biogeochemical
reactions. The possible number of pedogenic events and combinations and
interactions among them in soils is staggering. Although laboratory experiments
can demonstrate that specific processes can produce specific soil features, the
actual course of events within undisturbed soil will probably never be fully
known because the cumulative impact of soil-forming processes spans such long
periods of time relative to the lives of humans who observe those impacts.

2.1 Horizonation processes

The entire volume of material defined as soil is but one layer within a larger
context of the lithosphere. Soil is a layer of the lithosphere where minerals
formed at high temperatures in the absence of water during the cooling of the
Earth’s magma are being decomposed by water, and new minerals (secondary
minerals) are being formed at lower temperatures. In soil, organic compounds
formed in plants primarily from carbon taken from the air are mixed into the
mineral material of the lithosphere. Soil can be conceptualized as an open system
where material can be added, transformed, translocated and removed. General-
ized processes responsible for the presence of identifiable horizons and other
features within soil are outlined in Fig. 2.1.
These processes include:

1 Energy exchange as the soil surface is daily heated by the sun and cooled by radiation
to space each night.

2 Waterexchange assoilisperiodically wetted by precipitation and dried as water evaporates
and/or taken from the soil by plant roots and transpired through the plant leaves.

Soils: Basic Concepts and Future Challenges, ed. Giacomo Certini and Riccardo Scalenghe.
Published by Cambridge University Press. © Cambridge University Press 2006.
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Fig. 2.1. Schematic representation of the generalized processes that actively
create horizons and other features in soil.

Biocycling depicts essential plant nutrients being taken from the soil, combined with
carbon, hydrogen and oxygen, temporarily stored in vegetation and concentrated on or
near the soil surface as organic compounds as the vegetation dies. Human activities
that remove vegetation for use as food and fibre disrupt this cycle.

Erosion and deposition are processes engendered by the movement of wind and water
that physically remove material from the surface of some soils and deposit soil material
on the surface of other soils.

Weathering processes alter minerals that are unstable in the current soil environment.
Some elemental components of the primary minerals are removed and some are
restructured into secondary minerals as the soil wets and dries.

Leaching processes remove soluble organic and inorganic compounds from the soil as
water percolates beyond the rooting depth of the vegetation present, negating the
biocycling capability of the vegetation.

Lateral transfer of soluble and suspendable material takes place in the flow of
groundwater between some adjacent soils.

Intrasolum translocation processes represent the movement of mineral and organic
substances and particles within the soil. Most downward translocation is via the
downward movement of water with subsoil accumulations developing as that
movement is attenuated within the soil. Fauna and floral activity, shrink and swell
movement of wetting and drying, freezing, earth tremors, violent shaking of rooted
trees and human activities also physically move material within some soils.

2.2 Studies of soil genesis

Soil-forming processes are assemblages of reactions occurring simultaneously or

in

sequence that create soil horizons and other morphological features. For a soil

property to be present, it must be compatible with the existing environment
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within the soil. This may be because current processes promote formation of the
present soil property or because the soil property formed by past environments is
stable enough to persist under present conditions. Generally, sequences of pro-
cesses occur when the result of one process triggers the initiation of a subsequent
process. The results of a given process may tend to maintain the soil in its current
condition, or may tend to change the soil.

No person has ever seen a mature soil form in toto. Pedogenic processes
include gains and losses of materials from a soil body in accordance with the
degradational, aggradational, or intermediate geomorphic character of the site, as
well as translocations within the soil body. While appearing permanent in the
short timeframe of human observations the volume of soil in the lithosphere is
transient in space—time. Soil material dissolves, erodes or is buried over geologic
timescales. All soils move vertically in space over time. Downward movement of
soil occurs as erosion and dissolution remove material and in some locations
upward movement occurs as material is deposited by flooding water, dust or
volcanic depositions. Although the soil surface may appear stable during the short
periods of human examination, the space—time dimension of soil is necessary to
fully understand processes of soil formation (Buol et al., 2003).

Two scientific approaches termed static pedology and dynamic pedology have
been used in studies of soil genesis. The static approach proceeds by obtaining
data from field observations and laboratory analysis of samples (NRCS, 1996)
and then inferring what processes could have been capable of producing the
observed soil properties. The dynamic approach is to monitor processes in situ,
using apparatus such as suction-plate lysimeters that extract samples of percolate
in host horizons (Ugolini, 2005). The dynamic approach also employs laboratory
simulations using leaching columns and other devices. Whereas the dynamic
approach measures some of the current processes, these processes may not
accurately reflect the impacts of long-term processes and may miss entirely those
processes that operated only sporadically in the past. A combination of these two
approaches provides the most useful information about present, past and sporadic
soil-forming processes.

Most identifiable soil layers or horizons are formed in response to the
movement of water into and out of the soil. Some soluble and suspendable
components of soil eluviate in percolating water and accumulate to form distinct
and contrasting horizons as downward water movement ceases and water is
extracted via evapotranspiration. Some horizons form by the physical mixing of
various organic and inorganic components. Soil horizons persist only if their
components are stable or in steady state within ambient conditions. Horizons
with unique quantities of elements, salts, organic or mineral compounds
develop only if the necessary components are present in the media within which
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the soil is formed or can be formed and added to the soil from other components
of the ecosystem.

Two overlapping trends in soil development are horizonation and haploidi-
zation. Simply stated, these are processes that tend to form layers or horizons
within soil or to mix soil, respectively. Both trends are present in all soils. The
degree to which certain soil properties are present represents the relative intensity
of these contrasting forces. Mixing processes are more prevalent near the soil
surface and produce surface horizons while translocation processes are more
active in forming distinctive subsoil horizons.

2.3 Surface horizons

Most surface horizons, called epipedons in Soil Taxonomy (Soil Survey Staff,
20006), result from the mixing of organic material and mineral material. Organic
materials are formed as plants capture carbon as carbon dioxide from the air and
combine that carbon with hydrogen, oxygen and the other life essential elements
captured from the soil by their root systems. When plants and other organisms die
the organic materials mix with mineral material of geologic origin in the soil.
This process is known as biocycling. The result is a concentration of inorganic
elements essential for plant growth and organic carbon compounds in surface
horizons. Organic carbon compounds in soil are transient as soil microbes oxidize
the carbon, returning it to the air as carbon dioxide. Organic carbon content in soil
at any moment of time reflects a steady state condition between rate of organic
additions and rate of organic decomposition reactions.

Distinctive surface horizons or epipedons’ include:

e Mollic epipedons (mollic and voronic horizons) are thick, friable, dark coloured
surface horizons containing more than 1% organic matter and having a base saturation
of 50% or more of the cation exchange capacity (CEC) determined at pH 7. They form
in calcium-rich mineral material usually under grass vegetation. The seasonal
decomposition of the fibrous grass roots well below the soil surface assures that
extremely high surface temperatures do not facilitate the rapid microbial decomposi-
tion of the organic carbon compounds.

e Umbric epipedons (umbric horizons) are similar to mollic epipedons in organic matter
content but have base saturations less than 50% of the CEC as determined at pH 7.
They are most often formed in acid geologic material under several types of
vegetation. Stability of organic matter content is favoured in soils where organic
compounds are not subjected to high temperatures. Cool climatic conditions and
landscape position that shield the soil surface from direct solar radiation favour their

! Surface horizons are identified as epipedons in Soil Taxonomy (Soil Survey Staff, 2006). The approximate
equivalents in the World Reference Base (IUSS Working Group WRB, 2006) are in parentheses.
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formation. Umbric epipedons are often present in poorly drained soils. Water has a
high heat capacity; thus soils with a high water content experience lower maximum
daytime temperatures and have a slower rate of organic matter oxidation than
equivalent drier soils.

e Ochric epipedons have organic matter contents too small or are too thin to meet the
specific thickness requirements of umbric or mollic epipedons. Their low organic matter
content can be related to low production of organic residues because of the slow growth
of plants in moisture or temperature limited climates. They are commonly formed under
tree vegetation where most organic additions are from the surface deposition of plant
residue and organic additions below the surface are minimal.

e Histic epipedons (histic horizons) contain more than 20% to 30% organic matter. They
are almost entirely present where the soil is saturated with water much of the year.
Saturated conditions deprive the decomposing micro-organisms in the soil of the
oxygen they need to completely decompose the organic residues deposited on the
surface, and the high heat capacity of the water buffers the soil from high daily
maximum soil temperatures, further slowing microbial decomposition.

e Plaggen epipedons (plaggic and terric horizons) have been formed by intensive human
additions of manure and organic residues to form thick surface horizons with high
organic matter content. Other distinctive surface horizons created by a shorter-term
human activity in Soil Taxonomy are the anthropic epipedons.

The World Reference Base (WRB) recognizes specific kinds of human-created
surface horizons as:

e Anthric, formed by long-term ploughing, liming, fertilization, etc.;

e Irragric, formed by long-term application of muddy irrigation water;

e Hortic, formed by deeper than normal cultivation with intense fertilizer or manure
application;

o Anthraquic, formed over a ‘puddled’ slowly permeable plough pan created by many
years of cultivating crops, primarily rice, in flooded fields.

2.4 Subsurface horizons

Preferential losses, accumulations and mineral transformations of specific soil
components are responsible for most subsoil horizons. Water and the physical
movement of water is the primary agent for these intrasolum processes. Water
movements in soil are dynamic and sporadic events largely controlled by weather
events. Spatial differences result as relief (slope) of the land and affect infiltration
of water. Most water enters the soil through the surface. Within the soil water
attains its greatest downward velocity in the larger pores. Fast-moving water
suspends small clay and organic particles and soluble components of both
inorganic minerals and organic compounds. After infiltration ceases, the water
from the larger pores is distributed via capillary action into smaller pores and
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some suspended particles are filtered and deposited on the walls of the larger
pores.

The water from most rain events does not penetrate to a great depth and
terminates in a subsoil layer also occupied by plant roots. Between rainfall events
plants extract water from those pores between about 0.01 and 0.0002 mm in
diameter. As plants extract water the concentration of those ions dissolved in the
water and not ingested into the roots is increased and they precipitate into solid
crystal structures. The type of crystal formed depends on the ions present. For
example, if there is an abundance of Ca** and H,COj; present in the soil, CaCO;
will form in the subsoil as the vegetation extracts water. As Si and Al ions
dissolved from primary silicate minerals are concentrated in the soil solution they
form aluminium silicate clays, either 1:1 clays if in equal proportion or 2:1 clays
if Si ions are more abundant than Al ions.

The upper part of the soil is subjected to more downward movement of water
and tends to lose soluble and suspendable material (eluviation processes) while at
somewhat greater depths soil (‘subsoil’) tends to accumulate suspended and
soluble materials (illuviation processes). Excepting soil in the most arid climates
some water sporadically moves below the rooting depth of plants, causing
some chemical alteration of minerals present and loss from the entire soil. Plants
do not remove water at the same rate throughout the year and in temperate
latitudes more water leaches below the rooting depth in the winter when vege-
tation is not actively transpiring. However, whenever temperatures are sufficient
for active transpiration, plants daily remove water from the soil. Rainfall events
are spasmodic assuring some drying, and therefore concentration of suspended
and soluble constituents in the soil solution takes place within the rooting volume
of the plants in almost all but the most continuously saturated soils.

Specific subsoil horizons are identified by the properties they acquire from the
relative intensity of the eluviation, illuviation and leaching processes that have
been and continue to be active at a specific depth. Dissolution, suspension and
subsequent deposition of a particular element or compound depend on the
abundance of that material in the soil, i.e. the parent material. If the parent
material does not contain an adequate supply of the element needed to form a
secondary mineral that mineral will not form. Also, pedoturbation processes such
as creep movement of soil material on steep slopes, physical disruptions by soil
fauna or extensive expansion and contraction upon wetting and drying may so
rapidly mix soil material that subsoils of substantial illuvial accumulations will
not form.

Subsoil horizons with specific properties and characteristics are defined in
modern soil classification systems.
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Argillic horizons (argic horizons) have 1.2 times as much clay as horizons above and
are formed by the illuviation of clay and its filtering on the walls of large pores as the
percolating water is drawn into smaller pores by capillarity. This process is also known
as lessivage with the formation of clay skins, also known as clay films or tonhatchen
(Fig. 2.2). This process appears most active when new clay is being formed. Clay that
has been present in the soil for a long period of time is often coated with iron oxide and
appears less subject to illuviation (Rebertus and Buol, 1985).

Kandic horizons (some ferralic horizons) are like argillic horizons but contain
primarily kaolinitic clay and have apparent CEC less than 16 cmol. " kg™ clay at pH 7.
The lessivage process is slow in soils with kandic horizons due to the lack of
weatherable primary minerals from which new clay can form and low suspendability
of clay that is coated with iron oxides. Clay skins are rare, apparently due to slow
formation and their homogenizing into the soil matrix by pedoturbation processes.
Albic horizons (albic horizons) are light coloured horizons below dark coloured
epipedons and above several of the other subsoil horizons. Albic horizons are most
often described as E horizons but also meet specific colour criteria. They form as
percolating water suspends clay and organic particles and transports them to deeper
horizons. They are usually formed under tree vegetation and far enough below the soil
surface that little organic material is mixed into the E horizon.

Calcic horizons (calcic horizons) are accumulations of calcium carbonate. Carbonates
are dissolved as bicarbonate from mineral sources during the percolation of water and
precipitate as carbonate-rich subsoil horizons as plant roots or evaporation-extract soil
water. They are common in arid climates with little leaching when carbonate minerals

Fig. 2.2. Photomicrograph of clay skin surrounding a large void in the argillic
horizon in Wisconsin, USA.
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are present in the parent material or from dust. Hard calcic horizons usually containing
more silicon are known as petrocalcic horizons (petrocalcic horizons).

Spodic horizons (spodic horizons) are formed by the aluminium and iron eluviated
from O, A, and E horizons and the immobilization of these metals in short-range-order
complexes with organic matter, and in some cases silica, in the B horizon (Mokma and
Evans, 2000). The process is driven largely by the production of organic acids from the
decomposition of plant materials deposited on the soil surface. Ugolini et al. (1977)
found direct evidence from lysimeter studies of the migration of organic matter
particles (0.5-1.5 pm in diameter) in the solum and of mineral particles (2-22 um in
diameter) below that. In addition to aluminium and iron, monovalent cations and most
Ca”’" and Mg?" ions are leached down into underlying horizons or to groundwater,
along with silica (Singer and Ugolini, 1974; Zabowski and Ugolini, 1990). The
translocation of silica provides a mechanism by which allophane or imogolite forms in
the spodic horizon (Dahlgren and Ugolini, 1989a, 1991). The capacity of some spodic
horizons to sorb dissolved organic carbon may be due to the presence of imogolite
(Dahlgren and Marrett, 1991).

Cambic horizons (cambic horizons) are horizons that have some alteration of the
primary minerals present in the parent material or the replacement of original structure
in the parent material with pedogenic soil structure. The removal of iron, carbonate or
gypsum when present in the parent material is the criterion for identifying some
cambic horizons. Cambic horizons may have small accumulations of clay, iron or
organic matter but such illuvial accumulations are present in insufficient quantities to
qualify for argillic or spodic horizons.

Gypsic horizons (gypsic horizons) contain 5% or more gypsum that accumulates as
percolating water dissolves primary gypsum minerals which then recrystalize as plants
extract water from the subsoil. Dense gypsic horizons where the material does not
slake in water are known as petrogypsic horizons (petrogypsic horizons).

Natric horizons (natric horizons) contain more than 15% sodium or more exchangeable
sodium plus magnesium than calcium on the cation exchange capacity. They form
from the accumulation of Na,COj or hydrolysis of sodium minerals (Chadwick and
Graham, 2000).

Oxic horizons (some ferralic horizons) are sandy loam or finer textured and almost
always present in subsoil material that has been previously exposed to weathering in
other soils and during fluvial transport to its present site (Buol and Eswaran, 2000).
Silica has been lost and 1:1 (kaolinite) clays and gibbsite predominate in the clay
fraction. Apparent cation exchange capacity is less than 16 cmol! kg™' clay at pH 7.
The sand fraction contains less than 10% primary minerals that can decompose and
provide ions for the formation of new clay. The clay present in surface horizons of
soils with oxic horizons is not easily dispersed in water and there is little or no
lessivage and clay skin formation. In the absence of clay illuviation the clay content in
the oxic horizon is nearly the same as in surface horizons. Most oxic horizons have a
strong grade fine granular structure (Fig. 2.3). Iron oxides are considered responsible
for stabilizing the granular structure.



Pedogenic processes and horizonation 19

Fig. 2.3. Photomicrograph of granular structure in an oxic horizon in Brazil.

e Salic horizons (salic horizons) develop in arid climates where there is little or no
leaching and soluble salts accumulate near the soil surface. The soil water accumulates
soluble salts from the dissolution of geologic material rich in soluble minerals. Most
salic horizons form in depressional areas of the landscape where the groundwater is
near the soil surface or run-off water accumulates and evaporates. Salic horizons are
frequently created by irrigation with salty water.

o Sulfuric horizons (thionic horizons) are formed as sulphates accumulated in some
horizons that are saturated with brackish water (Fanning and Fanning, 1989).

2.4.1 Subsoil features related to chemical reduction

Subsoil conditions resulting from the reduction and removal of iron oxides are
known as aquic conditions in Soil Taxonomy and gleyic properties in the World
Reference Base. As iron-bearing silicate minerals such as biotite decompose in
soil the iron combines with oxygen to form iron oxides. The most abundant iron
oxides are goethite and haematite. Mixtures of these oxides are responsible for
the yellow and reddish colours present in many subsoil horizons (Scheinost and
Schwertmann, 1999). When a subsoil horizon is saturated with water for pro-
longed periods of time the microbes in the soil that require oxygen for respiration
first use all the oxygen dissolved in the water and then gain oxygen by reducing
nitrate (NO3"), manganese oxides (Mn,03), and iron oxides (Fe,O5). The iron in
the iron oxides is reduced from ferric ions (Fe3+) to ferrous ions (Fe”) that are
soluble and readily leach from the soil. As a result the grey colour of the silicate
minerals becomes the predominant colour of the subsoil.
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Fig. 2.4. Photograph of a mottled colour pattern in the subsoil horizon in North
Carolina, USA.

To engender reduction in the subsoil it is necessary to have saturation that
prevents air from entering the soil pores and providing oxygen to the actively
respiring micro-organisms in the soil. Micro-organisms require a biologically
digestible form of carbon and suitable temperatures for active respiration. A lack
of warmth or a limited amount of digestible carbon can slow the process of
reduction in saturated soil; thus the length of time that a soil must be saturated
before iron is reduced is somewhat variable. Also, contents of nitrate and man-
ganese oxides that reduce prior to the iron oxides contribute oxygen and a flow of
oxygen containing water renders determination of the exact amount of time
required for iron reduction problematic.

The processes of reduction in soil are known as gleization. Greyish colours of
two or less chroma that result when iron oxides are removed from soil are often
known as ‘gley’ (glei) colours. Gley colours may dominate a subsoil horizon but
more frequently subsoil horizons undergo alternating periods of saturation and
aeration as the water table rises and falls in response to rainfall events and
transpiration demands. The dynamic shift from reducing to oxidizing conditions
results in a spatial migration of iron forming a mottled pattern of gley areas where
iron is removed and more yellowish to red coloured areas where iron oxides have
accumulated within the horizon (Fig. 2.4). The presence of ‘gley’ colours is
widely accepted as an indication of saturation during some period of time each
year. When a horizon with a mottled colour pattern pictured in Fig. 2.4 is exposed
and hardens upon repeated wetting and drying it is recognized as plinthite
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(plinthic horizon). If such a horizon is indurated in place within the soil it is
identified as a petroferric contact (petroplinthic horizon) often referred to as
ironstone or laterite.

2.5 Formation of structural features in soil

Structural development and expression in soil horizons often referred to as
pedogenic structure involves a combination of processes and mechanisms. These
processes are related to shrink—swell phenomena associated with wetting and
drying cycles in soils with low shrink—swell potential (Southard and Buol, 1988).
During periods of desiccation in confined subsoil horizons soil compression takes
place because of capillary tension as water is withdrawn from the larger soil voids.
The capillary tension causes cracks to form in the soil mass. The crack walls
become incipient ped faces. As the soil material again becomes wetted it swells.
The protruding points on the incipient ped faces make contact first and shearing
forces are focused at these points of contact with coarser particles. Sand grains are
forced away from the pressure zone and flat clay particles are concentrated
and forced into a parallel orientation on the ped face. These modifications cause
the soil to crack in the same place upon subsequent drying, thereby increasing the
stability of the peds and resulting in recognizable blocky structure. These same
shrink—swell processes can contribute to the conversion of rock fabric to soil fabric
(Frazier and Graham, 2000).

Wetting and drying without the confining weight of overlying soil favours
granular structure in surface horizons. As unconfined soil material dries the
surface tension of water tends to form spherical aggregates. Most surface hor-
izons are also well populated by fungi and other microbes associated with living
and dead organic materials. Threadlike fungi associated with plant roots are
known to secrete the sticky sugar protein glomalin that along with several other
microbial exudates serve to temporally stabilize the granular aggregates. Physical
disruption of surface horizons reduces the fungi activity and aggregate stability is
decreased as the stabilizing organic compounds are decomposed.
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Soil phases: the inorganic solid phase
G. Jock Churchman

Inorganic solid phases in soils can generally be described as minerals. In soils,
rocks provide the raw (i.e. ‘parent’) materials for minerals in soils. Minerals may
derive directly from rocks, with little or no chemical or structural changes,
although physical changes, e.g. comminution, commonly occur. In this case they
are referred to as primary minerals. However, many of the minerals that are of
most importance for soil properties are secondary. While these have formed from
rock minerals under the influence of soil-forming processes, principally weath-
ering, they usually comprise different phases from those present in the rocks.

3.1 Description

Table 3.1 comprises a compilation of (a) the characteristics and properties of
inorganic solid phases that occur most commonly in soils and (b) the nature of
their processes of formation and transformation and their occurrence in soils.

The information in Table 3.1 is extracted from Dixon and Weed (1989),
Churchman and Burke (1991), Churchman et al. (1993, 1994), Churchman
(2000), Olson et al. (2000), and Dixon and Schulze (2002), and is discussed as
follows under the various categories in the table.

3.1.1 Characteristics and properties

Primary and secondary minerals
Although there is little doubt that most occurrences of those designated as pri-
mary minerals in Table 3.1 have a direct origin as the residue of minerals that
formerly constituted rocks, some — for example quartz, micas, calcite and the
zeolite analcime — may also form pedogenically. In the case of those designated as

Soils: Basic Concepts and Future Challenges, ed. Giacomo Certini and Riccardo Scalenghe.
Published by Cambridge University Press. © Cambridge University Press 2006.
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secondary minerals, their ultimate origin may be confused by the fact that many
sedimentary rocks are composed of the products of one or more earlier processes
of weathering and perhaps also subsequent diagenesis, leading to the formation of
secondary minerals that are thereby recycled as detritus into new soils. The
mineral residues of such rocks are strictly secondary only in relation to their
original igneous and metamorphic rock sources. Minerals are classified as sec-
ondary in Table 3.1 when there is clear evidence for their formation by pedogenic
processes and when they do not also occur commonly as primary minerals.

Structural type

Except in some unusual cases, e.g. calcareous soils, in which calcite and/or
dolomite are dominant, silicates comprise the predominant mineral components
of most soils by weight and volume. Silicates are predominant among primary
minerals. Silicates differ in their type according to the number of oxygen atoms
that are shared for each silicon atom. Table 3.2 identifies the weakest bond in
each of the major types of silicates in soils. The alteration of a mineral begins by
the disruption of its weakest bond.

Almost all secondary silicates are phyllosilicates, and the various possible
structures for these are given in Fig. 3.1. Secondary phyllosilicates are often
known as ‘clay minerals’.

Related phases or other names

While some of the phases within this category in Table 3.1 are less common in soils
than the relevant main phase, many are rare, or have not even been reported, in soils.
Some names that are given are alternative names for minerals, e.g. chinochlore,
endellite, metahalloysite, limonite. Many of these have been discredited for use in
the scientific literature. Other names given are more general descriptions, e.g.
plagioclases, pedogenic chlorite, hydroxy-interlayered vermiculite (HIV).

Common particle sizes in soils

In the main, primary minerals occur in soils as coarse, i.e. sand- or silt-size
particles, where sand-size covers 0.02-2.0 mm equivalent spherical diameter (e.s.d.)
and silt-size 0.002-0.02 mm, i.e. 2-20 pm. Occasionally, primary minerals occur
as gravels, i.e. >2.0 mm. Table 3.1 records that some primary minerals may also
occur as clay-size particles. These include chrysotile, pyrophyllite, talc, (trioc-
tahedral) vermiculite, chlorite and rutile.

Secondary minerals occur predominantly as clay-size particles. Very many
secondary minerals occur in particles that are finer than 2 um with some particles
being <0.02 pm.
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Table 3.2. The nature of bonding and weakest bonds in the most common types of
silicates in soils

Structural Shared O Weakest
Name type Formula per Si¢ bonds Examples
Tectosilicates  Framework SiO,, with Al substitution 4 Cations (K*, Na*, Ca®") Feldspars
SiO, 4 Si-O bonds Quartz
Phyllosilicates Sheet Si205%7, with Al substitution, joined to 3 Via interlayer cations, Micas
Al-, Fe-, Mg-hydroxy octahedra in layers usually K*
Inosilicates Single chains Si032’, with Al substitution 2.5 Via divalent, and other, cations Pyroxenes
Double chains Si,0,,°~, with Al substitution 2 Via divalent, and other, cations Amphiboles
Nesosilicates  Isolated tetrahedra SiO427 0 Via divalent cations Olivines

“Cyclosilicates (e.g. tourmaline) have two O bonds per Si and sorosilicates (e.g. epidote) have one O bond per
Si, but neither type is common in soils (see Table 3.1).

-]- O0O00CO0O00

SERPENTINE - KAOLIN TALC -PYROPHYLLITE MICA (x~1.0}) and

(x~0) (x~0) BRITTLE MICA (x~20}
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* = Tetrahedral cation
O = Octahedra! cation
(D = Interlayer cation

o = Exchangeable cation

14.4-15.6 A 14.0-

O = Oxygen
© = Hydroxyl group
@ := Woter molecule

© = Oxygen+ Hydroxyl
SMECTITE (X~025-0.6) and CHLORITE {in projection)

VERMICULITE (X~0.6-0.9) (x is variable)

Fig. 3.1. View of structures of major clay mineral groups. From Bailey (1980).
Reproduced by permission of the Mineralogical Society, London.

Surface areas

As a first approximation, surface area bears an inverse relationship to the size of
particles. Broadly speaking, minerals that occur mainly as sand- or silt-size
particles have a negligible surface area. Hence almost all of the surface area of a
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soil is contributed by its clay-size fraction and especially by the finest clay-size
particles. Surface area plays a role in controlling sorption reactions in soils
although surface charge usually also plays an important role in sorption. The
quantitative contribution of the extent of surface is given by measurements of
specific surface, or the surface area per unit mass. Various methods have been used
for its measurement, and each have different advantages and disadvantages
(e.g. Churchman and Burke, 1991). Some, using polar molecules, also incorporate the
influence of charge and provide a (practical) measure of both internal and external
surfaces. The distinction is particularly important for expandable layer silicates,
especially smectites. Internal specific surfaces for smectites have been calculated
from their structures to be 600-800 m*g ™" (Reid-Soukup and Ulery, 2002).

Cation exchange capacities

Almost all primary minerals in soils are uncharged. Secondary minerals may
carry either a permanent negative charge and/or a charge whose magnitude and
sign both vary with the pH, and usually also the ionic strength of the surrounding
solution. Permanent charge, which is always negative in naturally occurring
minerals, arises out of the substitution of either aluminium or silicon in an
aluminosilicate by a (cat)ion with a lower positive charge than either aluminium
(with a charge of 3) or silicon (with a charge of 4). Commonly, magnesium or
ferrous iron replaces Al in the octahedral sheet, while Al replaces Si in the
tetrahedral sheet. Permanent charge originates within the layer structure.
Variable charges originate in ‘broken bonds’, leaving unsatisfied charges, on the
surfaces of minerals. These either attract excess hydrogen ions from solutions at
lower pHs or release them in response to excess hydroxyl ions at higher pHs. As a
result, oxides, hydroxides and oxyhydroxides can display a net positive charge at
lower pH values, as can some aluminosilicate minerals with little or no permanent
charge, e.g. kaolinite. For each of these minerals, there is a characteristic pH value
at which it displays no net charge, i.e. where its positive and negative charges are
equal. This is its ‘point of zero charge’ (pzc). Minerals with sufficiently large
permanent charges have no measurable pzc since the pH can never fall sufficiently
low in reality for the positive charge from interactions between surfaces and
hydrogen ions in solution to overwhelm the negative charge developed in the bulk
of the mineral. Minerals with high cation exchange capacities (CECs), such as
smectites, vermiculites and illites (Table 3.1), always carry a net negative charge.
At the pH of almost all soils, minerals are net negatively charged, although a very
few highly weathered soils have been found to display a net positive charge at their
field pH (Gillman and Bell, 1976). Hence layer silicates are effective for seques-
tering contaminant cations, including most heavy metals, from polluted water by
exchange. By the same token, however, they are not so effective for the uptake and
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restraint of anions of environmental concern, e.g. phosphates and arsenates. These
may be removed from solutions by oxides, hydroxides and oxyhydroxides under
acidic conditions, where these solid phases carry a net positive charge.

Distinctive physical properties
The different primary and secondary minerals occur in different shapes, often
reflecting their crystal form. In general, primary minerals are harder than sec-
ondary minerals, although some primary minerals, such as micas, talc, pyr-
ophyllite and (trioctahedral) vermiculite, and ice can be quite soft.

All secondary minerals — and some primary minerals — adsorb considerable
amounts of water, although these amounts vary with mineral type, in particular its
surface area and other influential factors, e.g. the nature of the exchangeable cations.

In the case of smectites, zeolites and also, to a lesser extent, vermiculites, sub-
stantial amounts of water are taken up into the crystals of the minerals. Water uptake
has a profound effect on the physical properties of smectites especially. These can
undergo extensive ‘crystalline’ swelling, which occurs between layers (Olson et al.,
2000). The tendency of highly smectitic soils to expand when wet and then shrink
when dry leads to such effects as ‘gilgai’, i.e. land surfaces with a repetitive pattern
of small mounds and depressions, landslides and ‘soil creep’, and also to crack in not
only the soils but also in buildings and roads constructed upon them. According to
Reid-Soukup and Ulery (2002), ‘Expansive soils are responsible for more structural
damage than any other natural disaster, including earthquakes and floods’.

The extent to which expansion can occur is dependent very largely on the
nature of the exchangeable cations associated with the mineral surface. In soils
containing smectites, the extreme of expansive behaviour is that exhibited by the
soil minerals which have substantial exchangeable sodium. Unrestrained, there
may be no limit to their possible expansion. In contrast, those which have Ca and/
or Mg but little or no Na as their exchangeable cations show only limited
expansion. Sodium need not be dominant numerically to control this behaviour;
even a little Na can have an effect. Its distinctive effect is considered to arise from
the predominantly ionic nature of the bonds it forms with the clay surface,
whereas Ca and Mg form predominantly polar covalent bonds (Rengasamy and
Sumner, 1998). A net negative charge remains on the clay layers that are asso-
ciated with Na*, so that they tend to move apart from one another, thereby
attracting water into the interlayer region, and hence the clays swell. By contrast,
the polar covalent bonds formed between the divalent ions and clay surfaces
leave effectively no net charge on the layers and there is no net repulsive
interaction between them to cause swelling. At the extreme of water uptake, the
expansion process leads to a change from swelling of solid material to dispersion
of separated particles in a suspension.
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3.1.2 Processes and occurrence

Stability of minerals

Generally, the relative stabilities for minerals given in Table 3.1 relate to their
resistance to the usual driving force for weathering, i.e. water, most commonly
acidified through the dissolution of atmospheric CO, and/or organic acids. The
chemical reaction involved is of a similar form to that for the hydrolysis of albite
by water containing CO,:

2NaAlSi;Og 4 2CO;, + 11H,0

albite (3.1)
= Al,Si,05(OH), + 2Na* + 2HCO;_ + 4H,SiO;4 '
kaolinite silicic acid

Some minerals will also be particularly unstable in specific environments, e.g.
calcite, dolomite and palygorskite in acidic environments, halite in water, pyrite
in oxidizing environments, and iron oxides in reducing environments. In different
environments, these same minerals may display much greater stabilities. None-
theless, a stability series for the major types of primary minerals which was
drawn up by Goldich in 1938 (Eq. 3.2) remains generally useful as an indicator of
the order in which the minerals from rocks become degraded by increasingly
aggressive conditions or the passage of time in weathering processes.

Olivines Mg-pyroxenes Mg-Ca pyroxenes Amphiboles
Biotite K-feldspar Muscovite Quartz (32)

Plagioclases: Calcic- Calc-alkaline Alkali-calcic Alkaline

Increasing stability against alteration

This series presents the minerals in the order in which they crystallized out of a
magma as it cooled. This is because the higher the temperature at which a mineral
crystallized out of the magma, the further it would be out of equilibrium with
conditions at the Earth surface. As stated by Kittrick (1967): ‘Fundamentally a
mineral is a package for its elements. It will persist in nature only so long as it
is the most stable package for those elements in its environment.” Among
others, Kittrick pioneered the application to soils of thermodynamic concepts to
provide a quantitative basis for the understanding of stabilities of minerals, both
individually and in suites with other minerals. The aim of this approach was to
enable prediction of the course of the formation of secondary minerals from their
primary precursors and of their possible changes to other secondary phases.
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Changes almost invariably take place in aqueous solutions, and the thermo-
dynamic approach involves the definition of the ‘stability fields’ for the various
minerals that are found together in the soil or soils of interest. Each mineral’s
stability field is defined by the solution conditions under which it is the least soluble,
hence most stable, of the various minerals competing for the group of elements
available in the surrounding solution. The boundaries of the stability fields of a pair
of interacting minerals can be calculated from their respective Gibbs free energy of
formation, AG¥, which is assumed to be a unique value at standard temperature and
pressure for each mineral. Most commonly in studies of this kind related to soils,
AGY values have been obtained experimentally from studies of the dissolution of
minerals, usually in mildly acidic aqueous solutions, to give soluble species only.

The validity of the thermodynamic approach, as outlined, has been questioned
on a number of grounds. For one, AG? values for particular minerals have been
found to vary widely. This has been attributed to one or more factors. These
include the impurities often found in minerals and an inherent variability in their
composition. They also include problems from relying upon mineral dissolution
for obtaining thermochemical data. Among these are the difficulty of reaching
and establishing equilibrium in dissolution experiments and the likelihood that
many minerals dissolve incongruently, with at least some components remaining
in solid phases. Both types of problems are most serious with more complex
minerals, particularly secondary phyllosilicates. Thermochemical data for simpler
minerals such as quartz, haematite, gibbsite and also some primary minerals have
been generally considered to be reliable. Among other minerals, kaolinite has
been shown to dissolve congruently, with all components going into solution, but
many other common clay minerals have exhibited incongruent dissolution.

The foundation of the thermodynamic approach upon solution concentrations
implies that these provide the only important driving force for alterations to
minerals. This is to ignore the important role that oxidation and reduction can
play in bringing about mineralogical changes in soils. Many primary minerals,
and especially those most susceptible to weathering, comprise Fe in its ferrous
state (Table 3.1). Hence the thermodynamic approach presents a greatly sim-
plified model of mineralogical changes on weathering.

A more fundamental difficulty is encountered when the thermodynamic approach
is applied to real soils because it is based upon the assumption that equilibrium is
obtained in reactions between minerals and solutions in soils in the field when these
processes are almost certainly irreversible. This objection may conceivably be met if
the overall processes are subdivided into a series of partial equilibria, when stability
diagrams can be used to describe or predict each of these states of partial equili-
brium. However, the complexity of the soil system when changing climatic and
biological effects (e.g. Zabowski and Ugolini, 1992) are taken into account means
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that thermodynamic descriptions of mineral-solution interactions in soils can
probably only be macroscopic and qualitative (Churchman, 2000).

These fundamental problems are evident even before practical problems like
the difficulties of extracting a soil solution in situ have been solved satisfactorily.
It may be that thermodynamics can only indicate whether reactions are possible.
Consideration of kinetics is required before it can be determined whether they are
likely to occur during the time period of interest. Given all of the many diffi-
culties with the thermodynamic approach, its promise of the possibility of the
prediction of the course of mineral changes in soils is abandoned in favour of an
analysis — in the next section — of the various possible paths of development of
minerals from their parent rocks through different stages of soil formation.

Alteration, formation, transformation in soils of main occurrence

Much of our knowledge on mineral changes during the formation and develop-
ment of soils has come from the study of soils within so-called monosequences,
in which the influence of one particular soil-forming factor in Jenny’s relationship
is varied while the other main factors are held constant.

However, the Jenny equation is too simplistic for explaining mineral development,
which requires consideration of the whole profile. As long as there are weatherable
primary minerals, or secondary minerals that may be transformed further within any
part of the soil profile, including at its base, and provided soil-forming factors are
active, then the suite of minerals within the soil is capable of undergoing further
changes. It is the influence of water, and particularly its throughflow, that determines
above all whether mineral development continues within a soil profile. This is
consistent with the central role that water plays in chemical weathering (Eq. 3.1).
Furthermore, the hydrological environment of the soil, as determined by both rainfall
and drainage, determines the redox environment, which may constitute an important
factor in weathering at depth rather than at soil surfaces.

The most common processes of mineral development within soils are physical
comminution, salt accumulation, transformation, neoformation, decomposition
and inheritance.

Physical comminution The absence of free water is a common feature for soil
formation in both perpetually cold climates and also in arid regions. The lack of
water ensures that little or no alteration of primary minerals has taken place,
so that minerals in the finer fractions of soils are present predominantly as
comminuted fragments of the primary minerals. Illite (or clay-size mica) and
chlorite are common.
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Salt accumulation Soluble salts, including carbonates, halides and sulphates,
are widespread in soils formed in both perpetually cold climates and arid regions.
They form by dissolution and then precipitation upon evaporation. They can also
appear seasonally, namely during dry summers, in soils with climates of the
Mediterranean type within landscapes containing accumulations of the salts
within the soil profile.

Transformation Acid leaching is common under cool wet conditions, particu-
larly in a forest vegetation regime, when organic matter tends to accumulate and
the soil profile becomes acidified. Acid leaching of micaceous parent materials,
e.g. granites, many schists and argillaceous sedimentary rocks, leads to the trans-
formation, within the solid phase, of micas to give vermiculite, also sometimes
beidellitic smectite, or else an interstratified mineral composed of layers of mica
together with those of either vermiculite or beidellitic smectite. Acid leaching
occurring in cool, often highland environments gives rise to regularly inter-
stratified phases typified by an X-ray diffraction (XRD) peak for a high spacing
that is the sum of those for the two component layer types, e.g. 24 A, expandable
to 27-28 A on solvation with glycerol, indicating the interstratification of a 10A
mica layer with a smectite layer that displays spacings of 14 and 17-18 A before
and after glycerol solvation respectively. The removal of K from one interlayer
brings about structural adjustments within the layers that make it more difficult to
remove K* from the adjacent interlayer than from the more distant interlayers.
Since the driving force for the alteration of micas is probably weaker in cold
climates than in warmer climates, their transformation occurs slowly enough to
proceed step-wise through regular interstratifications. By contrast, interstratified
phases formed in warmer climates are most often random in type. Chlorites,
which are often less abundant in parent materials than micas, are nonetheless
even more susceptible to breakdown under acid leaching and may also give rise
to regularly interstratified phases among other products.

Typical mineral transformations occurring as a result of acid leaching pro-
cesses are:

Mica — Mica-Vermiculite — Vermiculite (3.3a)
| (3.3b)
Mica-Beidellite — Beidellite (3.3c)

(3.3a) and (3.3c) involve progressive loss of K*; (3.3b) involves

acidification



Soil phases: the inorganic solid phase 37

Chlorite — IHM — Chlorite-swelling Chlorite — Chlorite- (3.4)
Vermiculite

IHM = interlayered hydrous mica

(3.4) involves loss of a cation(Mg** or Fe*™ from) interlayer

hydroxide

Acid leaching typifies the process of podzolization. True podzols comprise a
lower B horizon containing an elevated concentration of organic matter together
with Al and Fe compounds, often as the short-range order minerals, allophane or
imogolite, and ferrihydrite. Therefore podzolization leads to a profile displaying a
considerable extent of mineralogical differentiation with depth. In the upper
levels of a podzolized soil, Al, and often also Fe, is mobilized relative to Si by
acid leaching, and eluviation takes place. Nonetheless, eluvation from upper
horizons by acid hydrolysis can bring about mineralogical changes even without
the formation of a mature podzol with a definite horizon of accumulation of
humic materials and of Al and Fe.

The acid hydrolysis process typical of podzolization often results in acidification
of upper horizons to yield pH values that are below the critical value at which
aluminium becomes soluble, i.e. ~4.5. However, where pH rises to 4.5 after the
process has already effected transformation to give expandable layers, aluminium
may precipitate out, as hydroxyl cations. These are particularly strongly attracted to
the interlayer regions of expandable aluminosilicate clays (vermiculite and smec-
tite) wherein they bring about a ‘reversion’ of the opening of the interlayers that
occurs in transformations. The result is a 14 A phase that is neither expandable nor
can it be contracted by saturation with K* and drying: a dioctahedral chlorite,
‘pedogenic chlorite’, or hydroxy-interlayered vermiculite (HIV), which may also
more strictly be described as hydroxy-interlayered smectite (HIS), dependent upon
whether the prior transformation had proceeded by Eq. (3.3a) or (3.3b).

Neoformation 1In contrast to transformation within the solid phase, neoforma-
tion involves the natural synthesis of a solid mineral phase from the constituents
of solutions formed by the dissolution of primary minerals or other secondary
minerals. The neoformed minerals differ in structural type or, at least, layer
composition, from their antecedent primary or secondary minerals. The formation
of minerals with short-range order in the lower horizons of podzols is an example
of a neoformation process.

Many studies have ascribed the formation of particular secondary minerals to
specific primary mineral precursors and vice versa. Mainly using electron
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microscopy, hence after sample preparation including drying, many have con-
cluded that feldspars often give rise to kaolin minerals (kaolinite and/or halloysite)
and gibbsite on weathering. Following studies of associations between primary
and secondary minerals in a deep weathering profile on granite that was aimed to
ascribe secondary products to their primary minerals of origin, Eswaran and Bin
(1978) concluded that ‘irrespective of the primary weatherable mineral, the type
of secondary mineral found is a function of the microenvironment’. Where
neoformation is involved, all primary minerals undergoing alteration may con-
tribute constituents to all secondary phases that are feasible as their products
based on their chemical composition. Nonetheless, there are some common
sequences of changes in secondary minerals in soils.

Accordingly, in deep weathering profiles, the following sequence is commonly
observed, although halloysite and boehmite are not always present:

Halloysite — Kaolinite — Gibbsite — Boehmite (3.5)

Halloysite was only found to form in the deeper parts of such profiles. This is
because it is diagnostic of halloysites that they contain, or have contained, water
in their interlayers. Hence all halloysites have formed in wet environments.
Halloysites lose their interlayer water irreversibly to give a mineral with the same
composition as kaolinite, but the dehydration of halloysite alone is insufficient to
produce kaolinite. The structures of the two types of kaolin minerals differ from
each other and therefore one may change to the other only via dissolution and
recrystallization, i.e. neoformation. However, electron microscopy has shown
some clear evidence of halloysite tubes forming on kaolinite plates (Robertson
and Eggleton, 1991; Singh and Gilkes, 1992), suggesting that kaolinite has
transformed to halloysite in the solid phase. This particular change contradicts (a)
the usual trend within profiles, (b) thermodynamic data showing that halloysites
are generally less stable than kaolinites, and also (c) the generally accepted
recognition that halloysites and kaolinites have different structures. One possible
interpretation of these apparent transformations is that neoformation of halloysite
has taken place in a microenvironment that differs from that under which the
underlying kaolinite was formed, leading to the later halloysite being precipitated
on a preformed kaolinite substrate. Clearly, at least, these observations show that
kaolinites and halloysites can form under very similar conditions. Kaolinite is
‘the most ubiquitous phyllosilicate in soils’ (White and Dixon, 2002) and,
although some kaolinites are inherited, the formation of this type of mineral
in soils is usually favoured by warm humid climates and/or strong leaching.
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Kaolinites formed by weathering are often more disordered than inherited kao-
linites (Garcia-Talegon ef al., 1994).

Typically the changes shown in Eq. (3.5) occur under heavy rainfall at high
temperatures, namely in a tropical environment, to give profiles characterized as
lateritic, although halloysite may not always be present, particularly if seasonal
drying of profiles extends into the saprolite zone. Laterites are particularly
notable for the reddish colours in their surface and near-surface zones. These are
due to the formation of iron oxides.

Leaching leads to desilication of both primary minerals (e.g. Eq. 3.1) and of
preformed secondary minerals, and sometimes also their dehydration (Eq. 3.5).
In complete contrast, when accumulation of soluble mineral constituents occurs,
smectites may be neoformed in the resulting solutions. This occurs when these
solutions contain sufficiently high concentrations of the elements, particularly Si
and Mg, that are essential for the formation of the smectites, and when they retain
these elements during the process of smectite neoformation. While no particular
parent rock type is critical for the formation of smectites, poor drainage and
an alkaline pH are favourable for their formation (Reid-Soukup and Ulery, 2002).
Hence they are commonly found in poorly drained hollows in landscapes from
basic and/or calcareous rocks. They have also been found in salt-affected soils,
both saline and sodic (Reid-Soukup and Ulery, 2002). In these, evaporation and
reduced permeability, respectively, have concentrated Si and basic cations suffi-
ciently well to effect the neoformation of smectites in appropriate zones of the
salt-affected soils. The poorly drained, and therefore reducing, conditions under
which smectites are formed are antagonistic to the drying, oxidative conditions for
the formation of iron oxides and therefore (a) smectites and iron oxides are usually
not found together in soils, and hence (b) smectitic soils are not coloured red;
rather they are often black, from dispersed colloidal organic matter.

In dry areas, calcareous parent materials can give rise to palygorskite by
neoformation. The same type of materials led to the formation of smectites when
mean annual precipitation exceeded ~300 mm (Paquet and Millot, 1972).

Illite is often regarded as either a fine-grained form of primary micas, or else a
dioctahedral mica that has less K and more associated water than either of the
primary minerals but which shows no tendency towards expansion (CMS, 1984;
Weaver, 1989). However, in some, generally arid or semi-arid, situations, illites
and related phases appear to have originated by neoformation. A lacustrine origin
has given rise to an illite with a uniformly fine particle size (Norrish and Pick-
ering, 1983) and neoformation is also suggested by concentrations of illite in
surface horizons when transformations in soils generally lead to lower con-
centrations in surfaces than in subsoil horizons (Norrish and Pickering, 1983).
Some vermiculites may also have formed in soils. Smectites can undergo
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alteration when their environments change. An alteration of smectites towards
kaolin minerals appears to occur towards the surface of profiles of some soils
containing smectites in their deeper zones. The alteration from smectite to kaolins
within these profiles is gradual and has taken place via the formation of inter-
stratified phases comprising kaolin and smectite layers, namely kaolin—smectite
interstratified minerals. The main changes are:

Smectite — Smectite-kaolin — Kaolin-smectite — Kaolin (3.6)
where smectite-kaolin and kaolin-smectite do not form discrete
phases but indicate that proportions of smectite and kaolin change

within interstratified phases

These changes involve desilication, and silica, as opal C-T, has been identified as
a by-product of the alteration (Watanabe et al., 1992). The mechanism of the
change is uncertain, although a proposed transformation involving an inter-
layering of the smectitic layers has had support from studies of both geological
and synthetic alterations. Its credibility is enhanced by work showing that
interlayers in 2:1 expandable aluminosilicates could contain Si as well as Al and
therefore could serve as precursors of kaolins (Wada et al., 1991). Inter-
stratifications of kaolins with smectites also often occur within toposequences
across rolling undulating landscapes. In many of these, black smectitic soils occur
in hollows where element accumulation prevailed in soil formation while red
kaolinitic soils occur on humps, where element leaching was the dominant for-
mation process. Soils that are intermediate between these extremes have some-
times been found to contain kaolin—smectite interstratified phases. It has been
determined in some cases that the kaolin layers in the interstratified phases
comprise halloysite. Kaolin-smectites may be quite common in soils formed on
basalts worldwide. Minerals identified positively as halloysite-smectites have
been found invariably in soils from volcanic ash (Delvaux and Herbillon, 1995).
They appear to form by a process by ‘co-neogenesis’, or ‘syngenesis’, with their
component halloysite and smectite layers being neoformed together.

Minerals with short-range order, especially allophane, and sometimes, imo-
golite, are formed rapidly in the weathering of volcanic ash. Halloysite also forms
as a more-ordered secondary product from the weathering of these materials. Up
until about the 1970s, it was commonly thought that allophane altered to hal-
loysite with time. However, it has since been shown that allophane can be long-
lived and also that halloysite can form directly from volcanic ash. Furthermore,
halloysite was found when there was a thick overburden of weathered ash and
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halloysite formed from ash instead of allophane when the drainage was restricted
(Churchman, 2000). These observations all pointed to the formation of halloysite
being favoured over that of allophane when silica concentrations were relatively
high in the solutions for neoformation (Parfitt et al., 1983). For Parfitt et al.
(1983), it is the rate of throughput of water, R,,, above all other considerations,
including the composition of the parent ash, that governs the silica concentration
[Si], and hence the principal secondary mineral formed. The minerals that can
form range from halloysite when rate of throughput is low, through to gibbsite,
when it is very rapid, so that [Si] is extremely low. Furthermore, the weathering
of volcanic ash in basins with restricted drainage, i.e. extremely low R,,, provides
the archetypal conditions for the formation of smectites as ‘bentonites’ (Reid-
Soukup and Ulery, 2002). The particular R, hence [Si] values, that control the
formation of allophane depend upon the nature, i.e. composition, of the allophane
phase that forms. There are two main types of allophane by composition, namely
Al-rich, with Al:Si ~2, and Si-rich, with Al:Si ~1, although these represent the
end points of a range of compositions. The rarer Si-rich allophane (AlL:Si ~1)
probably forms when R, and [Si] values are similar to those defining halloysite
formation, while the more common Al-rich allophane (Al:Si ~2) forms when R,
and [Si] values are intermediate between those for halloysite and gibbsite. The
controls that R, and [Si] exert upon the minerals formed from volcanic ash can be
summarized as follows:

Smectite Halloysite/(Si-rich allophane) Al-rich allophane Gibbsite (3.7)
Al:Si: 0.5 1.0 2.0 00

Increasing rate of flow-through of water

Decreasing Si concentration

Al-humus complexes can form from volcanic ash in place of allophane when
organic matter contents are high, due to the strong affinity of humus for Al.
Probably for a similar reason, Al-interlayers were formed within 2:1 (Si:Al)
aluminosilicates in place of allophane (or imogolite) in weathered tephra after 10
years following the 1980 eruption of Mt St Helens (Dahlgren et al., 1997a).
Also formed at depth in podzols, Al-rich allophane and imogolite both have a
similar, distinctive structure comprising a tubular arrangement of an octahedral
gibbsite sheet outside a modified tetrahedral silica sheet that includes hydroxyl
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groups on the inside surfaces of the tubes. Their dissimilar crystal structures
preclude the direct transformation of allophane to halloysite. Although halloysite
could arise by neoformation from solutions produced by the dissolution of pre-
formed allophane, the evidence for the environmental conditions governing the
formation of either allophane or halloysite from volcanic ash that is represented
by Eq. (3.7) is much stronger than that presented in favour of a necessary
alteration of allophane to halloysite with time.

Decomposition While secondary mineral formation often occurs through an
acidification of primary minerals (Eq. 3.1), their breakdown may also occur
through acidification associated with alternating oxidation and reduction that
occurs when successive (e.g. seasonal) wetting and drying takes place within
profiles. In this process, known as ferrolysis (Brinkman, 1970), alternating redox
conditions lead to the release of ferrous iron from within aluminosilicate layers,
and this is oxidized to ferric iron, as oxides, and hydrogen ions.

Iron oxides occur whenever drying and hence oxidation has occurred in soil
formation or development. Most originate ultimately from the breakdown and
oxidation of the ferrous iron contained in many primary minerals (Table 3.1).
They almost always occur as minor components of soils in terms of their per-
centage composition, but their content varies considerably between soils. Goe-
thite is the most widespread Fe oxide, forming in all types of weathering regimes.
Haematite occurs, usually in association with goethite, in soils in warmer cli-
mates. Ferrihydrite forms in soils where rapid oxidation has occurred, particularly
where there is substantial organic matter, e.g. in the lower B horizons of podzols,
but it is often metastable relative to the other Fe oxide phases. Lepidocrocite
occurs where soils are seasonally wet and hence reduction occurs, while
maghaemite, also relatively rare, owes its origin to prior heating of other Fe
oxides, probably in fires, and/or to the natural oxidation of primary magnetite.

The occurrence of manganese oxides in soils is also indicative that oxidation
has occurred, with Mn(II) from the breakdown of primary minerals usually being
oxidized to Mn(1V).

While gibbsite may result from neoformation (Eq. 3.5 and 3.7), it may further
dehydrate, e.g. in duricrusts at the surfaces of lateritic profile, giving rise to
oxides and oxydydroxides of Al such as boehmite and corundum, with the latter
possibly formed in bush fires.

Titanium oxides occur in soils, commonly as the result of the oxidative degradation
of ilmenite, to give anatase or rutile, often via pseudorutile as an intermediate phase.

Acidification may also decompose soil minerals. Sulphide minerals, especially
pyrite, oxidize on aeration to give sulphuric acid, which reacts with soil minerals
to give mostly jarosite, natrojarosite and/or gypsum. Anthropogenic sources of
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acidification, including the release of acid-mine drainage and the oxidation of man-
grove swamps by drying, can degrade soil minerals through these types of reactions.

Inheritance Many minerals, including important secondary minerals, are
inherited from other locations and/or previous cycles of weathering and other
processes of alteration of primary or other secondary mineral precursors. This is
an important source for kaolinite in soils and part of the reason why this particular
mineral is so widespread globally (White and Dixon, 2002). Minerals can also
arrive in soils in dust carried both locally and globally (Simonson, 1995).

An understanding of mineral genesis in soils is complicated not simply because
some minerals are inherited from earlier stages of weathering, but also because the
soils are polygenetic. This may arise because of the addition of new parent
materials at different stages during soil development, e.g. successive volcanic
tephra, successive loess layers or deposits of materials on top of palaeosols formed
on different parent materials (e.g. Jaynes et al., 1989). Interpretations of mineral
genesis within profiles need to take cognizance of such discontinuities in this and
other soil-forming factors. Jaynes et al. (1989) considered that discontinuities
between soils resulting from the deposition of new parent materials on palaeosols
led to an intensification of weathering that resulted in the formation of a 1:1-2:1
interstratified phase when a discrete 2:1 mineral dominated the fine fractions of the
palaeosol, following a similar sequence to that in Eq. (3.6). Besides discontinuities
in mineral development, polygenesis from successive inputs of different parent
materials often results in minerals towards the base of profiles showing a more
advanced stage of weathering than those near the surface when genesis on a single
parent material tends rather to give the reverse trend in weathering stages.

Associations in soils

Secondary minerals occur in soils only rarely, if at all, as discrete clay-size
particles. It is necessary to apply physical energy and/or chemical disaggregating
agents to obtain dispersed clay-size material from soils (Churchman and Tate,
1986). Otherwise, soils would be completely unstable against erosion by water
and wind. In soils, individual crystals of secondary minerals, which have high
surface areas and are electrically charged, and hence can attract other entities, are
found in association with one other, with other inorganic materials, e.g. oxides,
and also with organic matter. As summarized by Rengasamy and Sumner (1998)
‘soil clay systems ... are complex heterogeneous intergrowths of different clay
structures intimately associated with organic (matter) and biopolymers’. Electron
microscopy shows that clay minerals often surround and enclose organic matter
thereby providing protection against its degradation. Associations of secondary
minerals and organic matter form the basis of a stable soil structure.
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3.2 Future prospects

Our knowledge of soil minerals has been greatly influenced by the analytical
techniques that have been employed. X-ray diffraction, which was first employed
for soil minerals in about 1930, has been the predominant technique. Generally,
powder samples extracted from soils, often following various chemical pre-
treatments, and after size fractionation and drying, have been examined using this
and other techniques. In particular, organic matter and oxides associated with
minerals and also their Al-interlayers may be removed by pretreatments for
analyses. The possibility that the materials examined are artefacts of these
treatments has to be considered. Further, with <2 pm size fractions commonly
being examined, the results often give an average composition of many much
smaller particles. This enables generalizations about the bulk behaviour of
minerals. The advent of high resolution instruments, especially high resolution
transmission electron microscopes (TEM), provides the capacity to examine
minerals within undisturbed samples of soils and to discover their natural asso-
ciations. Future work will enhance our understanding of minerals and their
developments at the nanoscale.
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Soil phases: the organic solid phase
Claire Chenu

Organic matter is quantitatively a minor fraction of soil. It typically comprises 0.1
to 10% of the soil mass, and up to 40% in the case of Histosols. However, soil
organic matter is quantitatively very important at the scale of the planet. The
global soil carbon pool of 2500 Pg (1Pg=10"5g) includes about 1550 Pg of soil
organic carbon (SOC) and 950 Pg of soil inorganic carbon (SIC). The soil C pool
is 3.3 times the size of the atmospheric pool (760 Pg) and 4.5 times the size of the
biotic pool (560 Pg) (Lal, 2004). Hence, the soil C reservoir could be used to
control the composition of the atmosphere.

Despite its low relative concentrations in soil, organic matter has major qua-
litative importance because of its functions. Soil organic matter (SOM) con-
tributes to soil properties and functions. The major, and long-recognized role of
SOM is its contribution to soil chemical fertility. SOM is a reserve of nutrients
such as N, P, S, which are its constitutive elements and are released with
mineralization. Furthermore, SOM is charged and has a high cation exchange
capacity (60 to 400 cmol(+) kg™ '); it thereby retains nutrient cations such as K™,
Mg*", Ca*™, Fe™ ™ on its negative charges. Thus SOM ensures most of plant
nutrition in natural ecosystems as well as in organic farming and low input
cultivation systems. This role of SOM is less important in the case of intensive
cultivation systems relying on mineral fertilizers. In all soils SOM is the basis of
most soil biological activity, being the source of carbon and energy of hetero-
trophs, from micro-organisms to macrofauna, through food webs. SOM has a
major influence on soil physical quality by increasing the retention of water,
aggregating mineral particles and thus contributing to a favourable soil structure
and preventing soil erosion. This is an increasingly relevant topic, as the low
organic matter status of many cultivated soils around the world leads to serious
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problems of physical degradation and erosion. Soil organic matter also affects the
quality of other resources, such as water, air and crops. Soil organic matter has
major environmental roles because it retains organic pollutants, heavy metals and
radionuclides, thanks to its high chemical reactivity. As a consequence, fewer
pollutants tend to be transferred to water and to plants. SOM mineralization
releases CO,, methane and N-oxides, which affect the composition of the
atmosphere. Controlling soil organic matter contents in soils through land use and
agricultural practices may help in reducing the greenhouse effect and have a
crucial impact on the Earth’s climate. Soil organic matter is thus a major com-
ponent of soil quality and it has a central role in the functioning of terrestrial
ecosystems.

Although soil organic matter has been very early associated with soil fertility
and studied since the nineteenth century, there has been a renewed interest in it
during the last 20 years. The crucial need to optimize agroecosystems, maintain
soil quality and protect natural resources leads researchers to focus on soil
organic matter. New methods or combination of methods have been developed,
such as stable isotope tracing, nuclear magnetic resonance spectroscopy (NMR),
pyrolysis, electron microscopy, Fourier transform infrared spectroscopy (FTIR),
and these methods have enhanced the knowledge of SOM.

Soil organic matter has the following key characteristics:

(1) it is complex, being a mixture of a multitude of different components;

(2) it is closely associated with soil minerals;

(3) it turns over constantly, being renewed by inputs on the one hand and by losses
through mineralization on the other;

(4) it is very sensitive to soil management.

This chapter aims at presenting these characteristics, without covering them
comprehensively.

4.1 Soil organic matter complex composition

Soil organic matter composition depends on the composition of the inputs as well
as on the degree and pathways of transformation of these compounds. Given
the variety of the inputs (different plant or plant tissues, micro-organisms, fauna),
and the different stages of decomposition attained by them, soil organic matter is
an extremely complex mixture. The complexity of SOM has historically led
to attempts to subdivide it into several fractions by various approaches,
each approach providing a picture of SOM. Examples of the types and abundance
of fractions separated from SOM by different approaches are presented in
Fig. 4.1.
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Fig. 4.1. Soil organic matter complexity can be resolved by different
approaches of fractionation. The fractions and their relative amount (in % C)
are represented here for the A horizon of a Cambisol from a temperate area
(various sources).

4.1.1 Different approaches to characterize SOM components

Soil organic matter has early been described as a combination of easily recog-
nizable plant material undergoing decomposition and humus, a dark substance
associated with minerals and whose components were visually unidentifiable.
Most fractionation approaches have intended to resolve the complexity of humus.

(1) Biochemical fractionation. Classical biochemical fractions, such as lignin, carbohy-
drates and proteins, can be isolated from soil using biochemical methods. However,
various studies have shown that a large part of SOM is not identifiable by these
techniques. Two hypotheses may explain why: (a) there are soil organic molecules
which have a composition that is original, i.e. different from that of plant or
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microorganisms and (b) the association of SOM with minerals prevents its extraction
and further identification as biochemical entities. A compilation of various sources
is reported in Fig. 4.1, showing the relative abundance of biochemical fractions
in SOM.

(2) Humus chemistry. Humus has been chemically fractionated as early as in the
eighteenth century (Feller, 1997). The classical method to fractionate humus is first to
disperse humic colloids with a dilute alkali, e.g. sodium hydroxide, and then to
fractionate the extract by acidifying it, e.g. with HCI. Fulvic acids (FA) remain in
solution whereas humic acids (HA) are precipitated. Humin is a complex fraction,
neither soluble in alkali nor in acids, which is a mixture of identifiable biochemical
components and highly condensed molecules. All fractions can be further
fractionated, e.g. on the basis of the molecular weight of their constituents. An
example of the abundance of humic fractions is reported in Fig. 4.1. These
operationally defined chemical fractions have distinct chemical properties. Compared
with HA, FA have a larger O content, smaller C content, larger cation exchange
capacity and lower molecular weight (Stevenson, 1994). The relative amounts of
humic fractions have long been used as criteria for soil and humus classification.

(3) Physical fractionation. Efforts to separate SOM fractions corresponding to true
moieties in soil, without major chemical alteration due to extractants, have
successfully relied upon physical fractionation methods since the 1980s (Christensen,
1996). Particle size fractionation and density fractionation after adequate dispersion
of the soil release purely mineral fractions (as coarse or dense fractions), purely
organic fractions (particulate organic matter (POM), macro-organic matter or light
fraction), and organomineral fractions (silt and clay-size fractions). An example of
such fractionation is presented in Fig. 4.1. Different sizes of particulate organic
matter have distinct turnover rates in soils: e.g. Balesdent (1996) found that in some
cultivated temperate soils POM > 2 mm has a mean residence time (MRT) = 1 year,
POM 0.2-2 mm MRT = 3 years and POM 0.05-0.2 mm MRT= 10 years. The clay-
sized fraction is more heterogeneous in terms of mean residence time as it contains
stable carbon with MRT > centuries, as well as young C and N that turn over fast
(Balesdent, 1996).

It can be noted that all fractionation approaches end with a fraction that is
complex, often undefined and represents about half of the soil C: the unidentified
residue after applying biochemical methods, the humin with humus chemistry
and the clay-size fraction with particle size fractionation. The multifaceted
composition of soil organic matter is responsible for the variety of the fractio-
nation approaches. Other methods have been used, such as fractionating SOM
with respect to its location in the soil structure: inside or outside aggregates of
different sizes and stabilities. These approaches (e.g. Puget et al., 1995; Six et al.,
2000) have permitted a novel understanding of the relationships between soil
structure and soil organic matter dynamics, which will be described below.
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4.1.2 Major SOM components

Particulate organic matter (POM)

Decomposing plant debris can be separated from the soil matrix by either size
fractionation (as macro-organic matter >50 um or >200 um), density fractiona-
tion (as light fraction, e.g. <1.6 gcm ), or by a combination of size and density
fractionation (Christensen, 1996). An example of POM separated after dispersion
of soil, sieving, and flotation is given in Fig. 4.2. Particulate organic matter
represents typically 10-25% of the soil organic carbon (Gregorich et al., 1995).
Relatively fresh plant debris is usually easily separated from the soil matrix,
whereas more humified material becomes occluded in soil aggregates (Golchin et
al., 1998). Particulate organic matter is a fraction of soil organic matter which is
very sensitive to management, and is thus used as an early indicator of changes in
SOM status (Gregorich et al., 1995). In terms of functions, POM represents a
labile source of C and N usable by micro-organisms and fauna; thus, it is a
‘biologically active fraction’ and a short-term nutrients reservoir. POM has an
important role in soil aggregation, the particles being the nuclei for the formation
of soil aggregates (Golchin et al., 1998). POM also exhibits very high retention
rates of pesticides (Benoit et al., 2000) and heavy metals (Besnard et al., 2001),
which are ascribed either to the physicochemical reactivity of POM or to the
absorption of pollutants by micro-organisms attached to it.

Fig. 4.2. Scanning electron microscopy observation of particulate organic
matter separated from soil (Puget and Chenu, unpublished).
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Biota and biomolecules

Living organisms are an integral part of soil organic matter. Microbial biomass,
which can be measured by several methods, typically accounts for 1-3% and
2-6% of soil organic C and N, respectively. Microbial biomass is both an agent
for the transformation and cycling of nutrients and organic matter in soils and a
labile pool of organic matter itself. It is thus used as an indicator of N miner-
alization and as an early indicator for changes in soil organic matter status or soil
pollution (Gregorich et al., 1995). Living organisms such as roots, bacteria and
fungi exude biomolecules in soils. Among these, enzymes and polysaccharides
reveal particular functional importance, although such exudates represent only a
few % or a few %o of soil organic carbon. Extracellular polysaccharides play a
prominent role in soil aggregation by adsorbing to clay particles and bonding
them (Chenu, 1995; Baldock, 2001).

Soluble organic matter

A minor fraction of SOM is present as soluble molecules in soils. This fraction,
operationally separated as organic matter < 0.45um, typically accounts for
1-5% of SOC. Soluble OM compounds are either products of the decomposition
of plant residues and micro-organisms, or are exudates from micro-organisms and
roots. These are organic acids, phenols, carbohydrates, amino acids and proteins,
and fulvic acids. Soluble OM is a dynamic and functionally important fraction, as
it is available organic C and N for micro-organisms, contributes to mineral
weathering and podzolization, has an important reactivity towards heavy metals,
organic pollutants and mineral surfaces, and it is susceptible to leaching.

Humic substances

Humic substances comprise 60-80% of C of the humus. They are random
amorphous organic macromolecules formed by polyaromatic building blocks
bridged to each other by ester, ether and C links and carrying variable proportions
of carboxyl, hydroxyl, amine and other hydrophilic groups. The essence of humic
substances resides in the combination of extreme molecular diversity and pro-
nounced chemical reactivity. Their diversity is such that writing a molecular
structure has no meaning, because it is unlikely that there would exist two humic
molecules that are exactly the same (McCarthy, 2001). However, humic sub-
stances from different soils and land uses display remarkable uniformity in their
gross properties (Preston et al., 1994).

Although it is generally accepted that humic substances constitute a distinct
class of natural products that are different from biomolecules, this is still a subject
of debate (Burdon, 2001). The macromolecular character of humic substances is
also under question. Recent work suggests that humic substances are not large
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macromolecules but rather supramolecular associations of small molecules
derived from the biodegradation of dead biological material and which are bound
by weak chemical forces (Piccolo, 2002).

Their fractionation being based on their chemical properties, humic substances
are entities with distinct chemical and physicochemical properties. As such, they
are used in speciation models when dealing, for example, with the fate of heavy
metals in soils. However, humic chemistry has proven unable to separate frac-
tions which are kinetically distinct (Balesdent, 1996), or functionally distinct in
terms of their biological and physical properties. The relative abundance of the
different humic substances in soils has, thus, little practical value as an indicator
of soil organic matter functions.

4.2 Organomineral associations

One of the prominent features of soil organic matter is its association with minerals.
It is quantitatively very important: about 40-80% of soil carbon is present in the
clay-sized fraction of soils and cannot be separated from minerals (Christensen,
1996). Soil organic matter associations are essential because they affect both the
properties of the minerals and the dynamics of the organic moieties.

4.2.1 Definitions and composition

The term ‘organomineral association’ refers currently to different degrees of
interaction from loosely bound organic and mineral particles in a soil clod, to
tightly bound complexes (e.g. the adsorption of a protein to a smectite clay).
Organomineral associations cover a wide range of spatial scales from the deci-
metre (e.g. a soil ped) to the nanometre (e.g. the protein—clay complex already
cited).

Primary organomineral associations are associations of organic matter with
individual mineral particles, e.g. a smectite—protein complex or a humic coating
on a sand grain. The isolation of primary organomineral associations requires
complete soil dispersion. Secondary organomineral associations, namely aggre-
gates, are made by the grouping together of several particles and primary orga-
nomineral associations. Secondary organomineral associations are separated after
incomplete soil dispersion, for example by wet sieving. However, the distinction
between primary and secondary organomineral associations is difficult to estab-
lish when dealing with very small spatial scales; in fact, the observation of clay-
sized fractions in soil shows that many clay particles are microaggregates.
Several examples of primary and secondary organomineral associations are given
in Fig. 4.3.
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Fig. 4.3. Examples of primary and secondary organomineral associations in
soils (Chenu, unpublished). (a) Organic matter adsorbed to silt particles
(primary); (b) POM encrusted with minerals (secondary); (c) microaggregate of
amorphous organic matter and clay minerals (secondary); (d) polysaccharides
adsorbed to clay mineral (stained with black dots of silver) (primary); (e) clay
particles adhering to bacterial remnant (secondary).
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4.2.2 The formation of organomineral associations

At the molecular scale, physicochemical interactions are the rule. Organic com-
pounds can interact with mineral surfaces through a variety of mechanisms from
electrostatic and coordination bonds to weak hydrogen bonds and van der Waals
forces. The type of bond between organic and mineral moieties and the surface
areas engaged in the contact will determine the cohesion of the organomineral
association. These interactions may take place between soluble organic compounds
and minerals (adsorption), or between solid organic particles, such as bacteria or
POM and minerals (adhesion). Given their large surface area and their charge
density, clay minerals are particularly involved in organomineral interactions.

A conceptual model linking soil organic matter dynamics and the formation,
stabilization and destabilization of aggregates has been progressively developed
through the work of a number of researchers (Golchin, 1994; Puget et al., 1995;
Angers et al., 1997; Six et al., 2000). Schematically, fresh organic matter entering
soil is responsible for aggregate formation as it locally stimulates microbial
activity. Microbial binding agents are exuded and they impregnate and aggregate
the surrounding clay particles. Fungi directly enmesh the particles. As a result, the
plant fragments (POM) become encrusted in clay particles and new aggregates are
formed: POM become the nuclei for aggregation. As decomposition proceeds,
microbial activity diminishes and the newly formed aggregate eventually loses its
stability. With time the stabilization takes place first at a macroaggregate scale
(>200 pm) and then at a smaller one (Angers et al., 1997). External stresses, such
as tillage, affect the persistence of aggregates and the protection of SOM from
decomposition in microaggregates (Six et al., 2000).

4.2.3 Consequences of organomineral associations

The binding of organic matter to mineral particles directly affects the properties
of minerals such as their cation exchange capacity (Thompson et al., 1989) and
their wettability (Chenu et al., 2000). Water retention, porosity and interparticle
cohesion may also be increased (Chenu and Guérif, 1991; Emerson, 1995).

Furthermore, linkage to minerals decreases the biodegradation rate of organic
matter. The adsorption of organic molecules to mineral surfaces tends to reduce
their availability to micro-organisms (Scow and Johnson, 1997), a process termed
physicochemical or chemical protection. Organic matter in aggregates is pro-
tected from decomposition, a process that is named physical protection. The
entrapment of organic matter in microaggregates reduces their physical acces-
sibility to micro-organisms or restricts the availability of oxygen to microbial
decomposers (Baldock and Skjemstad, 2000).
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4.3 Soil organic matter dynamics
4.3.1 Quantification and conceptual description

Soil organic matter contents result from the dynamic equilibrium between the
inputs and outputs by mineralization and leaching. The turnover of an element in
soil organic matter is generally described by its mean residence time (MRT),
which is the average time the element resides in a given pool at steady state. Soil
organic matter transformations are generally assumed to follow first order
kinetics. In first order kinetics the rate of decomposition of organic matter is
proportional to its amount. Mean residence time is measured by different
approaches, including the modelling of C and N stocks and pools with first order
Kinetics, '*C dating and 13C natural abundance. Furthermore, tracer techniques
(**C, 13C, °N) have been used to measure the decay of organic material added to
soil (Coleman and Fry, 1991). The dynamics of C and N have received most
interest compared with those of P and S.

Mean residence times of bulk organic carbon in soil obtained by the different
methods range from a few decades to thousands of years and vary with climate,
soil type and land use (Six and Jastrow, 2002). Soil organic matter being very
heterogeneous, its dynamics are generally described using different pools, i.e.
different conceptual subsets of SOM, each characterized by a given MRT. For
example, the Rothamsted model considers five pools of soil organic carbon
(Jenkinson and Rayner, 1977): decomposable plant material (with a half-life of
two months), resistant plant material (half-life: 2.3 years), soil biomass (half-life:
1.7 years), physically stabilized organic matter (‘slow C’, half-life: 50 years), and
long-term chemically stabilized organic matter (‘inert pool’, half-life: about 2000
years). The correspondence between these kinetic pools with measurable SOM
fractions or functional pools is still very difficult to establish. One example is
given in Fig. 4.4. POM fractions have clearly distinct turnover; total POM can be
used as a surrogate to the resistant plant material in the Rothamsted model
(Balesdent, 1996). However, pools such as the slow pool and the inert pool,
which are crucial to predict long-term changes of C stocks in soil, have not yet
any clear correspondence with measurable fractions.

4.3.2 Factors affecting soil organic matter dynamics

Soil organic matter dynamics depend on the one hand on the rates of organic
matter input to soil (thus, on primary production) and the biochemical quality of
these inputs and, on the other hand, on the activity of microbial decomposers. The
latter is influenced by a variety of environmental factors, which will only be cited
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Fig. 4.4. Incorporation of new C4-derived carbon in C of different particle size
fractions from cultivated soils from temperate areas. Particulate organic matter
(POM) are labile fractions (>2000 pm) and slowly renewed ones (50-200 and
200-2000 um), whereas the fine-sized <50 pm fraction exhibits mean residence
times of 70 years.

here: climate (temperature, water availability), oxygen availability, soil miner-
alogy, soil pH and soil management (e.g. fertilization, tillage).

Future advances in soil organic matter dynamics concern mainly (a) the
coupling of different processes such as C, N and P dynamics, C and N dynamics
with water flow (Garnier et al., 2001), C dynamics with soil structure char-
acteristics (Plante and McGill, 2002; Six et al., 2002), and (b) the identification of
stable C (Falloon et al., 1998). One emerging hypothesis is that the explanation
for the stabilization of OC in soil does not arise from a single process, such as
chemical recalcitrance, physicochemical protection through adsorption, chemical
protection through interaction with metals or molecules, and physical protection
due to soil structure, but rather to a combination of these processes.
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Soil phases: the liquid phase
Randy A. Dahlgren

If one considers soil ‘the excited skin of the Earth’, then the soil solution is its
blood. Just as analysing blood chemistry can tell you much about the health of a
human, analysing soil solution can tell you much about soil quality and the
processes occurring in the soil ecosystem. Water plays a vital role as a trans-
porting agent and chemical solvent in soil processes and ecosystem functions. All
major pools and fluxes interact through the soil solution (Fig. 5.1) making it
dynamic and sensitive to changes occurring in the soil ecosystem. Major fluxes
are regulated by a combination of equilibrium (exchange and sorption reactions)
and kinetic (mineralization, chemical weathering, and kinetically constrained
mineral equilibria and redox reactions) processes that interact with hydrological
processes and nutrient cycling by vegetation and soil biota. Thus, examination of
soil solutions provides a means of elucidating the fate, behaviour and transport of
dissolved and colloidal constituents in the soil environment. Studies utilizing soil
solutions have been used to elucidate pedogenic processes, equilibrium and
kinetic factors, solute transport, soil fertility, nutrient cycling, and the fate and
transport of environmental contaminants (Wolt, 1994).

While studies of extracted soil solutions have been utilized since the 1860s, soil
solution chemistry did not emerge as a subdiscipline of soil chemistry until the late
1960s (Wolt, 1994). Early studies emphasized plant nutrient availability and
equilibria between solid and liquid phases to predict changes in mineralogy through
thermodynamic calculations. More recently, soil solution studies are commonly
used to understand in situ soil processes, effects of perturbations and rates of change
in soil properties. Soil solution dynamics reflect current biogeochemical processes
occurring in soil ecosystems. In contrast, interpretation of processes based on solid-
phase analyses is confounded because solid-phase properties integrate all soil
processes that have occurred to date in the development of the soil. Similarly, in
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Fig. 5.1. Elemental cycles consist of a series of interrelated processes occurring
within and between the atmosphere, hydrosphere, biosphere and geosphere. The
soil solution serves as the hub connecting all these interactions.

response to soil ecosystem perturbations, it is very difficult to measure small dif-
ferences in large elemental pools in the soil solid-phase, especially given the high
spatial variability that commonly exists in soils at the landscape scale. As a result,
soil solution studies often provide a more powerful and sensitive approach for
monitoring, assessing and interpreting soil processes and ecosystem perturbations
(Ugolini, 2005). While soil solution studies can be a powerful experimental
approach, several challenges exist with this approach, including collection of a
representative and chemically unaltered soil solution, spatial heterogeneity of soil
properties, dynamically changing hydrologic flowpaths (e.g. matrix versus pre-
ferential flowpaths), and difficulties in acquiring soil solutions at low moisture
contents.

The primary objective of this chapter is to provide a brief review of theory,
methodologies, and applications of soil solution techniques in the environmental
sciences, with a particular focus on pedogenesis. Comprehensive reviews dealing
with the subject matter of this chapter include Lindsay (1979), Sposito (1981),
Wolt (1994), and Snakin et al. (2001).
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5.1 The liquid phase of soils

Soil water is an important component facilitating interactions within and
between the atmosphere—biosphere—geosphere ecosystem components (Fig.
5.1). The soil solution is an aqueous solution composed of liquid water and
dissolved solids and gases. Dissolved solids include neutral and charged spe-
cies, and can be either complexed or non-complexed. The soil solution is
linked to the gaseous and numerous solid phases via the transport of energy and
matter: solid < liquid < gaseous. Because changes in the composition of the
soil solution depend on interactions with the solid and gaseous phases, one
cannot consider soil solution processes or composition in isolation from the
other soil components. Water plays many critical functions in the soil eco-
system including roles as a transporting agent, chemical solvent, readily
available nutrient pool, source of water for metabolic activities of soil biota
and vegetation, and as a factor affecting soil air composition and soil tem-
perature.

The variable amount of water contained within a soil and the energy state of
water in soil are important factors affecting availability of water for plants and
the flow of water through a soil. Numerous soil properties depend on water
content, such as consistency, plasticity, strength, compactibility, penetrability and
stickiness. Measurements of soil wetness (water content) commonly report the
fractional content of water in terms of either mass or volume ratios. Mass wetness
is defined as w = M, /M, where w is mass wetness, M,, is mass of water and M is
mass of dry soil defined as the mass of soil dried to equilibrium at 105 °C.
Volume wetness is defined as 8 = V,/V,, where 6 is volumetric water content, V.,
is volume of water and V; is total volume of the soil. The mass and volume water
contents are related to each other through the soil bulk density (Dy): 6 = @ X Dy,
(Mgm™>). The degree of saturation is expressed as the water volume present in
the soil relative to the total pore volume, s = V,,/V,, where s is the saturation
index, V,, is the volume of water and V, is the volume of pores (total porosity).
The relative humidity of soil air is expressed as the ratio of the vapour pressure of
the soil air to the saturation vapour pressure at the same temperature, RH = C/C,,
where RH is relative humidity of soil air, C is vapour pressure of soil air and C is
the saturation vapour pressure. Direct and indirect methods for measuring soil
moisture content include gravimetric (sampling and drying), neutron scattering,
gamma-ray absorption, and time-domain reflectometry (see Hillel, 1998, for a
rigorous review of these techniques).

The total soil-water potential (a measure of the relative energy level of soil
water) is affected by matric forces (responsible for adsorption and capillarity),
osmotic forces (water attraction to dissolved solids), and the force of gravity.
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Total soil-water potential can be expressed as:
V=W, +W¥n+¥,+...

where v, is the total potential, v/, is gravitational potential, v,,, is matric potential,
Y, is osmotic potential and the ellipsis signifies that additional terms are theo-
retically possible. In unsaturated conditions, matric and osmotic potentials are the
dominant energy components and the thermodynamic potential can be expressed
as ¥ = ¥m + ¥, = RTIn(RH)/M, where R, T, RH and M are the universal gas
constant, absolute temperature, relative humidity and molar mass of the water,
respectively. Soil-water potentials can be measured using techniques such as
tensiometers, electrical resistance blocks, thermocouple psychrometers, heat
dissipation, centrifugation, and pressure membrane equilibration (Hillel, 1998).
The energy level of water is strongly related to the soil moisture content
(Fig. 5.2). As the water content of the soil decreases, the remaining water is held
closer to soil surfaces and in smaller pore diameters, resulting in a stronger
attraction to soil particles. Because of the high surface area and dominance of
smaller pores in clay-rich soils, they hold more water at a given potential than
does a loamy or sandy soil. Similarly, at a given soil-moisture content, water is
held more strongly in the clay than in a loam or sand. The concentration of
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Fig. 5.2. Soil water potential curves for three representative mineral soils of
varying texture. The water content—matric potential curve for the clay is used to
illustrate the different terms for describing water in soils (GW, gravitational
water; CW, capillary water; HW, hygroscopic water; AW, plant-available water;
FC, field capacity; PWP, permanent wilting point). The shaded area depicting
field capacity and permanent wilting point indicates that these concepts occur
over a range of water potential values for contrasting soils.
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dissolved constituents also affects the energy level of water due to the attraction
of water molecules by solutes, thereby lowering the osmotic potential. The
osmotic potential of soil solution can be approximated through its relationship
with the electrical conductivity (EC) of soil solution:

w, (Jkg ') = —36 EC (dSm™!).

Soil water is often categorized into three fractions based on matric potential:
hygroscopic (adsorbed, ¥, < —3 MPa), capillary (¢, = —3 to —0.03 MPa), and
gravitational (¢, > —0.03 MPa) (Fig. 5.2).

While the potential values separating these categories of water are only
approximations and vary among soils, these boundaries assist in the qualitative
description of different forms of water in soils. The hygroscopic water is so
strongly adsorbed by soil surfaces that it is considered non-liquid (or non-solvent
water) and can move only in the vapour phase. Gravitational water is loosely held
in soil pores and moves due to the force of gravity. This water fraction is tem-
porary in nature (following periods of soil saturation), but very important in
transport of solutes and colloids within the soil profile, and from the soil to
surface and ground waters. Capillary water is retained in soil pores against the
force of gravity and is the most important source of water and nutrients for
vegetation and soil biota. Plant-available water holding capacity (water accessible
for plant utilization) is often considered to be the difference in water contents
between field capacity (between — 0.01 and — 0.03 MPa; water content following
free drainage of soil by gravity) and permanent wilting point (— 1.5 MPa; water
content at which plants cannot extract water fast enough to maintain their
metabolic processes) (Fig. 5.2). With respect to soil texture, plant-available water
holding capacity follows the general relationship: loam, silt loam, clay loam >
clay > sandy loam > sand.

The primary forms of water movement through soils are saturated flow,
unsaturated flow and vapour movement. Saturated hydraulic conductivities range
widely across the various textural classes: clay = 107> to 10~ cmh™ ', silt =
1072 to 107" emh™ !, sand = 1 to 400 cmh™'. Water conductivity decreases
sharply (4-5 orders of magnitude) as soil water content decreases from saturation
(¥m = 0 MPa) to the limits of plant available water (i, =~ — 1.5 MPa). Hydraulic
conductivity decreases because pores become empty and unavailable for water
transport as the soil dries. Vapour transport is generally negligible below the
upper few centimetres of soil. Low vapour movement within the soil profile
results from the low gradient in relative humidity (generally between 98 and
100%) and slow diffusion through the soil matrix.

The type of water flow through a soil can have a tremendous impact on the
chemical composition of soil solution. The chemical composition of capillary
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water can be quite heterogeneous at small spatial scales (within a soil horizon) as
a result of non-equilibrium processes, such as diffusion gradients resulting from
nutrient uptake or emissions by plants and soil biota. As soils dry, the water
transport slows appreciably, allowing kinetic-limited reactions greater time to
influence pore water chemistry. Large soil aggregates limit intra-aggregate water
penetration resulting in strong intra-aggregate diffusion gradients that greatly
alter solution chemistry. Similarly, gas transport into soil aggregates is often
limited, resulting in decreasing oxygen concentrations toward the centre of the
aggregate. As a result of changing redox conditions within an aggregate a gra-
dient in concentrations of redox-sensitive species may exist. Therefore, isolation
of soil solutions from such spatially heterogeneous systems provides only an
average condition (bulk soil condition) that might not accurately represent
parameters such as bioavailability, elemental activities or solute transport for a
given soil horizon, flowpath, or pore.

Due to the short relative residence times of gravitational waters and transport
along preferential flowpaths (root channels, biopores), these waters often have
considerably different chemical composition from associated capillary waters.
Layers of low hydraulic conductivity common in subsoil horizons (e.g. argillic
horizon, duripan) may also induce downslope lateral flow through more perme-
able surface horizons. Shifting hydrologic flowpaths can dramatically alter the
chemistry of surface waters at the catchment scale. For example, waters perco-
lating through the vadose zone (the unsaturated soil region above the permanent
water table) are often enriched in base cations and bicarbonate, while waters
originating as subsurface, lateral flows through the upper soil horizons are often
enriched in nutrients and dissolved organic carbon (DOC). Thus, to predict solute
transport at the catchment scale, it is not sufficient only to understand soil
solution composition at the soil horizon scale — one also has to determine
hydrologic flowpaths. Both soil solution chemistry and the hydrologic flowpaths
change dynamically during a storm event, making modelling of catchment-scale
chemical dynamics from pedon solution chemistry very difficult.

The interaction of dissolved chemicals in soil solution with chemicals asso-
ciated with the solid phase is a fundamental aspect of soil chemistry research
dealing with availability, mobility and distribution of chemicals in soil (Wolt,
1994). For example, soil solution composition proves to be the most directly
correlated soil index of bioavailability. However, it is a simplification to state that
the soluble nutrient concentrations fully dictate soil fertility because the soil
solution only contains a small portion of most plant-available nutrients. The
concentration (or activity) of a nutrient in soil solution is a measure of
the intensity factor. The source of soil solution nutrient replenishment is known as
the quantity factor and involves all solid-phase forms of the nutrient that are
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released to solution (primarily exchange and adsorbed forms). The replenishment
factor (nutrient buffering capacity) plays a decisive role in the sustainability of
plant nutrition.

5.2 Methods of soil solution characterization

Investigations examining soil solution chemistry involve two contrasting
approaches: isolating soil solutions for chemical analyses, or analysis of in situ
chemistry using electrochemical techniques (Snakin et al., 2001). Methods for
obtaining chemically unaltered soil solutions are fraught with problems. Two of
the most serious problems are separating a representative and chemically unal-
tered soil solution from the solid phase and obtaining sufficient solution volume
for analysis at low moisture contents. Laboratory methodologies for obtaining
soil solutions may be broadly defined as displacement techniques and include
column displacement (pressure or tension with or without a displacing solution),
centrifugation (with or without immiscible liquid), and saturation extracts (see
comprehensive reviews by Wolt, 1994 and Snakin et al., 2001). The intent of
these laboratory methods is to obtain a soil solution that is in quasi-equilibrium
with the soil solid-phase. Depending on methodology, these techniques are
capable of extracting capillary water held between field moisture content and
about ¥, = —1.8 MPa. The recovery of solution is highly dependent on soil
texture and can be estimated from soil moisture release curves and the applied
displacement pressure/tension.

Comparisons among the chemical composition of solutions obtained by dis-
placement methodologies show a potentially wide range of variability among
methods and a strong interaction with soil type (Dahlgren, 1993; Wolt, 1994;
Snakin et al., 2001). A comparison of five extraction techniques with three soil
types showed that solution pH varied from 0.5 to 3 units (Dahlgren, 1993).
Because pH is a master variable regulating the solubility and speciation of many
solutes, serious artefacts may result. Immiscible liquids are often used in asso-
ciation with some displacement techniques. These immiscible liquids (non-polar
solvents) can solubilize high concentrations of DOC that can subsequently par-
tition into the aqueous phase. DOC, like pH, plays an important role in regulating
soil solution composition through its role as an anion, metal chelator and pH
buffer. In soils with elevated pCO, and HCO; /CO3~ as major anions, simply
removing the solid phase from its soil environment drastically changes soil
solution chemistry due to degassing of CO, from samples before soil solution
extraction (Dahlgren et al., 1997b). Water extracts of soils have been widely used
to represent soil solution composition. The soil:solution ratio (commonly
saturated, 1:1 and 1:5) can strongly affect the chemical composition, especially
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in poorly buffered systems (low quantity/intensity factor ratio). In summary,
soil solutions are operationally defined by the method of soil solution
displacement and serious artefacts may result from some methodologies. Fur-
thermore, the interaction with soil type makes comparisons among contrasting
soils tenuous.

Field methods for sampling soil water are generally grouped under the cate-
gory of lysimetry (Wolt, 1994). These methodologies are characterized as (a)
monolith (collection from undisturbed soil block with a box built around the
block), (b) filled-in (collection from disturbed soil block placed in a column or
box), (c) tension (using a porous media and vacuum), and (d) zero-tension
(collection of gravitational water from trench). The in situ solutions collected by
these devices represent a mixture of low-tension waters (¢, ~ 0 to —0.03 MPa)
moving through the soil matrix and waters moving through preferential flowpaths
that bypass appreciable interaction with the soil matrix. Thus, the chemical
composition of waters collected by lysimetry will depend on antecedent condi-
tions (e.g. water content and degree of equilibration), hydraulic residence time,
and hydrologic flowpaths. As a result, these waters may not represent a quasi-
equilibrium with the solid phase, but rather a measure of the chemical transport
through the soil.

Nevertheless, lysimetry has several advantages with respect to laboratory
displacement methods in determining soil-forming processes, ecosystem pertur-
bations, and leaching of chemical constituents. Because lysimetry methods utilize
devices that are emplaced in the soil for a long period of time, it is possible to
obtain a long-term temporal record of chemical transport for a given volume of
soil, eliminating spatial variability as a factor. In contrast, laboratory methods
require destructive sampling of the soil and sampling of different soil masses
(susceptible to spatial variability) to acquire a temporal record. Continuous col-
lection of solutions by lysimeter results in a time-weighted or volume-weighted
chemical composition that means all temporal events are included in the resulting
chemistry. Laboratory methods provide only a snapshot of soil solution chemistry
for the instance in time that the sample was collected.

There are several potential limitations to lysimetry that must be addressed to
assure meaningful interpretation of soil chemical composition. Chemical
interactions with the sampling device (especially tension lysimeters) can cause
serious alterations to solution chemistry. While Teflon® samplers impart no
appreciable alterations, ceramic materials may leach several constituents while at
the same time adsorbing constituents such as DOC, pesticides and trace elements
(Wenzel et al., 1997). Leaching of contaminants can be partially overcome by
rigorous acid washing prior to installation, but adsorption requires long-term
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exposure in the soil environment to reach a quasi-equilibrium with dissolved
chemicals. Depending on construction, many types of lysimeters are susceptible
to CO, degassing once the solution is isolated from the soil mass. One result of
CO, degassing is an increase in solution pH that may change chemical speciation
and solubility (Suarez, 1987).

Soil disturbance associated with installation of lysimeters has been shown to
create artefacts such as increased nitrate leaching from disturbance-stimulated
mineralization/nitrification, for up to a year after installation. Spatial hetero-
geneity in soil properties makes it difficult to obtain a representative soil solution
sample due to the limited spatial extent of soil contributing to the sampler.
A large number of replicate samplers is necessary to ensure that one is capturing
the spatial variability at larger scales. Most lysimetric methods preferentially
sample gravitational water (low tension waters; ¥, = 0 to —0.03 MPa) and they
may miss the fraction associated with unsaturated flow. Similarly, lysimetry
methods are not effective in dry regions where soils remain unsaturated for the
majority of the time. While monolith and filled-in lysimetry techniques are
capable of measuring the water volume associated with the collected soil solu-
tions, tension and zero-tension lysimetry methods cannot accurately quantify
water flow volumes.

Given the limitations to isolating a chemically unaltered soil solution from the
solid phase, much research has been directed at using electrochemical techniques
for studying soil in its undisturbed natural state (reviewed by Snakin et al., 2001).
Commercially available electrodes are able to measure activities of H", Na*, K™,
NH, ", Ca®>", NO;~ and Cl™, as well as redox status (Eh) in the liquid phase
of soils. Coupling these ion selective electrodes with a microprocessor theoreti-
cally allows collection of long-term continuous data. While there are several
advantages associated with these electrochemical techniques, the technology
associated with many applications requires further development for reliable
field application. Temperature compensation, changing moisture conditions,
electrode specificity and interferences, electrode sensitivity, electrode poisoning,
and long-term stable calibration are some issues that require further investigation.
The micro-heterogeneity of soils is also an issue with electrochemical techniques
as they tend to measure only a small volume of soil. As with lysimetry, a large
number of electrodes would be required to adequately characterize the larger
soil mass. In addition, there remain some theoretical considerations associated
with the notions of separate ion activities and the possibility of distortion
induced by the charged suspended particles and the gas phase while carrying
out measurements in suspensions of soils (‘the suspension effect’; Snakin et al.,
2001).
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5.3 Application of soil solution studies to pedogenesis
5.3.1 Deciphering mechanisms of soil formation

The collection, analysis and interpretation of soil solution chemistry can be a
powerful approach for deciphering pedogenic processes and ecosystem dis-
turbance. As an example, Ugolini and co-workers (Ugolini and Dahlgren, 1987;
Ugolini et al., 1988) used lysimetry to examine the soil-forming processes of
podzolization and andosolization in young volcanic soils where allophane and
imogolite dominated in B horizons. It is often difficult to distinguish between
podzolization and andosolization during the earlier stages of soil formation. In
particular, the controversy surrounding the origin of allophane/imogolite in
Spodosol and Andisol B horizons (translocation of proto-imogolite sols versus
in situ formation) was addressed.

Soil solution studies clearly demonstrated the existence of two chemical
weathering compartments in the soil profile of Spodosols. The upper compart-
ment (O, E, and Bhs horizons) is dominated by organic acids consisting primarily
of fulvic acids with low concentrations of low-molecular-weight organic acids
(Fig. 5.3). The pH is depressed (pH <4.5) by organic acids which restrict the
dissociation of carbonic acid (pK, = 6.3). The low pH coupled with the metal
complexing properties of fulvic acids create an intense weathering environment
in which iron and aluminium released by weathering are rendered largely una-
vailable for mineral synthesis due to complexation by organic acids. Dissolved Al
and Fe are transported through the upper profile primarily as metal-organo
complexes until they become immobilized at the Bhs/Bs horizon boundary by
adsorption/precipitation reactions. Removal of organic acids at the Bhs/Bs
boundary results in an increase in the pH (pH >5) of the solution entering the
lower chemical weathering compartment.

In the lower weathering compartment, consisting of the Bs, BC and C hor-
izons, carbonic acid becomes the dominant proton donor. The carbonic acid
weathering regime is conducive to formation of allophane/imogolite because it is
characterized by non-Al-complexing inorganic proton donors, low concentrations
of complexing organics, and pH values greater than 5, which favour Al hydrolysis
and polymerization. Soil solutions are generally unsaturated with respect to
common soil minerals in the organic acid weathering compartment (E and Bhs
horizon; Fig. 5.4).

These data indicate that imogolite is highly undersaturated in the organic acid
weathering compartment. Thus, proto-imogolite sols would not be expected to
form in these horizons, arguing against the possibility that they could participate
in transport of Al to the lower soil horizons. In contrast, soil solutions approached
or exceeded mineral saturated indices for these minerals in the carbonic acid
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Fig. 5.3. Soil solution signatures for major constituents active in podzolization
and andosolization. Data represent solutions exiting the Al, A2, A3, Bwl and
Bw?2 horizons of an Andisol, and Oa, E, Bhs, Bs1 and C horizons of a Spodosol,
respectively.

weathering compartment. This suggests that conditions for imogolite formation
were favourable within the carbonic acid weathering compartment. Thus, it was
concluded that imogolite in the lower B horizons formed via in sifu weathering
rather than by translocation of proto-imogolite sols from the upper soil horizons.
Further soil solution investigations suggested a simultaneous equilibrium
between dissolved AI*" from hydroxy-Al interlayers < imogolite < Al-humus
complexes < exchangeable AI*" (Dahlgren et al., 2004). Because of the rapid
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Fig. 5.4. Saturation indices of selected soil minerals calculated for solution
exiting the soil horizons of a Spodosol. Positive, negative and zero values
suggest that a solution is oversaturated, undersaturated or in equilibrium,
respectively, with the mineral phase of interest.

release/retention associated with exchangeable A>T and Al-humus complexes,
apparent equilibrium occurs quickly in the lower B horizons. The hydroxy-Al
interlayers are believed to provide the ultimate control of Al activities while
imogolite regulates H,Si0,4 activities through its equilibrium with hydroxy-Al
interlayers.

In contrast to podzolization, andosolization is characterized by an accumula-
tion of Fe, Al and DOC in A horizons with little translocation of these compo-
nents into B horizons (Fig. 5.3). The lack of appreciable organic acids results in
higher pH values (pH > 5) throughout the entire soil profile. Again, origin of
allophane/imogolite in B horizons is the result of in situ weathering rather than
translocation from the upper soil horizons.

5.3.2 Identifying sources of soil acidity and nutrient leaching

The origin of small (<10 ha) patches of extremely acidic soils (pH < 4.5) in the
Klamath Mountains of northern California remained a mystery for many years
(Dahlgren, 1994). These acidic regions were devoid of coniferous vegetation,
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Fig. 5.5. Soil solution chemistry collected by centrifugation from strongly
acidic soils devoid of coniferous vegetation. The width of each compartment is
in proportion to the ion’s charge contribution. Non-labile aluminium is primarily
organic complexes while labile aluminium is primarily AI** and its inorganic
complexes with F~ and SO4>".

although surrounded by healthy coniferous forest. The source of the extreme
acidity was revealed by analysis of soil solutions collected by centrifugation. Soil
solutions showed that anions were dominated by NO3~ (>87%) and cations by
H" and AI’" (Fig. 5.5). Extracted soil solutions had a pH ranging between 3.4
and 3.5. This soil solution signature indicates that soil acidity was largely derived
from nitric acid and that organic acids (as estimated from the anion charge deficit)
were only a minor contributor. The consequent acidity mobilizes potentially toxic
levels of A’ and causes intense leaching of nutrient cations (e.g. Ca*", Mg*",
K™). Having identified nitric acid as the source of the extreme soil acidity, the
solid phase was examined to determine the origin of the nitrogen. The source of
nitrogen was attributed to the mica schist parent material that contains 2700 mg N
kg ' rock, believed to be in the form of NH,-substituted mica. Upon nitrification
of NH, ™, nitric acid was produced resulting in soil acidification, solubilization of
AI’" and base cation leaching with NO; ™.

5.3.3 Ecosystem perturbations

Soil solution studies have been used to follow the response of soil ecosystems to
perturbations, such as volcanic ash deposition, forest clear-cutting and acidic
deposition. Here we provide an example of volcanic ash deposition from the 1980
eruption of Mt St Helens on a subalpine forest ecosystem in the Cascade Range of
western Washington, USA. Soil solution composition provided an instantaneous
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Fig. 5.6. Soil solution charge balance for soils receiving 15 cm of Mt St Helens
ash and controls receiving no ash. Soil solutions represent the first month of
leaching after addition of fresh ash to the surface of a Spodosol. The width of
each compartment is in proportion to the ion’s charge contribution. The anion
deficit was assumed to be the contribution of dissociated organic ligands.

record of the response of soil processes to the added volcanic ash (Dahlgren and
Ugolini, 1989b).

Soluble salts, composed of basic cations (Ca*" ~ Na* > Mg®" > K") and
strong acid anions (SO~ > CI7), were initially leached from the ash layer (Fig.
5.6). Base cations in the leachate displaced H" and AI’" from the exchange sites
in the upper soil horizons of the buried soil, resulting in extremely acidic (pH <
4) solutions entering the B horizons. Protons were neutralized in the B horizons
by protonation of variable charge colloids, sulphate sorption and Al dissolution.
The high anion sorption by non-crystalline materials in the B horizons resulted in
virtually no losses of sulphate from the C horizon. The enhanced H™ and AI*"
concentrations returned to ambient levels about six months after volcanic ash
addition.

Following leaching of the neutral salts from the ash, the majority of the base
cations released from the ash were retained on cation exchange sites in the buried
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organic horizons as the HCO;5 anion was lost to protonation (HCO;~ + H' =
H,CO3) (Fig. 5.7). Thus, release of nutrients from intermittent air-fall tephra
additions provides an important source of slowly available nutrients that helps to
sustain forest productivity in these strongly acidic soils.

5.3.4 Weathering rates

The initial stages of chemical weathering in air-fall tephra deposits were exam-
ined by quantifying elemental fluxes from the tephra layer over a four-year
period. The primary proton donor in the fresh tephra layer was carbonic acid.
Solutions leached from the tephra layer indicated incongruent dissolution
resulting in formation of a cation-depleted, silica-rich leached layer on the glass
and mineral surfaces. Products of incongruent dissolution reactions consist of
both dissolved species and an altered solid phase. Due to the near neutral pH
values and low concentrations of complexing organic ligands, aluminium and
iron were relatively insoluble and accumulated in the tephra layer rather than
being leached. Field weathering rates, calculated as yearly averages, ranged
between 107! and 107! mol cm ™2 s™! for sodium, calcium and silicon. While
these rates are 1-3 orders of magnitude less than those determined for glass and
plagioclase minerals in laboratory dissolution experiments, they are remarkably
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Fig. 5.7. Schematic representation of the CO,-H,CO;-HCO;~ weathering/
transport cycle occurring between the ash layer at the surface of the soil and the
buried organic soil layer. From Dahlgren ef al. (1999), with permission.
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high given that soil temperatures were near 0 °C for nearly six months of the year
when a snowpack persists.

The majority of the carbonic acid in the tephra layer originates from upward
transport of CO, from the organic-rich soil horizons (~15 cm of O horizon) of the
buried soil. Elevated concentrations of CO, beneath the tephra layer originate
from biological respiration (e.g. roots and micro-organisms) and from protonation
of HCO3™ leaching from the overlying tephra layer. Cations released by
weathering in the tephra layer (pH =~ 6—7) leach downward with bicarbonate to
the acidic organic horizons (pH ~ 4) where H,COj; re-equilibrates with the high
pCO;, (Fig. 5.7). At pH 4, H,CO5 decomposes to CO, and H,O and the gaseous
CO, diffuses upwards to take part in another cycle of weathering and transport.
This example of weathering in air-fall tephra deposits demonstrates a unique
weathering pathway in which the buried organic-rich soil pumps protons upward
to the tephra layer, which acts as an alkaline trap for CO,. Thus, the overall
process of tephra weathering appears to be controlled to a large extent by solute/
gas transport of the carbonate system (CO,-H,CO3;-HCO3™).

5.3.5 Vegetation effects

The influence of oak trees on soil quality and fertility was examined in oak
woodlands of northern California using soil solution chemistry. In California oak
woodlands, scattered trees create a mosaic of open grasslands and oak/under-
storey plant communities. We compared soil solution composition beneath the
oak canopy with adjacent grassland soils not influenced by the oak canopy, and
changes in soil solution composition in the year following removal of oak trees.
Oak trees were shown to create islands of enhanced soil quality and fertility
beneath their canopies (Dahlgren ef al., 1997c). Concentrations of plant nutrients,
such as potassium, nitrate and phosphate, were much higher in soil solutions
beneath the oak canopy compared with grassland soils (Fig. 5.8).

In contrast, the non-essential nutrient, sodium, displayed similar concentra-
tions for oak canopy and grassland soils indicating that nutrient cycling by oak
trees was an important factor enhancing soluble nutrient concentrations
beneath the oak canopy. Increased cycling of base cations by oak trees resulted in
higher base saturation and pH (0.5 to 1 unit) in soils beneath the oak canopy. The
ability of the oaks to create islands of enhanced soil quality and fertility results
primarily from additions of organic matter and nutrient cycling. Oak tree removal
resulted in an immediate shift in soluble nutrient concentrations towards that of
the grassland soils (Fig. 5.8). These data indicate that islands of soil fertility
quickly revert to nutrient conditions similar to grassland soils following tree
removal.
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Fig. 5.8. Concentrations (means = standard deviation) for selected constituents
from precipitation (PPT), canopy throughfall (TF) and soil solutions from A, AB
and Bt horizons in a California oak woodland. Soil solutions were collected from
soils beneath the oak canopy, from adjacent grasslands, and from sites where
oaks were removed in the year before collection.

5.4 Conclusions

Water plays many critical functions in the soil ecosystem including roles as a
transporting agent, chemical solvent, readily available nutrient pool, and as a
source of water for metabolic activities of soil biota and vegetation. The soil
solution is an aqueous solution composed of liquid water and dissolved solids and
gases. Because changes in the composition of the soil solution depend on
interactions with the solid and gaseous phases, the soil solution is dynamic and
sensitive to changes occurring in the soil ecosystem.

The examples provided in this chapter demonstrate a few applications of soil
solution studies to pedogenesis. While care must be taken in interpretation of soil
solution chemistry within the context of methodological limitations, this
approach does provide a potentially powerful tool for distinguishing current soil
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processes and soil ecosystem response to disturbance. Future technologies in
electrochemical techniques may further enhance our understanding of soil pro-
cesses by providing a technique that offers a more sensitive temporal analysis
while at the same time minimizing artefacts associated with collection of soil
solutions. Long-term monitoring of soil solution chemistry may provide a sen-
sitive method for detecting ecosystem response to gradual shifts in environmental
forcing factors, such as acidic deposition or global climate change.
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Soil phases: the gaseous phase
Andrey V. Smagin

Soil acts as a global source, sink and reservoir of gaseous substances contributing
to the control of the composition of the atmosphere and affecting the climate
conditions of the planet. Despite the importance of the soil gas phase, the study of
the processes of production, consumption, and transport of gases in soils still
suffers from many uncertainties, particularly methods of measurement. Most
frequently, soil gases are monitored as fluxes, or net gas flows at the surface, from
which the soil capacity to adsorb or release some gaseous substances is assessed.
Surface flux measurements ignore the processes that operate in the soil, and thus
many questions remain regarding the mechanisms controlling the fluxes. Another
shortcoming is that often the gaseous phase of soil is studied separately from the
liquid and solid phases, resulting in serious errors in quantitative evaluation of the
soil’s capacity to produce, absorb, release and accumulate gaseous substances.
The problem concerning the mechanisms and forms of gas transport in such a
complicated porous medium also remains open and this restrains the modelling of
the gaseous phase dynamics, its vertical and lateral distribution in different types
of soils. The spatial and temporal irregularities in gas dynamics require changes
to the standard approach of the field studies being carried out only in warm
vegetated seasons. Some of these problems will be discussed in this chapter as
related to quantitative analyses of the gaseous phase composition and its state in
the soil.

6.1 Gaseous components of soil

Soil atmosphere is a mixture of gases and vapours, filling water-free pore space
and interacting with soil liquid and solid phases. The composition of the soil
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gaseous phase is very dynamic and diverse, containing both natural components
and pollutants. Inorganic gases (N5, O,, CO,, etc.), vapours (H,O, NHy4, etc.), and
volatile organic components (carbohydrates, organic acids, alcohols, oils, pesti-
cides, etc.) are commonly present. Some of these components are relatively well
known and studied, but a large fraction of the gaseous compounds remains poorly
investigated and their role and behaviour in the soil is unclear. In particular, trace
gases and vapours, which have concentrations in the soil air of 10-100 ppm
(parts per million), are particularly poorly studied. However, modern techniques
such as gas chromatography and infrared spectroscopy allow solutions to this
problem (Smagin, 2003). For example, high-performance gas chromatography
on capillary columns enabled the identification of more than 50 natural volatile
organic compounds, such as butane, propane, pentane, octane, their chlorine and
methyl derivatives, cyclohexane, methanol, ethanol, higher alcohols, isoprene,
benzene, etc. (Fukui and Doskey, 1996). These gaseous components are first of all
the products of soil metabolism, but some of them supposedly carry out the func-
tions of regulation and signals (information transfer) in the soil as a bio-inert
system. In this case a study of the natural volatile organic compounds will be one of
the more important tasks in future for soil science, since it enables understanding
of complicated mechanisms of the soil and ecosystem organization and
management.

Analysis of the soil atmosphere (X) expresses the amount of the gas of interest
(V) as aratio to the sampled volume (V)): X% = 100V,/V,, (0.01% = 100 ppm).
However, because the gaseous phase volume strongly depends on the atmo-
spheric pressure (P) and temperature (7), it is more accurate to report the mass
concentration of the gas:

Ce (g m ) = X% PM/(100RT) (6.1)

where P is the atmospheric pressure (Pa), M is the molar mass (g m73), R is the
universal gas constant (8.31 J mol ! K_l), T is the absolute temperature (K).

For example 1% CO, under normal atmospheric pressure (101.3 kPa) and
20 °C (293 K), according to Eq. (6.1), gives:

Cy=1-101.3-1000 - 44/(100 - 8.31 - 293) = 183 gm .

For vapour, which has a critical content or saturated concentration (Cgo), it is
convenient to use a relative concentration (Cg/CgO). For example, the relative
humidity of water (RH = Cg/CgO) theoretically varies from O to 1.

A variety of methods have been developed to sample the gaseous phase of soil.
The simplest way is direct probe sampling using thin tubes or needles placed at
different depths of the soil and samples collected by vacuum pump or syringe.
More complicated techniques require the application of stationary sample devices
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(chambers). The membrane diffusion technique is based on the capacity of
polymeric membranes to pass air and dissolved gaseous components into an
isolated chamber. Alternative techniques convenient for wetlands have super-
seded probe sampling. In these techniques, a small chamber is filled with an inert
gas or atmospheric air and is then placed in wet soil until the concentrations of
gases within the encapsulated chamber space (air bell) and outer soil air reach
equilibrium. Then the gases are collected from the chamber, and the chamber is
filled by a new aliquot of inert gas.

Biophysical and biochemical processes of gas production, consumption and
mass-transfer in the soil determine the composition of the soil gaseous phase. Due
to intensive biological activity, the composition of air in soil differs strongly from
that of the atmosphere. Dry atmospheric air consists of 78.1% N,, 20.9% O,,
0.95% Ar, and 0.07% other gases, including 0.036% CO,. The variation in N,
and Ar contents in soil air is relatively small (77-82% for the sum of these gases),
however the concentrations of CO, and O, can vary from 0.03% to 20% for CO,
and 0.05% to 20.5% for O,. Typical gas profiles for different soils and wet porous
media are shown in Fig. 6.1. The content of C-gases (CO, + CH,) regularly
increases with depth and reaches maximum values (4—6%, up to 12%) at depths
of 30—80 cm in hydromorphic soils (Smagin et al., 2000). In contrast, O, shows
maximum concentrations in topsoil layers since the atmospheric air is the source
of this gas. The concentration of O, gradually decreases with depth to levels of
15-18% in well-drained soils and 3-6% in wetlands. The relative humidity (RH)
or water vapour concentration in the soil is mostly near 1, and only in dry arid
soils do RH values reach 0.7-0.5 or less.

6.2 Sources, sinks and transport of gases in the soil

Consumption and generation of gases are controlled by the biological activity of
soil as well as by abiotic physicochemical processes. Among abiotic processes
dissolution and sorption strongly influence the state of gaseous components in the
soil. The simplest equilibrated thermodynamic approach allows estimation of the
distribution of gas between liquid, soil and gaseous phases by the following
models:

Ci = a,C, (6.2a)

Cs = Ky Gy (6.2b)

where: Cg ) (g m ) are the concentrations of the gases in the corresponding
phases, a, the specific solubility, K, the Henry’s constant of gases sorption, which
usually varies from 1 to 5 in mineral dry soils and reaches 10-60 in organic
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Fig. 6.1. Measurement of gases distribution in different soils: (1) CO, dynamics
in soddy-alluvial soil (Moscow region, in 2000); (2) average profiles of CO,
in sandy forest soddy-podzolic soil of the Moscow region (a — winter 1990, b —
summer 1989), and in loamy arable soddy-podzolic soil (¢ — summer 1997); (3—6)
average profiles of various gases in Bakcharsky bog (West Siberia, in 2000).

samples such as humus and peat. Some of the gases are dissolved in the water in
appreciable amounts (SO,, NH3, H,S, Cl,, CO,), but most of them have a
small solubility (O,, N,, CHy, CO, NO, H,). The solubility of many gases in
deionised water is well known and easy to obtain from specialized handbooks as
a function of temperature. Solubility of gases strongly depends on the compo-
sition of the soil liquid phase. For CO, the dependence of solubility on pH of the

water is:
as = a(1 + K, /10PH 1K, K, /107 PH) (6.3)

where a, is the tabulated solubility (in deionised water), K; and K, are the
tabulated constants of dissociation of carbonic acid at first (HCO3; ) and second
(CO;™) stages in deionised water. According to this equation, the specific
solubility of CO, in acid soils (pH = 5) is the same as the tabulated value, but for
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alkaline soils (pH = 8-9) g, exceeds a, many times. For example, the solubility of
CO; in deionised water (pH = 6.5 at 20 °C) is 0.88, while it is 38 for pH = 8
{a, = 0.88(140.42-107%10° +0.42-107°-0.40-10'%10'%) = 37.99}.
Therefore, at pH = 8 and under equilibrated conditions the CO, concentration in
the liquid phase is approximately 38 times higher than in the gaseous phase.

The application of the equations (6.2) and (6.3) is possible if the time of
establishment of the interphases equilibrium is relatively small as compared with
the dynamics of gases in soil. Otherwise, more complicated models of gases
dissolution and sorption should be applied. An analytical solution of these models
takes the form:

C(t) = Ce + (Co — Ce)exp(—kt) (6.4)

where: C(¢) is a variable from time concentration of the gases at liquid or solid
phases, C, its equilibrated value, which is given by Eq. (6.2), k a kinetic constant.
Experimental evaluation shows that k in separated liquid phase as well as in wet
soils varies from 0.15 to 0.35 h™'. In dry porous medium the value k ranges from
2-5 h™' (mineral soils) to 10 h™' (peat). For example, it may be necessary
to estimate how much CO, will be dissolved into the fresh rainwater (pH = 6.5,
Co = 0.03% = 0.54 g m ), which has penetrated the soil during 2 hours, if the
concentration of CO, in the soil airis C; =20 g m ™, temperature is 15 °C, and
kinetic constant is k = 0.2 h~!. From equations (6.2) and (6.3) it is easy to
calculate the specific solubility (as) and after that to obtain the equilibrated
concentration of CO, in the soil solution: C. = a,C; = 44.2 ¢ m >, Then
the current concentration of CO, in the soil solution can be evaluated by Eq. (6.4)
as: C(f) = 44.2 4+ (0.54-44.2) exp(—0.2%¥2) = 149 g m . This is only a third of
the value at the equilibrium (44.2 ¢ m ) obtained by Eq. (6.2).

The complete description of gas interactions in wet porous medium is based on
a combination of the kinetic model of dissolution of gases with sorption on solid
particles following mass-transfer through the water films (McCoy and Rolston,
1992).

6.2.1 Biological consumption and generation of gaseous components

Biological consumption and generation of gaseous components of soil generally
predominate over physical (sorption, condensation and dissolution) and physi-
cochemical (chemisorption and reactions in the bulk) mechanisms; in fact, soil
sterilization results in an abrupt decrease in gas exchange by the medium.
However, neglecting abiotic processes results in serious errors in the inter-
pretation of experimental data about the soil capacity to adsorb, accumulate and
emit gaseous substances.



80 Andrey V. Smagin

In the case of the laboratory experiment, the specific rate of gas emission (U) is
calculated from the net change of concentration (AC,) in the vessel airspace:

U= ACy/(At - my) (6.5)

where my is the weight of dry soil. The gas produced from the sample during the
incubation is partly dissolved in the soil moisture and adsorbed by the solid
phase. Therefore, the real emission rate (U™") is higher than the gas increment
measured. On the contrary, in field experiments, the CO, production may be
overestimated, because a part of the gas adsorbed and dissolved in the soil passes
into the airspace of the vessel. The discrepancies with the real emission rate can
be considerable in both cases (Table 6.1). In the laboratory, the correction is
made experimentally upon degassing (desorption) of the sample by rapid heating
by microwave or by evacuation.

The biological consumption and production of gases are strongly controlled by
such thermodynamic factors as temperature (7) and water content (W) of the soil.
It is intuitive that the highest exchanges (U.x) occur at the optimal temperature
and moisture for biological activity (usually T, ~ 25-30 °C and W, =~ 0.6-0.8
W,, where W, is the water content at saturation). For organic matter decom-
position and CO, emission the following equations are suggested:

Ur,w) =J1) - fow) - Umax,

fiy =010 fwy = (W/Wan) L1 = W) /(1 = Win)}P (6.6)

where W, = a/(a+Db) is the moisture at maximum biological activity (Up.y), a, b
are empirical constants, Q¢ =~ 2 is the temperature coefficient, definable as the
change in the rate of a process as a result of increasing the temperature by 10 °C.

The models of biogenic production and consumption of the gases must thus
include biophysical and biochemical kinetic mechanisms, like the simple linear
kinetic models or the non-linear Michaelis—Menten’s dependency of microbial
growth and rate of fermentative reactions with the substrate concentrations
(Cho et al., 1997; Kruse et al., 1996; Rudolf et al., 1996). Another approach is
through the application of kinetic models of organic matter transformation in
the soil in order to forecast emission of gases. For example, the kinetic constant
of carbon decomposition in peat compost is k = 0.5 y~' and the initial store of
organic carbon is Co= 5 kg m 2. Here, using a well-known linear model
for organic matter decay in the soil (C(f) = C, exp(—kt)), one could estimate
annual emission of CO, from the soil as (Cy— C(¢))44/12 = (5-5-exp(-0.5-1))44/
12 =7.2 kg CO, m~? y_1 (44 and 12 are the molar masses of CO, and carbon,
respectively). Note that the value obtained exceeds the contribution of automo-
bile exhaust to total CO, emission in urban areas (that is 10° tonnes per 10° ha, or
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Table 6.1. Emission of CO, measured (U) and real (U™") in four soils of the Moscow

region, Russia (in mg kg™ " h™")

Layer (cm) U U
Soddy-podzolic forest soil (laboratory experiment)

0-10 1.30 + 0.28 221 £0.43
10-20 0.57 £ 0.17 0.86 £+ 0.25
20-30 0.31 £ 0.05 0.49 £ 0.08
30-40 0.27 + 0.05 0.35 + 0.05
40-50 0.23 £ 0.09 0.31 £ 0.11
Soddy-podzolic arable soil (field experiment)

0-10 3.12 + 0.59 235 +£0.55
10-20 1.33 £ 041 0.61 £ 0.21
20-40 1.27 £ 0.22 0.52 £ 0.16
40-60 0.41 + 0.07 0.20 + 0.03
60-100 0.20 £ 0.04 0.15 £ 0.04
Alluvial-bog silty-peat-gley forest soil (field experiment)

0-10 32.33 £+ 8.93 8.30 £ 2.39
10-20 30.04 £9.12 395 £1.20
20-40 2421 £ 6.57 379 £ 1.25
40-60 14.13 £+ 4.28 3.57 £ 1.02
60-100 9.51 £ 2.87 1.32 + 0.41
Eutrophic humus-peat arable soil (laboratory experiment)

Surface 4.8 +0.37 10.6 + 0.49
0-5 1.06 + 0.15 4.86 £ 1.15
5-10 226 = 0.15 7.00 = 0.25
10-20 1.31 + 0.06 3.68 + 0.35
20-30 1.46 + 0.37 4.13 £ 0.68
40-50 0.56 + 0.38 246 + 0.73
60-70 0.17 £ 0.05 0.63 £ 0.35

Source: Smagin (2000).

0.1 kg m~2 in Moscow) by approximately 70 times! More complicated non-linear
models of organic matter dynamics and gases production in bio-inert systems
with vibrations and trigger regimes provide more plausible data (Smagin, 1994,
1999).

6.2.2 Transport of gases and vapours in the soil

The problem of mass transfer of gases in soil remains open. Conventional con-
cepts assign the major role of gas transport to molecular mechanisms, in parti-
cular isothermal diffusion, a mass transfer proportional to a concentration
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gradient (dC/dz):
g = —DdC/dz (6.7)

where ¢ is the gas flux and D the diffusion coefficient. This coefficient or its
dimensionless analogue — relative gas diffusivity (D/Dg) — depends on air-filled
porosity (e,). Linear, polynomials, or exponential models are used for approx-
imating this dependence (Campbell, 1985). The simplest Penman equation for
macroporous media has the form D/Dy = 0.66¢,. The diffusion coefficient of gas-
eous components in the atmosphere (D) is on the order of 10> m*s ™' (1.77, 1.39,
and 2.13-10° m? s~ for 0O,, CO,, and H,0 under standard conditions 7= 273 K,
P = 101.3 kPa) and may be corrected with temperature and air pressure: Dy =
Dy’ (T/273)"(101.3/P), n = 2 for O, H>0, and 1.75 for CO, (Campbell, 1985). In
water the gas diffusion strongly decreases (D, = 2-10~° m? s~ for O, and CO,) and
water-saturated soil layers are considered to show gas mass transfer near zero
(Campbell, 1985). However, experiments show that in some water-saturated soils
(e, — 0), the diffusion coefficient can be 3—10 times higher than in the pure water
probably because of the surface diffusion.

Temperature gradients in the soil (d7/dz) lead to a combined thermodiffusion
molecular mass transfer:

g=-D-dC/dz—D-ky - (dT/d2)/T (6.8)

where kt is a thermodiffusion constant proportional to gas concentration. Theore-
tically, the contribution of the temperature gradient is lower than that of the con-
centration gradient, and can be neglected for gas mass transfer in soils, except for
gases that have low gradients (dC/dz — 0) near the soil surface (N,, O,) and for water
vapour, where the thermodiffusion can be 3—4 times higher than the simple diffusion
flux if the temperature and concentration gradients are co-directional. Other reasons
for enhanced thermal diffusion can be the macroscopic movement due to the con-
vective fluxes of soil air in the gravity field (natural convection) and the thermal
circulation of air (thermal sliding) in capillary-porous media, which are not well
understood in soil science (Smagin, 2000).

Convective macroscopic mass transfer occurs both in the soil air and moisture,
with viscous hydrodynamic media capable of moving in the gravity field (natural
convection) or under the effect of external pressure differentials (induced con-
vection). Natural convection in the gaseous phase can involve both the downward
movement (gravitation flow) of denser air (cold or enriched in heavy gases) and the
upward flows of rarefied air (heated or enriched in light components). The reasons
for the difference in density of the soil air and the atmosphere — solar radiation
(heating) and biogenic activity (composition changes) — are almost constantly
present in the soil. Natural convection can be an essential factor of mass transfer,
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because its rate is comparable to diffusion and its duration is unlimited. Theoretical
analysis shows that for evaporation from surfaces with a characteristic length of
about 1 m, the convective currents can exceed diffusion more than 100 times. The
same theoretical result is obtained for CO, gravitation flow in macropores. Another
well-known example of natural convection is the upward transport of gases by
bubbles to the surface of wetlands and paddy soils. Its contribution to the total mass
transfer through the flooding layer is estimated at 10-30%. The biophysical
mechanism of bubbles formation under unsaturated conditions is determined by the
microbial kinetics of gases production, which lead to local saturation of the solution
near the colony of micro-organisms where bubbles are formed. However, in a
porous medium such as a wet soil bubbles can only travel short distances because of
restriction by the solid phase.

Induced convection in the gaseous phase (transfer under the effect of a
pneumatic pressure gradient) is apparently less significant, because its causes
(wind gusts, variations in the groundwater table, and movement of rainfall front)
are generally episodic. Convective flux of a gas (vapour) with a concentration C,
in the liquid phase can be described by the following equation:

g =—(K/n)CedPy/dz (6.9)

where K is the air permeability of the soil,  the dynamic viscosity of the air, and
dP,/dz the pneumatic pressure gradient. K depends on the diffusion coefficient
and on air-filled porosity or water content in the soil. According to Kozeni—
Karman’s theory, the second dependence has the form K = m - ¢,", where ¢, is the
air-filled porosity and m and n are empirical constants (n =0.5-2 for macro-
porous media like sands and peat, n=2-10 for loamy and clay soils) (Lauren,
1997). In solidly built substrates like soil screens, which cover urban wastes in
landfills, air permeability should be low over a large interval of porosity. This
guarantees low methane emissions from the landfill until the ¢, value is less than
30-40%. In natural soils, even minor pressure gradients (1 Pa m™") at the usual
levels of air permeability (K= 10710 mz) and air viscosity (n= 1073 Pa-s) can
induce fluxes of 107> m s™', which are comparable to the diffusion rate of gases
in the atmosphere. However, the evaluation of these fluxes in the soil is hampered
by the lack of sensors sensitive to minor variations in air pressure.

The physical mechanisms determine a further form of mass transfer of gases:
preferential (local) transport. If diffusion was the predominant movement
mechanism, gases should be uniformly distributed in the soil. However, when the
soil is waterlogged and, hence, the diffusion rate decreases by several orders of
magnitude, the movement of gases becomes discontinuous and represents a
preferential transfer by the broadest channels in the structure of a porous body, as
well as inside and along the surface of plant stems and roots (the so-called
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‘vascular’ transport). In well-drained soils, zones of preferential gas transfer can
also form because of irregular moistening, compaction, and the presence of air-
bearing channels.

6.3 Agroecological evaluation of the soil air

The composition and state of the soil air strongly influence fertility and pro-
ductivity of the soil. Air and water in the soil should be balanced and a lack of
aeration, as in the case of high water content, suppresses the growth of most
terrestrial plants and aerobic microflora. In particular, oxygen in the soil is uti-
lized in respiration to provide the energy for roots to grow and to uptake nutri-
ents. Bacteria, fungi and other soil micro-organisms oxidize organic matter
aerobically and therefore consume a large amount of oxygen. In order to evaluate
aeration of the soil and its gas regime, it is important to know O, and CO,
concentrations or store in the soil, air-filled porosity (e,), water saturation degree
(WIWy), relative gas diffusivity (D/Dy), air entry potential of soil water (P.) and
some other characteristics (Smagin, 2003). For many crops, symptoms of oxygen
starvation and root intoxication manifest themselves when the concentration of
O, is below 15-17% and CO, content in the soil air is higher than 3-4%
(Campbell, 1985). In wetlands the content of O, in the gaseous phase can drop to
3-6% or less; however, a certain amount of O, is in the dissolved state. For
example, in a 10 cm surface peat layer with porosity 90%, air filled porosity 5%
and O, volume 6%, the store of gaseous O, content would be approximately
400 mg m~2; in these conditions the amount of dissolved oxygen in gas equili-
brium with the atmosphere reaches 1200 mg m72, that is three times more than
that in the soil air. The concentration of gases in the soil is not a general criterion
for poor aeration because, the soil being an open system, the demands of roots
and micro-organisms can be satisfied even under low O, content if the velocity of
its transport from the atmosphere is equal to the consumption rate. Traditionally,
the diffusion of gases in soil is regarded as a general mechanism of aeration.
Hence the relative gas diffusivity (ratio between the gas diffusion coefficient in the
soil, D, and that in the atmosphere, D) is a widespread index of aeration in the soil.
For many crops, D/Dg values lower than 0.06 indicate the first symptoms of O,
starvation in soils. Crop damage and growth limitation as well as anaerobic
conditions in the soil arise if D/Dg decreases to 0.02 (Letey, 1985; Smagin, 2003).
The range of D/Dg from 0.02 to 0.06 usually corresponds to an air-filled porosity of
6-10%. Taking into account the relationship between air-filled porosity (¢,), water
content (W), soil bulk density (py), particle density (p,) and water density (p)):

ea =1 —py/0s — Wpp/p1, (6.10)
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it is easy to calculate, for a wide interval of soil bulk density (1.0 < p, < 1.6 Mg
m_3), that values of water saturation degree (W/Wj) higher than 0.85-0.90 will be
critical for the plantation because the soil is poorly aerated (Smagin, 2003). The
water regime analysis of several urban loamy soils in Moscow shows that poor
aeration lasts for 10-25% of the field season from May to October, especially for
soils with high bulk density (e.g. paths, sports-grounds, lawns). These soils should
therefore be managed to provide an adequate amount of O, for plant and microbial
respiration by tillage, drainage, structure optimization and other measures. If the
water regime of the soil is controlled by tensiometers, the lack of aeration can be
diagnosed simply based on the air entry water potential (potential at which the
largest water-filled pores drain). According to Campbell (1985) this value strongly
depends on particle-size distribution and structure of the soil and varies from —0.6
to —9.0 J kg~ '. Aeration of the soil and renewal of soil air control the biota
respiration and trace-gases emission. These processes as well as the global gas
function of soils will be regarded in the next section.

6.4 Gases emissions and global ecological functions of the soil

Emission (Q) is the gas flux from the soil surface to the atmosphere, which can be
determined as the mass of gaseous substance (m) that passes through the cross-
section area of the soil surface (S) per unit of time (f): Q = m- S~ +!. Methods
used for its measurement can be divided into two main groups: chamber methods
and micrometeorological methods.

Chambers can be either closed or open (flow-through). They are installed at the
soil surface for a short time (Ar=10-20 min) to allow gas accumulation inside
the chamber. After determination of the gas concentration increment (AC,)
within the closed chamber or in the stream of air (carried gas) that is drawn
through the open chamber, the gas emission can be calculated as:

Q0 = AC,V/(SAt) = ACyh/ At (closed chamber) (6.11a)

Q = fAC,/S (open chamber) (6.11Db)

where V, S, h are parameters of the chamber (volume, area, height) and fis the air
mass flow (mol s™"). For longer time intervals the gas losses by diffusion from
the closed chamber should be taken into account, otherwise the results can be
underestimated significantly. Another reason why Q can be underestimated using
the closed chamber method is the use of simple chemical traps, such as soda lime,
rather than instrumental CO,-analysers. Use of chemical traps has been shown to
have a tendency to underestimate soil-surface CO, fluxes by 10-100% (Norman
et al., 1997).
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Micrometeorological methods allow integral evaluation of the fluxes of gases
at landscape scales (areas of the order of 10000 m?), but they require expensive
highly sensitive analytical equipment. The concentrations of gases (Cy, C; ...)
emitted from the soil are measured in the atmosphere at different heights (z;,
Zp ...) and their fluxes from soil are calculated using a simple model of turbu-
lence gas transfer, Q = DrAC,y/Az, where Dy is a turbulent diffusion coefficient
which requires knowledge of meteorological data, such as wind speeds, tem-
perature and water vapour gradients, for evaluation (Campbell, 1985). One of the
most popular simple micrometeorological methods, the so-called eddy correla-
tion, allows the calculation of gas emission from the experimental data con-
sidering the simultaneous fluctuations of the wind speed (U’) and the gas
concentration (C,') at a distance around 1-2 m from the soil surface and using the
following formula: Q = p,U'C,/, where p, is the air density (Sitaula et al., 1995).
A comparison of the different methods for measuring fluxes of CO, from soil
shows that a good correspondence between the methods is not always observed
(Norman et al., 1997). Among the reasons for such discrepancies are the scale
effects and spatial irregularity of the gaseous emission.

Soil respiration (CO, emission and O, consumption) has been studied in detail,
but fluxes of trace gases and organic vapours remain poorly investigated. Carbon
dioxide is emitted from the soil due to plant and microflora respiration. Usually,
in natural well-aerated soils micro-organisms uptake O, and produce CO, at
double the rate of plant roots. Both autotrophic respiration by roots and hetero-
trophic respiration by soil organisms are strongly correlated to annual soil surface
CO, flux across a wide range of forest ecosystems (Bond-Lamberty et al., 2004).
However, the proportion changes during the field season and depends on the
availability of labile organic matter in the soil, especially that derived from fresh
plant residue and manure. Moreover it is practically impossible to separate
respiration of roots from the respiration of rhizospheric micro-organisms that are
utilizing root metabolites. The evaluation of carbon dioxide emission or soil
respiration usually varies from 100 to 1000 (2000) mg CO, m > h™'. There is
often a diurnal maximum in the afternoon and a minimum in the morning (4—6 a.m.)
due to the dynamics of soil temperature, biological activity and evapotranspira-
tion. However, the presence or absence of roots and a fluctuating soil water
content impacts the respiration rate more strongly than any diurnal changes.
Seasonal dynamics of soil respiration depend on moisture and temperature
regimes of soil. In winter, respiration is often suppressed because of low soil
temperatures (Certini et al., 2003), which can even imply low O, penetration
through a frost-bound surface of the soil. However, in some soils the organic
matter decay and CO, emission over the cold period from November to March
can reach 30% of the annual values (Smagin, 1994). In the summer, low water
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content may inhibit root and microbial respiration. The highest respiration rates
(1-2 g CO, m~2 h™') have been observed usually when fresh organic matter
(litterfall, root exudates, manure, etc.) is incorporated into moist and warm soil.

Let us turn to the examination of a global role for soils in regulating the
atmospheric air composition. Fig. 6.2 shows the results of the statistical pro-
cessing of information concerning the global aspects of the carbon cycle that have
appeared in recent decades. The total amount of organic carbon held in the soil,
1480 Pg C, means that soil is of third importance after the lithosphere and oceans.
However, the soil carbon reserve is higher than that in plant phytomass by 2-3
times. The mean residence time of the organic matter in soil is long, ranging from
several years for the litter layer and the labile humus to several hundred or
thousand years for the most stable humus fractions (Scharpenseel, 1993). A loss
of stability in the biocenosis-soil system under anthropogenic pressures can result
in a catastrophically rapid mineralization of humus accumulated over centuries,
as confirmed by multiple observations of the dynamics of organic matter in arable
soils or reclaimed peatlands. On a global scale, the loss of organic carbon from
soils during the last 130 years is estimated at 40 Pg C (Houghton et al., 1992).
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Fig. 6.2. The global carbon cycle. The scheme presents the main carbon
reservoirs (the carbon content is expressed in Pg C, 1 Pg = 10'® g = 1 billion Mg)
as well as the fluxes between them (in Pg C yr'). The conventional signs in
cloud-shaped contours mark the organic carbon fluxes in the gaseous form
(CO,). The data in parentheses refer to poorly studied processes and reservoirs;
they were obtained either from a single literature source or by rough
calculations.



88 Andrey V. Smagin

Table 6.2. Main sources and sinks of atmospheric methane.

Sources/sinks Mean flux (Tg CH, y ')
Natural sources

Wetlands 115+ 60
Termitaries 20£10
Ocean and fresh water 20+ 10
Anthropogenic sources

Industry, transport 110+ 50
Rice growing 60 £40
Ruminant fermentation 80120
Animal and human waste 50+ 10
Refuse dumps 30+20
Biomass and agricultural waste combustion 45+ 15
Sinks

Atmospheric oxidation 470 £50
Absorption by soils 30£15
Increase in the atmosphere 30£5

Source: Smagin, (2000).

It has contributed to more than 25% of the increase in the concentration of C
in the atmosphere over the same time period (Smagin, 2000). Currently, the
global annual emission of CO, from soils is evaluated at 55 414 Pg C, which
is near 30% of total global emission, and exceeds 10 times the technogenic
contribution.

Among the gaseous microcomponents of the soil, methane exerts the greatest
influence on the greenhouse effect, being much more effective than CO, in
trapping the thermal radiation reflected by the Earth. It forms in poorly drained
hydromorphic soils and wetlands. The total amount of CH, entering the atmo-
sphere annually is 515-560 Tg (1 Tg = 10'* g = 1 million Mg), 70% of which is
from biogenic sources (Bridges and Batjes, 1996). The global emissions of
methane by hydromorphic soils and paddy fields (Table 6.2) are estimated at 115
and 60 Tg CH,4, respectively, which together amount to more than 30% of
the total influx of this gas into the atmosphere and exceed industrial emission
(105-115 Tg) by 1.5 times (Houghton et al., 1992).

Methane emission from soils varies significantly in space and time. It ranges
from 0.02 to 200 mg m > d ™', although peak emissions up to 1000 mg m > d ™"
can occur when there is an excess of organic substrate under optimal temperature
conditions (near 30 °C).

In paddy soils and wetlands CH, emission can vary from 1 to 50 mgm 2> h™'
(3+1 mgm ?h'is the median value from log normal distribution of 221 data
from different publications), while after heavy rains in periodically moistened
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soils of the temperate zone it ranges from 0.8 to 26.7 mg m > h™' (Murase and
Kimura, 1996; Toop and Pattey, 1997; Smagin, 2003). The biogenic oxidation of
CH,4 to CO;, in the soil is relatively weak (from 3.5 to 10% of the global methane
sink). However, stable isotope carbon analyses (13C/12C) have shown that in
some Siberian wetlands from 30% to 80% CH,4 can be transformed to CO, during
its movement from methanogenetic horizons to the soil surface because of
methanotrophic activity and the large amount of oxygen (60-100 g m ) in
locally unsaturated soil conditions.

The potential absorption of carbon monoxide by soils can vary from 2-20 to
100 mg m > h™', and the global estimate of its consumption by the pedosphere is
no less than 450 Tg y~' versus a total influx from natural and anthropogenic
sources of about 600 Tg y~'. Therefore, soils are considered to be one of the most
effective regulators of the content of this dangerous pollutant in the atmosphere
(Ingersoll et al., 1974; Seiler, 1974).

Gaseous nitrogen compounds (N,, NO, NO,, N,O, NH;3) are formed and
transformed in the soil due to nitrogen fixation, ammonification, nitrification and
denitrification. On the whole, the rates of these processes are estimated at
0.1-10 mg m~ 2 h™ !, which are hundreds of times lower than the usual rate of
soil respiration. Among the gaseous products of the nitrogen cycle, nitrogen
monoxide (N,O) constitutes the highest environmental hazard. The global N,O
emission was estimated 10-20 Tg N y~', 50-60% of which has a pedogenic
origin (70-80% considering also the fertilizers) (Smagin, 2000). Croplands are
responsible for more than 80% of anthropogenic N,O. Field measurements give
the values of specific N,O emissions from soils in the range 0.003-3(10) mg m ™2
h™' (Smagin, 2000). It is especially important to consider the seasonal dynamics
of gas emission from soils because a major share of nitrogen (up to 30% and
more) is frequently lost during the short time periods after heavy rainfalls,
application of fresh fertilizers, or soil thawing in spring (Bandibas et al., 1994;
Nyborg et al., 1997). The problem of determining the role of soil in the turnover
of N,O and other gaseous nitrogen compounds is still far from being solved and
estimates are highly variable (Smith, 1981; Bowden, 1986). The simple calcu-
lation of gaseous N-losses following annual mineralization of 77 Tg N fertilizer
results in the release 50-60 Tg y ' of gaseous nitrogen compounds into the
atmosphere.

Two main gaseous compounds traditionally represent the sulphur cycle: bio-
genic hydrogen sulphide (H,S) and anthropogenic sulphur dioxide (SO,). The
consumption of SO, by soils is characterized by rates of 20-60 mg m~>h™", or up
to 80% of the global anthropogenic emission of this pollutant which is 50 to 55 Tg
y_1 (Smith, 1981; Smagin, 2000). Similar estimation is given for H,S emission,
which in wet soils can reach significant values (up to 60—100 mg m > h™ ).
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There are hypotheses about the important role of organic sulphur gases (dimethyl
sulphide, CH3 SCH3, carboxyl sulphide, COS, carbon bisulphide, CS,) and sul-
phur hexafluoride, SFg, although their fluxes are estimated by much lower values
than for SO, and H,S (Smith, 1981; Smagin, 2000).

The emission of pesticides and other fumigants from the soil is estimated to
range from 10 to 100 pg m~ > h ™', which generally represents 40-60% (up to 90%
for methyl bromide) of the added amount (Smagin, 2000). Several mathematical
models have been put forward for the reliable prediction of the behaviour of
volatile pollutants in the soil and their release into the environment (Boesten and
Van der Linden, 1991; McCoy and Rolston, 1992; Amali et al., 1996; Petersen
et al., 1996).
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Soil phases: the living phase

Oliver Dilly
Eva-Maria Pfeiffer
Ulrich Irmler

This chapter provides some concepts of the importance of living components that
fall in the size range between 0.2 wm and several millimetres on soil ecosystem
functioning. The focus is given to soil micro-organisms due to their key role in
elemental cycling. Soil fauna and plant inputs via roots and exudates are con-
sidered to include major biotic components in soil functioning.

The rate of soil formation with the initial colonization of bare rocks by macro-,
meso- and micro-organisms is affected by mineralogical attributes such as the
mineralogical composition, the type of cementing components and the porosity
and permeability of the parent material. In addition, the variation of environ-
mental conditions such as temperature, humidity and air pollution affect the
dissolution of rocks. Calcareous and especially mica- or clay-cemented sand-
stones favour biocorrosive, chemo-organotrophic bacteria in comparison with
siliceous sandstones (Warscheid et al., 1991). Coarse-grained sandstones gen-
erally promote, due to their high permeability for water, a temporary microbial
colonization, while fine-grained sandstones favour the long-term establishment of
micro-organisms because they preserve humidity. If a sandstone contains
appreciable amounts of feldspars and clay minerals like illite and chlorite, opti-
mal conditions for the growth and biocorrosive activity of chemo-organotrophic
bacteria emerge. This is explained by both the increased amount of extractable
nutrients and the enlargement of the inner surface area. Bacteria and other micro-
organisms may be abundant and preserved in altered rock fragments (Agnelli
et al., 2001).

Soil fauna plays a minor role in the colonization of stones and clastic sedi-
ments. However, animals become abundant when pore- or channel-containing
unconsolidated sediments such as dunes and litter are transformed to habitats. For
example, the density of microarthropods in dunes varies between 175000 and
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Published by Cambridge University Press. © Cambridge University Press 2006.
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1400 000 individuals m~ %, which is several times higher than what is observed in
many types of soils (André et al., 1994).

Autotrophic plants colonize soil, use the available resources (both abiotic and
biotic, e.g. mycorrhiza), and represent a major external input. As for animals,
plant roots are stressed for mechanical impedance by stones and dense clastic
sediments (Marschner, 1995).

On a holistic level, the soil represents a pool of genetic information related to
the presence, abundance and physiology of its organisms (Table 7.1)

7.1 Physiological capabilities of soil organisms

Organisms living in soil express the abundance and activities dependent on
environmental factors and human impacts. In general, there is an inverse rela-
tionship between the size of organism and its relative abundance and total bio-
mass (Table 7.2). Since the biomass-specific activity increases with decreasing
size of the organism, the relative energetic requirement and contribution for
compound transformation rate is increased with high abundance of small
organisms.

Fungi are regularly assumed to represent the highest biotic component in soil
but the combined activity of bacteria may be greater. As a general rule, the total
activity of soil organisms is controlled by the efficiency in using the essential
elements and nutritional compounds. The use efficiency is controlled by the
combination of environmental stressors and substrate accessibility (Dilly, 2005).

Nutrient availability generally limits soil biotic activity. Thus, the growth of
soil organisms is usually high close to litter components and roots (Dilly et al.,
2001) and after the addition of external readily available nutrients (Dilly, 2005).
Throughout the growing season, a major part of the catabolic and anabolic C
requirements of soil organisms is ensured by the root turnover and exudates. The
faunal physiological capabilities are generally much lower than those of micro-
organisms. This is reflected in both biomass (Fig. 7.1) and biomass-specific
activity (Table 7.2). For two adjacent ecosystems in the Bornhoved Lake District
in Germany (54° 06'N, 10°14’E), the faunal biomass was 0.6 and 6.6% in the
agricultural and forest soils, respectively. The agricultural soil had a lower faunal
but a higher total biotic proportion in the organic C. In this study, the organic C
content was 12 and 24 g kg™ ' in the A horizon of the agricultural and forest soils,
respectively (Dilly and Munch, 1995).

Species make-up of the faunal communities tends to show a sequence of
succession in response to changing composition of organic matter. In line with
the succession on fresh litter and increasing N accessibility, the species diversity
of soil animals increases. Studies in forest soils demonstrated that N released by
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Fig. 7.1. Organic C in total soil mass (Cgg), biotic C in Corg (Chiotic Corg 1) and
composition of biotic C in the A horizon of the agricultural and forest soils of the
Bornhoved Lake district. After Irmler ef al. (1997); Dilly (2005).

soil animals increased during the first year and reached a steady state in the
second year (Irmler, 2000). Animals either adjust feeding habits or move towards
fresh litter to fulfil their nutritional requirements (Anderson, 1975). Conse-
quently, three groups of the soil fauna can be differentiated: (1) permanent
colonizers switching between food components, (2) early colonizers preying on
fungi, and (3) late colonizers feeding preferentially on humus particles. The
presence and abundance of organisms during colonization of fresh litter is fre-
quently correlated to the C/N ratio and species susceptible to high N availability
occur later when litter has a low C/N ratio (Irmler, 2000).

Macrofauna and mesofauna redistribute soil components and are considered as
‘engineers’ in soil. The movement within the humus horizon (epigeic), in the
topsoil (endogeic) or between several soil horizons (anoecic) is characteristic for
the different species and is related to soil properties. The bioturbation between soil
horizons seems to be particularly important in calcareous habitats. Scheu (1987)
determined a faeces production of 3 kg dry soil m~ 2y~ ! in a calcareous beech-
wood soil that is equivalent to the reallocation of a 4.3 mm soil layer per year.
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Table 7.2. Biomass and specific activities of organisms abundant in soil

Biomass Spe01ﬁc activity

(kg Cha ') (W Oyg 'Ch™Y)
Macrofauna 50 (equivalent to 1 cow, 10 sheep) 54
Mesofauna 5 (equivalent to 1 sheep) 0.6
Microfauna 3 (equivalent to <1 sheep) 1.4¢
Fungi 375 (equivalent 75 sheep) 507
Bacteria 125 (equivalent 25 sheep) 5007

*At optimized conditions and assuming that C content is 50% of organlc matter.

*For Collembola: using the formula of Ryszkowski (1975): ul O,-h~ ' = 0.357 - 19813,
cAfter Foissner (1987).

4Assuming that soil microbial biomass contains 25% bacteria and 75% fungi.

7.2 The role of organisms for soil functions

Organisms are relevant for a range of soil functions and their activity is parti-
cularly addressed in programmes of the European Commission (2002) dealing
with soil erosion, soil contamination and loss in soil organic matter.

The stability of soil structure is affected by the interaction between the
soil mineral component, humus and products derived from the activity of the
soil biota. Biotic activity promotes the stability of the aggregates by the pro-
duction of polymeric substances, such as carbohydrates. Autotrophic cyano-
bacteria colonize the soil surface and thus reduce soil erosion and increase water
infiltration. Both soil erosion and water infiltration are particularly relevant for C-
poor soils in regions receiving intense rainfall. Under humid conditions, a high
biotic biomass and activity can be considered to favour soil stabilization. The
biotic interactions with humus components such as leaf litter, fruits, roots and
wood lead to the formation of surface organic horizons, which stabilizes the soil
surface.

The soil fauna modulates the soil structure by digging holes or
burrows, mixing soil components and depositing faeces in the soil or on the soil
surface (Table 7.3). In turn, the characteristics of soil organisms such as
individual biomass, eyes, pigmentation and extremities are affected by soil
conditions and structures. Soil animals and especially large mammals and
earthworms are mainly responsible for the bioturbation and the development of
mineral-humus complexes. The activity of large animals is visible in C-rich and
seasonally dry soils such as a Chernozem. Large pores of 2.5 to 11 mm rely
on earthworm holes and small pores between 0.003 to 0.06 mm remain in
excrements.

Soil fauna can have positive effects on both soil porosity and microbial activities.
Epigeic species such as Lumbricus rubellus enrich bacteria and actinomycetes
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Table 7.3. Characteristics of the midden of Lumbricus terrestris and the adjacent litter

Midden Litter t-value

Carbon content (mg g~ ' soil) 113 78 *4%49.8
Nitrogen content (mg g~ ' soil) 6.8 5.8 *8.2
C/N ratio 16.6 13.6 *%%26.8
Microbial biomass (mg Cpp;ic gfl soil) 2.3 14 *%%53.0
Basal respiration (pg CO»-C g~ ' soil h™ ") 10.5 4.9 #3547 ()
Specific respiration (mg O, g ' Cmic) h™ 1) 4.5 3.3 9.2
Gamasina (individuals m~ ? soil surface) 1859 1070 *8.5
Uropodina (individuals m~ 2 soil surface) 1160 100 *5.4
Collembola (individuals m~ 2 soil surface) 52481 32174 *5.9
Oribatida (individuals m~ 2 soil surface) 6344 6953 0.3
Nematoda (individuals g_1 soil) 26.4 20.3 32
Nematoda (ug g~ ' soil) 5.9 2.0 *8.3

Source: Maraun et al., (1999).

during the passage through the gut and endogeic species such as Aporrectodea
caliginosa reduce the abundance of these two groups (Kristufek et al., 1992). Thus,
microbial communities in casts can be enriched or depleted by passage through the
gut. The faeces of isopods and myriapods may support the development of a high
and diverse microbial biomass (Zimmer and Topp, 1998). The high amount of
coryneformes bacteria present in faeces pellets may differ from the litter microbial
community that entered the gut (Byzov et al., 1996).

The grazing effects of the protozoa on micro-organisms depend on aggregate
structures and the soil water content since protozoa cannot move between
aggregates under dry conditions. Protozoa are not able to prey on bacteria located
in inaccessible pores or hydrophobic areas of soil aggregates (Hattori, 1992).

7.3 Aerobic and anaerobic metabolisms in soil

Fresh plant litter underlies initial biochemical decay and the mechanical break-
down by the soil fauna. Under aerobic conditions, heterotrophic and saprophytic
organisms of the soil microflora and microfauna ensure the almost complete
decomposition. A small fraction of the total carbon input can be stabilized against
further decay through physical protection, adsorption to clay minerals and trans-
formation to humic substances. Aerobic processes consume O, as the terminal
electron acceptor and CO, evolves to both soil and atmosphere (Fig. 7.2). During
the mineralization of soil organic matter, nitrogen is released as NH," and then
nitrified to NO3~, whereas sulphur and phosphorus are oxidized to SO,*~ and
H,PO, or HPO,” ~, respectively. Concurrently, nutrients such as K, Ca and Mg are
released and leached from the soil or bonded to the clay fraction and humus.
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Fig. 7.2. Aerobic and anaerobic C cycling in soil.

The rate of soil organic matter decomposition is affected by the water and oxygen
availability, temperature, proton concentration and nutrient supply. The C/N ratio
is used as an index for substrate quality and the rate of organic matter decom-
position. Values >25 and <10 refer to low and high activities, respectively. But
fresh organic material supports higher activity than old organic matter at an iden-
tical C/N ratio due to the presence of more available compounds (Dilly et al., 2003).

The strictly anaerobic Archaea release CH, (Fig. 7.2). Their simple metabo-
lism can be separated into two main pathways: (1) the reduction of CO, to CHy
using H, as energy source and (2) the fermentation of acetate to CH, and CO,.
For the first pathway, organic carbon is not required (Deppenmeier et al., 1996).
Archaea are active under anaerobic conditions in hydromorphic soils, peat lands,
marshes, swamps, marine and freshwater sediments, flooded rice paddies, geo-
thermal habitats and in the arctic tundra. They transformed in freshwater
marshlands 1.1% to 2.4% of the soil organic C to CHy, (Wagner ef al., 1999).

Methane is oxidized by proteobacteria in aerobic soil horizons, in oxic
microaggregates and in the rhizosphere (Hanson and Hanson, 1996). Methane
represents both carbon and energy source, leading to the liberation of CO,.
Methanotrophic bacteria survive under unfavourable conditions as spores. The
difference between methane production and oxidation determines the net
methane emission rates from soil. Up to 90% of the produced methane is reported
to be removed by methane oxidation in soils (Khalil et al., 1998).
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Large reservoirs of soil organic matter are stored in cool and wet ecosystems
like peatlands, marshlands and Arctic tundra. The build-up of organic C stocks
occurs when factors such as temperature, water and oxygen availability limit the
complete biological oxidation of residues. The accumulation of soil organic
matter can also occur at sites favouring plant growth but retarding residue
decomposition, such as under climatic conditions with wet springs and dry
autumns.

The degradation of soil organic matter can be promoted by natural bioturba-
tions and anthropogenic disturbances such as ploughing. The improved oxygen
supply stimulates microbial metabolism. Conversion of grassland and forests to
arable systems favours humus degradation, with a rapid humus decrease occur-
ring particularly during the first years. Also, natural changes in environmental
conditions such as higher temperature and optimal water availability may sti-
mulate the humus degradation, releasing carbon dioxide and methane and also
nitrogenous compounds.

7.4 The living phase indicates soil quality

Soil quality was defined as the capacity of a soil to function within ecosystem
boundaries to sustain biological productivity, to maintain environmental quality,
and to promote plant, animal and human health (Doran and Parkin, 1996). For the
evaluation of the soil quality for future generations and for monitoring the soil
status, a set of indicators referring to essential soil functions were selected and
long-term observation plots in natural, agricultural, forest and urban ecosystems
were installed.

Microbial measures are sensitive to changes in environmental conditions and
are used as soil quality indicators. In contrast, soil chemical and physical prop-
erties such as soil organic C pool, pH value or water holding capacity are used to
evaluate the status of soil quality over the long term.

The microbiological indicators most frequently used refer to biomass, diversity
and activity, and their interactions with plants (Bloem et al., 2005). A range of
microbial estimates was applied to soils under precision (conventional) and
organic farming practices. In a study at Scheyern in southern Germany, the
organic farming systems stimulated soil microbial biomass and activity in soil.
The low serration of the star plot of six characteristics of the soil biota indicated
that these characteristics were positively linked (Fig. 7.3). A higher degree of
serration was observed for an earlier study of a soil under monoculture in the
Bornhoved Lake District in northern Germany (Dilly and Blume, 1998). At
Scheyern, the organic farming practices can be considered as more important in
terms of nutrient turnover than the precision (conventional) system.
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Fig. 7.3. Star plot of microbial indicators in agricultural soils under organic and
precision (conventional) farming systems in Scheyern, southern Germany.

Mobile soil organisms are also used for helping to evaluate human and
environmental impacts on soil quality. As with the microbial indicators, species
composition and relative abundance are addressed. Soil biomass of both the fauna
and the microbiota may vary seasonally. Temporal variations may occur parti-
cularly in litter horizons with high variability in temperature, water availability
and organic matter composition. In contrast, changes in biomass are frequently
low in deeper soil horizons due to balanced environmental conditions and limited
nutrient availability. Fig. 7.4 shows the typical seasonal pattern for the soil fauna
in a sandy soil in a temperate climate. The relevance of the soil water availability
for the occurrence of indicative species is shown in Fig. 7.5.

In forests, the soil fauna interacts with humus characteristics (Schaefer and
Schauermann, 1990). The contribution of mesofauna and macrofauna to the entire
fauna depends on soil horizons, and the vertical distribution of the two groups
affects the decomposition process. Soil fauna has the highest functional impor-
tance in the ‘mull’ (a type of humus consisting of a crumbly intimate mixture of
organic and mineral materials, formed mainly by earthworms) and lower
importance towards the ‘moder’ (a product of advanced but incomplete humifi-
cation, despite good aeration) and ‘raw humus’ (consisting predominantly of
well-preserved, though often fragmented, plant remains with few faecal pellets).

Key species and communities were used as indicators for environmental
conditions. However, this approach is problematic (Vegter et al., 1988) since
species and communities vary according to humus type (Fig. 7.5) and
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Fig. 7.4. Seasonal dynamics of faunal biomass in the litter and A (0 to 4 cm)

horizons of an Arenosol under beech in a temperate climate. Bars indicate
standard deviations.

geographical location (Wauthy et al., 1989). Beside the humus type, components
of the fauna community such as microarthropods are controlled by chemical
properties of the soil. In natural systems, some animals showed maximal abun-
dance at high proton concentration and are thus referred to in the arthropod
acidity index (van Straalen and Verhoef, 1997). In agricultural systems, liming
and fertilization stimulate some faunal groups that contribute to the amelioration
of soil physicochemical properties.

7.5 Modification of biotic communities during soil degradation

The degradation of soil can be defined as the regressive development associated
with the loss of buffering capacity and resilience (resilience means return to good
soil condition). During soil development, several stages related to the local
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Fig. 7.5. Relationships between the decomposition rate of soil organic matter
attributed to faunal activity (kf-value) and the soil water content or species
abundance (% ind.). From Irmler et al. (1997).

conditions are passed through and are associated with the replacement of the
primary vegetation by secondary vegetation. At the same time, soil macrobiota
and microbiota are modified and this modification impacts on the humus stocks
and composition. Human activity perturbs the native soil structure, e.g. by tillage.
Tillage systems lead to the loosening and homogenization of soil and thus hamper
autochthonous stability. Soil structure varies according to biotic and abiotic soil
constituents. Consequently, degraded soils may not be rapidly restorable, parti-
cularly when nutrients and key organisms have been lost.

Soil degradation is generally related to the loss of soil organic matter and
living organisms and also shifts of the biotic fraction.

Nitrogen transformation rates are frequently increased by favouring bacteria in
the microbial community at the expense of the fungal community and organisms
from the higher levels of the food web, e.g. mesofaunal and macrofaunal species.
The effect of exogenous N input is reflected in the fauna, with an increased
number of bacteria-feeding nematodes (Hyvonen and Huhta, 1989; Mamilov and
Dilly, 2002). Ammonium deposition has led to acidification of soils during recent
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decades. A range of macrofaunal groups are largely dependent on calcium supply
and earthworms, woodlice and millipedes tend to disappear from such soils.
Fertilizers may favour both soil biocoenosis and plant growth but may also lead
to an imbalance in nutritional conditions.

Natural soil resources were consolidated over long periods and can be con-
sidered as highly organized with an adequate archive of biodiversity. Soil
development may occur rapidly during some decades on waste deposits in urban
regions and on marshlands that have been reclaimed. Over short periods, high
biotic activity can develop but the buffering capacity of soil in terms of nutrient
export may be limited due to the thinness of the horizons (Dilly et al., 2005).

The most important strategy for soil protection is to avoid the destruction of
specific horizons and horizon functions. In Germany, human activity destroys
currently approximately 1 km” per day (German Advisor Council on Global
Change, 2003). For beneficial remediation of sites which have suffered con-
siderable human impact, e.g. in post mining regions, materials from upper soil
horizons should be replaced. Deep sediments with pyrite carried to the soil
surface may liberate acids by the activity of pyrite-oxidizing micro-organisms.
Therefore, such sediments should be reburied to avoid acidification. The pool of
nutrients and active microbial communities control the speed of recovery of the
vegetation and the progress towards effective land use.

For soil amelioration, earthworms have occasionally been added. Their ben-
eficial effects on water infiltration may even help to restore water exchange on
compacted soils that are frequently waterlogged.

Where soil destruction is unavoidable, the topsoil should be exploited for
nutrients and diversity of organisms. Deeper soil horizons frequently contain few
biotic resources and thus are of less significance in terms of biodiversity and
nutrient conservation.
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The State Factor theory of soil formation

Ronald Amundson

Pedology is the branch of the natural sciences that deals with the biogeochemical
processes that form and distribute soils across the globe. The word ‘pedology’
was coined by the German scientist F. A. Fallou in 1862 (Tandarich and Sprecher,
1994; Oxford Dictionary, 1966), but the point in time that it became a true
science rests upon when theories of the soil and its formation were developed and
adopted by the early pedological community (Kuhn, 1962). An exhaustive his-
torical analysis of the development of pedology has not been conducted, though
we know that numerous ‘scientific’ advances were made during the nineteenth
century by scholars in several countries. For example, Eugene Hilgard arguably
was the premier soil scientist of the nineteenth century. His breadth of knowl-
edge, scientific techniques (chemical and physical), and his mastery of multiple
disciplines made him a truly formidable presence on the international geological
and agricultural science scenes (Jenny, 1961; Amundson and Yaalon, 1995;
Amundson, 2005a). Yet, as his biographer Hans Jenny (1961) concluded, Hilgard
did not distil his vast knowledge and concepts into neat conceptual models or
theories. Although one can easily see that Hilgard clearly understood the
important controls on soil formation, an elucidation of these into a concise
intellectual package was ultimately accomplished by others. First, Vasily
Dokuchaev and his Russian colleagues identified and discussed what we now
know commonly today as the ‘factors of soil formation’ (Dokuchaev, 1883).
Second, the American scientist Hans Jenny rigorously defined or redefined the
meaning of the factors, and more importantly, added the new concept of the soil
system, which when combined with the factors provided a powerful conceptual
framework through which nature could be probed and understood.

Soils: Basic Concepts and Future Challenges, ed. Giacomo Certini and Riccardo Scalenghe.
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The Russian concept of soils, and the factors that form them, had an enormous
organizing effect on Russian pedology and eventually (after a long delay)
impacted American soil science when C.F. Marbut introduced an English
translation of one of the Russian texts (Helms, 2002). In particular, Marbut chose
to unveil a new scheme of soil classification, inspired by Russian pedological
concepts, during the post-conference field trip of the First International Congress
of Soil Science, which was held in Washington DC, in the summer of 1927.
A participant on this field trip — a six-week-long rail excursion across North
America — was a young, bright, and (by his own depiction) somewhat brash
scientist by the name of Hans Jenny. Jenny had recently received his doctoral
degree in soil physical chemistry from the Swiss Federal Institute of Technology
under the direction of one of the world’s premier chemists, Georg Wiegner, and
was in the United States on a Rockefeller Fellowship to work in the laboratory of
the future Nobel Prize laureate Selman Waksman, at Rutgers University.
Although trained in colloidal chemistry (a field in which he remained an active
and important participant for decades; Jenny, 1989; Amundson, 2005b), as a
student Jenny had taken the initiative to conduct weekend field trips, activities
which led to his collaboration with the young plant ecologist Braun-Blanquet, and
to ideas that later proved fruitful in Jenny’s growing pedological research
directions.

Great scientific advances likely occur in many ways and along many avenues,
though some important and notable breakthroughs occur as so-called ‘Eureka’
events (the scholar Archimedes, while immersing himself at the town baths,
suddenly came upon the idea of specific gravity, and rushed home shouting
‘Eureka!, Eureka,!” — ‘I have found it!, I have found it!’; Singer, 1959). While
travelling across the continent as part of that great field excursion in 1927, Jenny
later recalled the intellectual transformation that he underwent (Fig. 8.1):

To me, the tour was a thrill and opened a new world. I was impressed when we went from
Washington south and saw the southern red soils and, a few weeks later, the black soils of
Canada. I searched for a connection between the two . . . The red soils of the South and the
black soils of Canada were showcases of the climatic theory of soil formation. No doubt,
our European textbooks by Ramann and Glinka were right in principle ... The rolling
plains, I fancied, must harbor the secret of mathematical soil functions. At times I could
hardly sleep thinking about it.

(Jenny, 1989).

What Jenny recognized in his own ‘Eureka’ moment was the underpinnings of
what he would later call the ‘Factors of Soil Formation’.

The goal of this chapter is to briefly outline Jenny’s ideas of both the soil and

the state factors that control its formation and distribution. One of the most

important tasks is to clearly define terms and concepts, many of which have a
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Fig. 8.1. A sketch of Kansas made by Hans Jenny during the 1927
Transcontinental Excursion.

vernacular usage that is inadequate for our purposes. As Jenny wrote in the first
sentence of the formal introduction of his new (or depending on opinion, revised)
theory (Jenny, 1941): ‘As a science grows, its underlying concepts change,
although the words remain the same.’

8.1 The soil system

Soil is the subject of study in pedology, and while the science of pedology itself
has a definition that commands some general agreement, there is no precise
definition for soil, nor is there likely to ever be one. The fundamental reason for
this paradox, as Jenny took pains to emphasize, is that soil is part of a continuum
of materials at the Earth surface. At the soil’s base, the exact line of demarcation
between ‘soil’ and ‘non-soil’ will forever elude general agreement, for the che-
mical and physical changes induced by pedogenesis disappear gradually, com-
monly over great vertical distances. Similarly, an identical problem confronts one
attempting to delineate the boundary between one soil ‘type’ and another. Soil
properties, such as horizonation, commonly change gradually and continuously in
a horizontal direction, lending credence to the view that the Earth contains an
infinite variety of soils (Jenny, 1941). This dilemma, a science with a ‘poorly’
defined object of study, is not peculiar to pedology. As Charles Darwin (1985)
recognized in the Origin of Species, an exact and unambiguous definition of a
‘species’ eludes the evolutionary biologist, yet the development of that field of
science has progressed unimpeded.
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The scientific path out of this disconcerting situation is to divide the soil
continuum, albeit arbitrarily, into systems that suit the need of the scientist. This
intellectual step is one of Jenny’s great conceptual contributions to pedological
thought. The ecologist M. J. Canny (1981) made the interesting statement that ‘A
universe comes into being when a space is severed’, a statement with a profound
connection to systems and the very nature of soil. Systems are human constructs
that confine our focus and allow us to develop quantitative tools to evaluate a
portion of the soil continuum. These systems are necessarily open to their sur-
roundings — they are part of our imagination after all — and through them pass
energy and matter. Jenny, drawing on his training in the physical sciences, noted
that the properties of an open soil system (dependent variables) will vary in
response to a certain set of factors (independent variables):

initial state of system,
soil system =f | surrounding environment,
————

dependent variables elap sed time

independent variables

This formulation of soils in relation to their surroundings forms the foundation of
his book, which has been called ‘a brilliant synthesis of field studies with the
abstract formalism of physical chemistry’ (Sposito et al., 1992), and which
establishes the study of soil on the same conceptual footing as better established
physical sciences. In line with these comments, Jenny strongly emphasized that
the model is ‘formalistic’ — e.g. a theory whose relationships between dependent
and independent variables are derived from observational measurements of soils.
In other words, the model provides information as to how the soil system varies
with external factors, but not necessarily why. Jenny emphasized that the model is
not mechanistic, and independent studies or models involving process and
mechanism are ultimately needed (in addition to state factors) to arrive at
the reasons for the observed relationships. Thus, one will note, on close reading
of the book, that virtually no mention of mechanisms or processes are introduced,
even though Jenny vigorously approached these questions in other areas of his
research. To emphasize the formalistic basis of his model, he wrote, ‘We
endeavor to determine how soil properties vary with soil-forming factors.
We shall exhibit but little curiosity regarding molecular mechanism of soil for-
mation and thus avoid lengthy excursions into colloid chemistry, microbiology,
etc. Such treatments will be reserved for a later occasion.’

Jenny recognized that the independent variables on the right side of the equation
encompassed important soil-forming factors first identified by Russian scientists
years before. Jenny strove to rigorously redefine these factors and their relationship
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to the soil system, and after initial discussions, arrived at his famous equation:

s=f(clo,rp,t,..)

‘which we shall designate as the fundamental equation of soil forming factors’
(Jenny, 1941), where clis external climate, o is biotic potential, r is topography, p is
parent material, ¢ is time, and the elipses are additional factors. These variables are
the state factors, in that they define the state of the soil system (Fig. 8.2). Below is a
more detailed definition of the variables in Jenny’s model, and how they differ from
common usage or assumptions.

Jenny’s ‘fundamental equation of soil forming factors’ ultimately provides a
definition of soil that, while not precise in identifying its boundaries (which
ultimately is our choice), is internally consistent with our theoretical framework:

‘Soil is those portions of the Earth’s crust whose properties vary with soil forming

factors’.
(Jenny, 1941).

A full understanding of the depth and breadth of this equation, and the concepts
behind it, requires repeated readings of Chapter 1 (and all chapters) of Jenny’s
book Factors of Soil Formation. A System of Quantitative Pedology. Jenny fre-
quently remarked to colleagues that, ‘it [the equation] looks simple, but it is not’.
Numerous misinterpretations of Jenny’s model pervade the literature, one of the
most common being the meaning of ‘independent variables’. Independent vari-
ables are (a) independent of the system being studied and (b) in many parts of the
Earth the state factors may vary independently of each other (though of course,
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Fig. 8.2. A schematic representation of the soil system and ecosystem changes
as a function of the values of state factors. Illustration by Hans Jenny in
Amundson and Jenny (1991).
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Fig. 8.3. Depiction of Jenny’s ‘larger system’, or ecosystem. From Jenny
(1941), Fig. 8.

not always). As a result, through judicious site (system) selection, the influence of
a single factor can be observed and quantified in nature. These observational
studies in nature are called sequences (e.g. climosequence, chronosequence, etc.),
and serve to allow scientists to unravel the individual effects of a given state
factor on soil systems.

In concluding this section, I will point out one additional attribute of Jenny’s
model. Jenny clearly recognized that the ‘soil system’ can be enlarged to
encompass soil, plants, animals, etc., a system Jenny first called the ‘larger
system’ in his book (Fig. 8.3). This ‘larger system’ is, in retrospect, entirely
analogous to the concept of ‘ecosystem’ (Tansley, 1935), and arguably is much
better defined than Tansley’s description.

8.2 State factors

The terms used to represent the state factors have been used by pedologists for
more than a century, and their meanings can vary considerably depending on the
author, time, and place. Here, the factors are defined in the sense of Jenny,
and some challenging issues are identified regarding their role on soils and
ecosystems.
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The state factor climate (cl) comprises the meteorological conditions which
surround the soil system (temperature, rainfall, humidity, etc.), and is consistent
with the concept of regional climate. The climate within a soil system or eco-
system is a dependent variable or system property, and is consistent with the
concept of microclimate. This internal climate is of course dependent on the
surrounding climatic conditions, but it can also be greatly affected by other state
factors (e.g. topography, landform age, etc.).

Many pedological studies are established along sequences of rainfall and/or
temperature, and climosequences are therefore one of the most common forms of
state factor analyses. Studies of the relation of soil C and N to climate are
currently of great interest in relation to global change (e.g. Post et al., 1982,
1985). Climosequences have served to provide some of the strongest evidence on
the potential responses of soil C to global warming (Trumbore et al., 1996). In
general, ‘sequence’ studies of all types have important roles in assessing the
response of soils and ecosystems to disturbances of many kinds.

The biotic factor (o) is defined by Jenny as the potential biota of the system.
The biotic factor therefore constitutes the microbial, plant and animal gene flux
that enters the system from the surroundings. The vegetation (v) or animals (a)
that actually survive or reproduce in the system are dependent ecosystem prop-
erties, and may not directly reflect the potential biota due to the effect of the
remaining state factors. The biotic factor is one of the most conceptually chal-
lenging of the state factors, and Jenny (1958) later expanded a discussion of
this factor and its relationship to observed vegetation. For example, in many
systems where climate and biota appear to co-vary, the microbial, plant and
animal gene flux entering the system is constant, and the observed biota that
survive and reproduce in the systems are dependent (vs. independent) ecosystem
variables.

Given the ease with which seeds, microbes and animals are dispersed, it is
difficult to make observation comparisons of soil systems or ecosystems that
differ only in their biotic factors. To do so must involve sites separated by biotic
barriers such as oceans or mountain ranges. Jenny proposed approximate alter-
natives to this problem by examining soil properties under individual species in
areas where the biotic factor is actually constant: ‘it is correct to compare soils
under two different species and isolate the species factor in soil genesis’ (Jenny,
1958). An important implication of Jenny’s model, and the definition of the biotic
factor, is that the definition of soil does not need to involve plants, or even life
(the biotic factor may be nothing). This key distinction now has implications for
interplanetary geochemical studies, where it has been argued by some (Marke-
witz, 1997) that the term soil should not be used on other planets because it
implies the past or present presence of plants. This narrow view is obviously
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inconsistent with our perspective, and one must hope that pedological concepts
and knowledge are applied as we explore our solar system.

The factor topography (r) comprises a number of subvariables that correspond
to the configuration of the system. The subvariables of topography are commonly
noted to include a system’s position along a hillslope complex (shoulder, back-
slope, etc.), the aspect of the slope, and the proximity to a water table.

Toposequences, sometimes also called catenas, have been widely studied. Yet,
some challenging questions about sequences remain (e.g. opening ‘the black box’
of the soil system). For example, how does one determine the age of soils on
actively eroding hillslopes? How does one model the inputs and outputs of the
system, which obviously include laterally moving sediment? Recent research by
geomorphologists, combined with chemically derived rates of geomorphic pro-
cesses, are providing new and exciting ways of determining soil residence time
and a number of other soil attributes on hillslopes (e.g. Heimsath et al., 1997).

Parent material (p) is defined as the initial state of the sediment, rock, or soil at
t = 0. For a soil forming on fresh alluvium or a recent volcanic deposit (Dahlgren
and Ugolini, 1989b), the parent material is the geological substrate itself. For a
soil or ecosystem that is reforming after a disturbance, or major climate change,
the parent material is the soil that was present at the beginning of the new state
factor assemblage.

The state factor time (¢) is defined as the elapsed time since the system began
or was exposed to its present assemblage of state factors. For some systems, this
is the starting point immediately after an event such as fluvial or volcanic
deposition. In other cases, t = 0 may be the point at the end of a major envir-
onmental disturbance or change. Many soils older than the Holocene have
experienced one or more major climate changes, and possess properties that may
be the complex effect of many stages of soil development, and are called poly-
genetic or relict soils. However, one of the most important aspects of determining
the age of a soil system is that it allows us to determine the rate (0S/0r) of soil
property changes.

Determining the age of soils has been, and will continue to be, a challenging
research issue. Recent instrumental and theoretical developments have advanced
the use of C (Amundson et al., 1994), U-series isotopes (Sharp et al., 2003), and
cosmogenic radionuclides (Goss and Phillips, 2001) in the dating of soils and
geomorphic surfaces, but clearly much more research needs to be conducted on
this important parameter.

In an increasingly populated planet (Vitousek et al., 1997a), the state factor
humans takes on increasing significance as an ecosystem variable. Jenny (1941)
originally considered humans under the biotic factor because, like other biota,
humans contain a genetic component or genotype. However, unlike the other
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species, humans possess a cultural component that varies from society to society
and which operates independently of genotype, arguably making them worthy of
a separate factorial treatment (Jenny, 1980; Amundson and Jenny, 1991, 1997).

8.3 Importance of State Factor theory

The demands on pedologists, and their activities, are commonly drawn in many
pragmatic and applied directions. Included among these activities are soil survey
activities, land management and planning needs, soil classification, and the
remediation and preservation of wetlands/wildlands. However, it is important for
both seasoned and novice pedologists to recognize, and celebrate, that their
science has one of the richest theoretical underpinnings in the ‘earth’ sciences.

The State Factor ‘model’, ‘theory’, or ‘hypothesis’ (whatever term we wish to
use) is, in the parlance of the history of science, a ‘paradigm’ (Kuhn, 1962). It
provides the rules for legitimate research and provides a shared language and a
focal point for the discipline, and guides us as to the type of questions that should
be asked. Kuhn wrote, ‘Acquisition of a paradigm and of the more esoteric type
of research it permits is a sign of maturity in the development of any given
scientific field.” Paradigms never resolve all the problems in a field, and debates
about the State Factor theory that occasionally erupt are signs that the field
remains vibrant and productive.

From a broader perspective, the State Factor theory of pedology has important
implications to sister sciences, particularly ecology. The State Factor model
provides a rigorous definition of an ecosystem, and provides a methodogical
approach to examining ecosystem properties and processes. ‘Gradient analyses’
in ecology (Whittaker, 1967) is the intellectual offspring of state factor analysis
(Austin et al., 1984), and provides an ideal point of common interest between the
earth and ecological sciences. For example, state factor analysis has served as the
conceptual framework for the ongoing biogeochemical research on the Hawaiian
Islands, work which has revealed much about the fate of soils and ecosystems
over long expanses of geological time (Chadwick et al., 1999; Vitousek, 2004) or
climate. Natural scientists strive to understand the cause of geographical varia-
tions in Earth surface properties and processes, and state factor analysis provides
a means to do so. These methods will have increasing importance for the health
of the Earth, as scientists endeavour to understand and manage a world that
increasingly bears the human footprint.

Finally, while paradigms of science have profound implications for whole
fields of study, it is their effect on a personal level that is to me most striking. The
historian Thomas Kuhn wrote about the effect of paradigm change in a scientific
field: “When paradigms change, the world itself changes with them . .. It is rather



112 Ronald Amundson

as if the professional community had been suddenly transported to another planet
where familiar objects are seen in a different light and are joined by unfamiliar
ones as well.” An example that may have some resonance with most earth sci-
entists is the pre and post plate-tectonics field of geology. After adopting plate-
tectonic concepts, scientists suddenly saw familiar objects in an unfamiliar way.
However, these same ground shifts in perception occur when a student is first
introduced to a paradigm, and I remember well how differently the world looked
to me following my introduction to the State Factor model as a student. Suddenly,
the vast spatial expanses of the Earth no longer seemed baffling, but instead had
the look of a large natural experiment that could be unravelled, at my will,
through State Factor analyses. Like Archimedes long ago, I experienced my own,
albeit modest, ‘Eureka’ moment, because as Kuhn wrote, ‘a paradigm is
prerequisite to perception itself’.
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Factors of soil formation: parent material.
As exemplified by a comparison of granitic and
basaltic soils
Michael J. Wilson

The clearest example of the intimate relationship between the nature of the soil
parent material and the properties that the soil eventually acquires through the
mediation of soil processes is to be found in soils derived from recent volcanic
material. This relationship has been especially well illustrated by a comprehen-
sive review of the topic by Dahlgren et al. (2004). This review highlights the fact
that volcanic soils possess distinctive physical, chemical and mineralogical
characteristics that are usually not found in soils developed upon other parent
materials. Many of these characteristics depend on the ease with which volcanic
material is weathered to form poorly crystalline clay minerals, such as allophane,
imogolite, ferrihydrite, etc. Other examples illustrating the influence of parent
material on soil properties could also be cited. Thus, soils derived from carbonate
rock may have such distinctive chemical properties that they are described as
specific soil types (Rendzinas) in some soil classifications. Again, soils derived
from smectitic-rich parent materials may be classed as Vertisols. In addition, it is
widely recognized that parent material may be responsible for the origin of some
unusual chemical soil properties, such as the high exchangeable Mg/exchange-
able Ca ratio or heavy metal content of serpentinite-derived soils, or for the
development of particular soil horizons which are used as diagnostic indices in
soil taxonomies.

Notwithstanding these examples, however, parent material per se cannot be
said to be a major criterion for soil classification. For most systems, soil type is
based on a number of different criteria related to pedogenesis, stressing parti-
cularly the nature and intensity of the process, as controlled largely by combi-
nations of the other soil-forming factors, namely climate, topography, biota, and
time. In fact, the influence of parent material is considered to be an inverse
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function of time, so that it is important especially in young or relatively immature
soils. Thus, Chesworth (1973) concluded that ‘as time progresses, the weathered
products of rocks as dissimilar as granite and basalt should become more and
more alike, to the extent ultimately of becoming indistinguishable’. This may be
true from the point of view of an analysis of the total chemical composition of the
clay fraction, but such an approach does not provide information on the influence
of parent material on the soil properties that are considered to be important to an
understanding of soil behaviour in a variety of agricultural and environmental
contexts.

The purpose of this contribution, therefore, is to focus on the impact of dis-
similar parent materials — in this case granite and basalt, the two most widely
occurring igneous rocks on the Earth’s surface — on the physical and chemical
properties of soils in the context of different weathering intensities to which the
soils have been subjected. Is parent material influence ephemeral and if not to
what extent can it be detected in soils subjected to long periods of weathering?
The initial emphasis will be upon relatively young soils where the influence of the
parent material can be most readily discerned, and following this the impact of
more intense weathering as well as that of other soil-forming factors will be
considered.

9.1 Mineralogical properties
9.1.1 Granitic soils

Sand mineralogy

The mineralogy of the sand fraction of young soils developed on granitic rocks
naturally reflects the mineralogy of the parent rock itself. Most frequently granites
consist predominantly (>66%) of K-feldspar, mainly orthoclase feldspar and
microcline, with subordinate sodic plagioclase feldspar and about 25% quartz.
Both biotite and muscovite often occur but hornblende is relatively uncommon.
Because of their stability to weathering, persistent accessory minerals in granitic
soils include rutile/anatase, zircon, apatite, monazite, tourmaline, garnet and
sphene. These minerals represent a store of major nutrients (P in the case of apatite
and monazite) or trace elements (for example B in tourmaline) that is not available
to plants. The sand fractions of the young granitic soils of Scotland are typically
made up K-feldspar and quartz, with subordinate plagioclase feldspar, biotite and
muscovite, and a heavy fraction (density > 2.65 Mg m ) consisting of many of
the accessory minerals listed above, as well as opaque minerals and weathered
grains. With intensive weathering, however, the major minerals decompose
according to their susceptibility to the process and ultimately, in a tropical



Factors of soil formation: parent material 115

environment, the sand fractions of granitic soils may consist very largely (>80%)
of quartz with only small amounts (<10%) of feldspar plus micas. Thus the
feldspars tend to weather to clay minerals and in fact the sand fractions of
intensely weathered granitic soils may contain appreciable amounts of clay
minerals such as kaolinite and gibbsite, which may be regarded as undispersed
fragments of weathered primary minerals.

Clay mineralogy

Studies of the clay mineralogy of granitic soils in many different countries yield
broadly comparable results. The constituents most commonly encountered
include kaolinite and halloysite, largely deriving from the weathering of feld-
spars, and vermiculitic minerals, which are associated with the weathering of
micas. The clay fractions of the soils developed upon granitic glacial till in north-
east Scotland typically contain kaolinite and/or halloysite and various vermicu-
litic minerals that may be interstratified with mica or interlayered with non-
exchangeable hydroxy-Al, depending on the pH conditions of the soils. It is
considered, however, that the kaolinite and halloysite in these soils results from
pre-glacially weathered material, of which there is an abundance in north-east
Scotland. Dioctahedral illite is also a common constituent of these Scottish soils
but this probably represents sericitic or comminuted muscovitic material. The
clay fractions of granitic soils developed under more intensive tropical or sub-
tropical weathering conditions are usually dominated by kaolin minerals, or
kaolinite itself. Gibbsite is also a common constituent of intensely weathered
granitic soils, as found in Malaysia, but it also may form rapidly under more
temperate climates.

9.1.2 Basaltic soils

Sand mineralogy

Basalt essentially consists of calcic plagioclase feldspar (labradorite to bytownite
in composition) and clinopyroxene; olivine may or may not be present. Minerals
that occur in small amounts or as accessories include biotite, quartz, apatite and
magnetite. Not infrequently the ferromagnesian minerals of basalt are extensively
altered to a complex of green minerals often identified optically as ‘chloritic or
serpentine-like’ material, but in reality more likely to be trioctahedral smectitic
minerals (Wilson, 1976). The mineralogy of young basaltic soils may reflect that
of the parent rock to a large extent, and sand fractions may contain substantial
quantities of smectitic aggregates (usually saponite). Frequently quartz is also
present, sometimes in considerable amounts as in the basaltic soils of India and
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Queensland. There is convincing evidence for an a eolian origin of the quartz in
some basaltic soils such as those in Victoria, Australia, but this does not seem to
explain the quartz in the Queensland basaltic soils, where it also occurs in coarse
sand fractions (Isbell et al., 1976, 1977). These observations are problematical
because although the red and brown basaltic soils of Queensland are thought to be
residual, if this was the case the amount of quartz that they contain is such that a
lowering of the landscape by more than 50 metres would be required. This would
appear to be inconsistent with the well-preserved volcanic landforms of the
region (Isbell et al., 1976). The major primary minerals in basaltic soils quickly
decompose under intensive weathering conditions, the ferromagnesian minerals
to goethite and haematite and the plagioclase feldspars to gibbsite and 1:1 clay
minerals. Basaltic soils may also contain a substantial content of magnetite
or titanomagnetite, which converts to maghaemite or titanomaghaemite under
tropical weathering conditions.

Clay mineralogy

As mentioned above, basalts often contain significant amounts of expansible
minerals which may be directly inherited by the soil and which then occur even in
the non-clay fractions. This has been shown for basaltic soils from many coun-
tries. The mineral in Scottish basaltic soils was identified as saponite (Wilson,
1976), which is susceptible to weathering and quickly decomposes. Under
alkaline conditions, basaltic soils initially become highly smectitic. The smectite
formed is often beidellitic and iron-rich as in basaltic soils in India, although
aluminous beidellite and low-charge montmorillonite have also been identified.
With further weathering the smectite in basaltic soils often becomes interstratified
with kaolinite, eventually to become a mixture of kaolin (usually kaolinite but
sometimes halloysite) and iron oxide minerals (haematite and goethite). Gibbsite
is also a common constituent.

9.2 Physical properties
9.2.1 Granitic soils

Particle size

Because granite is itself a medium- to coarse-grained rock, with a mean grain size
ranging from 1 mm to several centimetres, it might be anticipated that granitic
soils would be coarse textured. In relatively young soils this is generally the case,
as found, for example, in residual granite soils in Japan and soils developed upon
granite-derived glacial till in north-east Scotland with clay contents of <5% and
< 15% respectively. However, granitic soils may acquire a much higher clay
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content (30-40%) under more intensive weathering conditions, as in tropical
climates.

Porosity and hydraulic conductivity

Granitic soils are often characterized by high values for porosity and saturated
hydraulic conductivity, although values may vary considerably according to soil
type, position in the profile and clay content. For example, in a low clay content
(<10%) soil developed upon granitic bedrock in the Sierra Nevada, California,
pore space amounted to 49% of soil volume in the AC horizon and to 12%
in the Cr horizon (Graham et al., 1997). Average saturated hydraulic con-
ductivity (Kg,,) for the AC horizon was 29 cm h™" and for the Cr horizon it was
3.8 cmh™,

Water retention/availability

Granitic soils often have a very poor capacity to retain water because of their low
clay and organic matter contents, combined with high porosity and percentage of
macrovoids. Thus, Olowolafe (2002) found that granitic soils in Nigeria had
appreciably lower natural water contents and available water capacity than soils
developed nearby on basalt, attributing this to a higher clay content of the latter.
It should be noted, however, that granitic saprolites (saprolite is the soft,
weathered bedrock that lies in its original place) may have the capacity to store
large amounts of available water and can be important in sustaining the pro-
ductivity of commercial forests.

Bulk density and compactibility

The bulk density of granitic saprolites can be very high, even approaching that of
the fresh rock itself. For the cultivated granitic soils in Zimbabwe investigated by
Burt ez al. (2001), bulk densities were usually above 1.40 Mg m™> and were often
greater than 1.60 Mg m>. According to Vepraskas (1988), bulk density values
above this figure virtually stop root elongation due to mechanical impedance and
are a feature typical of compacted soils.

Structure and aggregate stability

Residual soils developed on granitic saprolites have only a limited ability to form
water-stable aggregates. For example, the granitic Masa soils of Japan lack
cohesion to such an extent that they are highly susceptible to erosion (Egashira
et al., 1985), as are similar soils in Zimbabwe (Burt er al., 2001). The coarse
sandy textures typical of many granitic soils militate against the development of
water-stable aggregates and it is only with an increase in clay and organic matter
content that water-stable aggregates are able to form.
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9.2.2 Basaltic soils

Particle size

The fine-grained nature of basalt suggests that soils developed from this parent
rock might also have a fine-grained texture. This is not always true for young,
poorly developed basaltic soils where coarser textures such as loamy sand or
sandy loam may be encountered. Higher clay contents are found in soils devel-
oped on glacial till derived from Carboniferous basalts in south-west Scotland
(Mitchell and Jarvis, 1956). Under free-draining conditions, these soils generally
have a loam to clay loam texture with clay contents in the range of 15 to 35%.
More poorly drained soils have clay loam to clay textures with clay contents
ranging from 25 to 50%. Under conditions of intense weathering the clay contents
of basaltic soils may become very high. For example, Isbell et al. (1976) found
clay contents in the 60 to 70% range for the red basaltic soils of north Queens-
land. The nearby brown basaltic soils were not quite so clay rich but still had clay
contents of between 40 to 60% (Isbell et al., 1977).

Porosity and hydraulic conductivity

The high clay contents of basaltic soils would be expected to lead to low por-
osities and hydraulic conductivities. This is often the case, particularly where
there are very large clay contents (50-75%) such as in the basaltic soils of the
Golan Heights in the northern Jordan Valley where hydraulic conductivities of
0.1t0 0.3 cm h™' were measured (Singer, 1987). Infiltration of water is thus very
slow and decreases from 0.28 cm h™' to 0.1 cm h™" after a short period of time.
However, Olowolafe (2002) found that the basaltic soils on the Jos Plateau,
Nigeria, had significantly higher infiltration rates and permeabilities (means of
10.3 cm h™' and 1.29 cm h™' respectively) compared with their granitic coun-
terparts (means of 5.3 cm h™' and 0.83 cm h™! respectively), despite containing
twice as much clay. The reason for this may be that the clay in the basaltic soils
forms water-stable aggregates, thus enabling the soils to behave as if they had a
more sandy texture.

Water retention/availability

The higher clay content and finer texture of basaltic soils compared with granitic
soils suggests that they should be able to retain more water. This is certainly
consistent with the findings of Olowolafe (2002) in Nigeria. Here the average
natural water content for the basaltic soils that he studied was 40% compared
with 17% for nearby granitic soils. However, for plant-available water the dif-
ference was not so marked, values of 110 mm m~! and 96 mm m ! being found
for basaltic and granitic soils respectively. In clay-rich soils it is often the case
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that much of the natural water content is held in a form that is not plant-available
but it is difficult to generalize because of the wide variations in pore size dis-
tribution resulting from differences in the fabric and state of aggregation of
the soils.

Bulk density and compactibility

Poorly developed basaltic soils may have high bulk densities even in surface
horizons but with increased mineral weathering and further pedological devel-
opment much lower bulk densities are found. Thus the bulk density for a high-
clay basaltic saprolite in Malaysia ranged from 1.07 to 1.17 Mg m ™ and fell to
0.98 Mg m " in the Ap horizon (Hamdan et al., 2000). Olowolafe (2002) found
values between 0.90 and 1.10 Mg m ™" in the clay-textured basaltic soils of
Nigeria throughout the profile and down to a depth of 2 m. Bulk densities for
adjacent granitic soils were always very much higher.

Structure and aggregate stability

Basaltic soils often contain water-stable aggregates, either through direct
inheritance from the parent rock (Wilson, 1976) or through an association with
the high free sesquioxide content resulting from mineral weathering (Singer,
1977). With further weathering the clay content of basaltic soils may increase to
such an extent that they form Vertisols with a high smectitic clay content. This
results in swelling and slaking during rainy seasons, with a consequent reduction
of infiltration rate, increased run-off (especially on bare slopes) and enhanced soil
erosion rates (Singer, 1987). In the dry season shrinking and cracking occur,
resulting in the formation of large clods after ploughing, which may eventually
break down into stable polyhedral aggregates.

9.3 Chemical properties
9.3.1 Granitic soils
Soil acidity
The pH (H,O) values in granitic saprolite or in the C horizons of granitic soils are
often the highest in the profile and values >7 may be recorded in saprolites
(Egashira et al., 1985). This is possibly due to the rapid release of cations from
unweathered but strained feldspars in the initial phase of weathering, such as are
often found in laboratory experiments. Higher up in the soil profile and with
further weathering and pedogenesis, the pH of granitic soils usually falls below
5.5 or even 5.0, especially when they are uncultivated. Thus, in the deep
weathering profile on granite studied by Eswaran and Bin (1978) in Malaysia,
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pH values never exceeded 5.0 at any point. In granitic soils in Nigeria, the mean
pH value for surface soils was 4.3 and for subsurface soils 4.7 (Olowolafe, 2002).

Exchangeable cations and base saturation

The acidity of granitic soils means that they tend to be characterized by low total
exchangeable bases and percentage base saturation values and by high Al
saturation. In cultivated granitic soils in Zimbabwe, total exchangeable bases
exceeded 3 cmol(+) kg~" in only 2 of the 10 profiles studied by Burt et al.
(2001). The granitic soils of north-east Scotland show similar low totals of
exchangeable bases in a variety of soil types, except where they had been limed
and fertilized (Glentworth and Muir, 1963). As might be expected, therefore,
percentage base saturation values in granitic soils are typically very low, often
being <20% or even <10%. Conversely, percentage Al or H saturation values
tend to be very high (80-90%) in strongly acid (pH < 4.5) and moderately acid
(pH 4.5-6.0) soils.

Cation/anion exchange capacity

Young coarse-textured granitic soils with low contents of clay and organic matter
usually have low cation exchange capacities. For example, the C horizons of
freely drained granitic soils in north-east Scotland nearly always have CEC
values <5.0 cmol(+) kg’l (Glentworth and Muir, 1963). Increasing age and
weathering intensity lead to higher clay contents and greater CEC values,
although there is considerable variation in this respect. Thus, Volkoff et al.
(1979) recorded CECs between 6 to 16 cmol(+) kg_l for A and B horizons of
granitic soils formed under a subtropical humid climate in south-east Brazil, but
for the Zimbabwean granitic soils studied by Burt et al. (2001) CECs were <5
cmol(+) kg~ ! even though there was a wide range of clay contents. Even lower
mean CEC values (<3 cmol(4+) kg~') were found by Gillman and Sumpter
(1986) for intensely weathered granitic soils with clay contents of 20-25% in a
high-rainfall tropical area of Queensland. The anion exchange capacity in these

soils was also found to be very small, ranging from <0.1 to 0.4 cmol(—) kg™ .

Organic matter status

The organic matter status of soils is usually considered to be influenced much
more strongly by factors such as climate, vegetation, type and degree of soil
development, position in the landscape, etc., than the nature of the parent material
itself. It would be anticipated, for example, that soils developed on granitic parent
materials under a tropical climate would contain much less organic matter than
those developed under a cool temperate climate, because conditions in the former



Factors of soil formation: parent material 121

instance are so much more favourable for organic matter decomposition. This is
generally found to be the case. However, parent material can still be an important
factor, particularly with regard to the nature of the organic matter. For example,
the humus in Atlantic thin immature soils developed on granite in Galicia, north-
west Spain, is thought to be similar to that found in Andosols (Garcia Rodeja
et al., 1984) and to be stabilized by Al, resulting in the formation of Al-humus
complexes. There is a strict relationship between organic matter and reactive Al,
which is presumably derived from weathering minerals, suggesting that the
organic matter is stabilized in a similar way to non-allophanic Andosols.

N status

The main source of native nitrogen in granitic soils is, of course in the soil
organic matter fraction, with little or no N being attributed to the mineral fraction.
It is worth noting, however, that a certain amount of native N may be associated
with feldspars and micas, although very little of this would be plant-available.
Again, some clay minerals occurring in granitic soils, such as dioctahedral ver-
miculite, may have the capacity to fix ammonium and although this is not
immediately plant-available it may become so in time. The nitrogen status of
granitic soils is usually low, certainly in terms of plant-available N, although for
total N, in temperate climates at least, this is not necessarily true. In humid
temperate climates, granitic soils may be high in organic matter and total N, with
C/N ratios in the range of 12 to 14 indicating relatively high microbial activity.
This is typical of many granitic soils in north-east Scotland (Glentworth and
Muir, 1963) and is also found in granitic areas of France and Spain (Carballas
et al., 1979). The latter authors concluded that although local climatic factors in
Galicia may influence the inhibited mineralization of organic matter in these
soils, it was not sufficient to explain the process in toto. They showed that
organic-rich soils developed on granitic parent material had abnormally low
coefficients of endogenous mineralization and consequently showed an enhanced
resistance to microbial attack, likely due to the formation of organomineral
complexes. Carballas et al. (1980) went on to demonstrate the predominance of
humus-Al complexes in the Spanish soils and stated that ‘in this case parent
material is the factor directing humification’, although climate and vegetation
have influenced the evolution of the soils. Under climatic and other conditions
favouring high rates of organic matter mineralization, the nitrogen status of
granitic soils is usually low or very low in terms of both total and available N.
Thus, the mean total N for surface samples of the Nigerian granitic soils studied
by Olowolafe (2002) was 0.07% and was nearly always < 0.1% for similar soils
in a variety of topographic situations. The Zimbabwean granitic soils studied by
Burt et al. (2001) showed similar very low totals.
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P status

The mean phosphorus content of granites is 0.08% corresponding to a normative
apatite content of 0.4% (Nockolds, 1954), and as the solubility of apatite is low it
would be anticipated that granitic soils would be deficient in plant-available
phosphate. This is indeed usually found to be the case in granitic soils developed
under a range of climatic conditions. For example, Williams (1959) found that the
surface horizons of granitic soils in north-east Scotland contained the lowest total,
inorganic and organic phosphate amounts compared with surface soils derived
from other parent materials (gabbro, slate and sandstone). Organic P (61%)
tended to be concentrated in the silt and clay fractions, where it was pre-
dominantly Al-bound, whereas inorganic P was concentrated in the sand fractions
and was Ca-bound. In both cases, the P was in a non-available form. Granitic soils
developed under more intensive weathering conditions are even more likely to be
P-deficient. Nigerian granitic soils typically have values of available P below 15
mg kg~ ! as determined by the Bray method. In fact, the mean value for available
P for the granitic soils studied by Olowolafe (2002) was only 4.4 mg kg~ ' even

though total P averaged 4300 mg kg ".

K status

Granites typically contain about 4.6% potassium corresponding to a normative
orthoclase content of ~32% (Nockolds, 1954), so that granitic soils should be
relatively K-rich, at least in terms of total K content. However, little of this store
of K is available to the plant, particularly in relatively young soils. Thus, the soils
developed on granitic till in north-east Scotland often have exchangeable K
contents between 0.1 to 0.2 cmol kg ' in surface horizons and <0.1 cmol kg ™' in
the rest of the soil profile (Glentworth and Muir, 1963). With more intensive
weathering and with an increase in clay content, however, there may be a sig-
nificant improvement in the K-status of granitic soils. Thus, some of the Nigerian
granitic soils studied by Olowolafe (2002) contain moderate amounts of
exchangeable K (>0.4 cmol kg™ '), and moderately high amounts of exchange-
able K were found in granitic soils in other countries in the tropics and subtropics.
It is concluded, therefore that the K-status of granitic soils in these countries may
be moderately good and is often better than that for granitic soils developed under
temperate climates.

Trace element status
Granitic soils may be susceptible to trace element deficiencies, although there is a
great deal of variability in this respect. The biologically important trace elements
considered here are Co, Cu and Zn, the mean total contents of these elements for
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granitic rocks being in the ranges 3-5, 8-35 and 30-80 mg kg ' respectively
(Wedepohl, 1978). But total content is a poor guide to plant availability, the
forms in which the trace elements are held in the soil being the all-important
factor. In north-east Scotland, the trace element status of young granitic soils on
glacial till is highly variable, although generally they are adequately supplied
(Glentworth and Muir, 1963). However, cobalt deficiency in sheep was first
recognized in Britain on the granitic soils of Dartmoor, and some granitic soils in
Scotland are also cobalt deficient. In strongly weathered granitic soils such as are
found in Australia, copper deficiency is more common and copper and zinc
deficiencies occur in the granitic soils of the Jos Plateau in Nigeria (Olowolafe,
2002). In summary, therefore, it is concluded that although trace element defi-
ciency does exist on granitic soils, especially when they are strongly weathered, it
cannot be said to be a general problem.

9.3.2 Basaltic soils
Soil acidity

The poorly developed or clay-rich basaltic soils formed under Mediterranean or
arid conditions yield pH values in water ranging from 6.5 to 7.5. Lower pH values
are found for immature basaltic soils of cool wet climates. The various soils
formed on the basaltic glacial till of south-west Scotland generally show pH (H,O)
values in surface samples in the range of 5.0 to 6.0, increasing down the profile to
values between 6.0 and 7.0 (Mitchell and Jarvis, 1956). Under more intensive
weathering regimes, the pH values for basaltic soils may not necessarily fall to
particularly low values. For example, the red basaltic soils of north Queensland
yield pH (H,O) values between 5.0 to 6.0 up to a depth of 8 m under rainforest,
and higher pH values in the range 6.3 to 6.7 are usually found in the thinner
basaltic soils under eucalypt woodland (Isbell et al., 1976). The brown basaltic
soils of the same region also yielded high pH values in the range 6.4 to 7.0
throughout their profiles (Isbell ez al., 1977). However, for the more highly oxidic
and presumably more intensely weathered basaltic soils of high-rainfall tropical
Queensland, the mean pH was < 5.0 in either the virgin or the cultivated state
(Gillman and Sumpter, 1986).

Exchangeable cations and base saturation

Exchangeable cations are usually in the medium to high categories in basaltic
soils formed under a variety of climatic conditions. In the basaltic soils in south-
west Scotland exchangeable Ca usually falls into these categories (3-8 cmol
kg™") as does exchangeable Mg (1-2 cmol kg™ '), although exchangeable K
values usually fall into the medium to low range (< 0.1-1.0 cmol kg ). For the
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most part these soils are highly base saturated (>60%), although surface horizons
often fall into the medium range (20-60%). Low (<20%) to medium base
saturation percentages are found in the surface horizons of freely draining soils.
The basaltic soils developed under semi-arid conditions on the Golan Heights
have high pH values and are fully base saturated (Singer, 1987). Sometimes these
soils contain small amounts of free CaCO;. With more intensive weathering
conditions it might be anticipated that the percentage base saturation and
exchangeable cation contents of basaltic soils would quickly fall to low levels,
but this is not always the case. For example, in the brown basaltic soils of north
Queensland exchangeable Ca is nearly always high except occasionally towards
the base of the profile. Exchangeable Mg is usually very high and exchangeable K
falls into the medium category. Base saturation percentages often exceed 80%
(Isbell et al., 1977). With further weathering and more intensive drainage,
however, as in the red basaltic soils under rainforest (Isbell ez al., 1976; Gillman
and Sumpter, 1986), values for exchangeable Ca, Mg and K are nearly always in
the low category and base saturation percentages are usually low.

Cation/anion exchange capacity

The CEC of immature basaltic soils, even in basal horizons where there is little or
no organic matter and apparently only small amounts of clay, can be quite high.
Thus in soils developed upon basaltic glacial till in north-east Scotland, the non-
clay fractions had high CECs (silt 11-57, fine sand 2-46 and coarse sand 1-26
cmol(+) kg™ ') and actually contributed more to the total soil CEC than the clay
fraction (Wilson and Logan, 1976). Similar findings with respect to basaltic soils
have been made in the USA, Australia, Northern Ireland and India. These
observations can be rationalized in terms of the parent rock containing significant
quantities of hydrothermally formed, high CEC expansible clay minerals, which
are directly inherited into the soil as coherent particles that are able to participate
in exchange reactions. Coherent high CEC aggregates may also form through
pedogenic activity after fairly intensive weathering, as in the brown basaltic soils
of Queensland (Isbell et al., 1977). In the even more intensively weathered,
strongly kaolinitic basaltic soils in tropical Queensland, very low CECs (<3 cmol
(+) kg™") and AECs (<2 cmol(—) kg™ ') were found whether the soils were in the
cultivated or the virgin state (Gillman and Sumpter, 1986). At pH 4 Gillman and
Sumpter (1986) found that the preferential occupation of exchange sites by Al in
basaltic soils is significantly lower than in granitic soils developed under the same
climatic conditions, indicating that the influence of parent material is
still apparent despite the intensive weathering to which the soils have been
subjected.
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Organic matter status

The organic matter content of basaltic mineral soils formed under cool, temperate
climatic conditions can be quite high. Thus, the basaltic soils of south-west
Scotland usually have organic matter contents between 8 to 17% in surface
horizons, decreasing to values between 2 to 6% in the immediate subsoil
(Mitchell and Jarvis, 1956). Where conditions favour the development of peaty
soils organic matter totals of between 34 to 68% are found in both surface and
subsurface horizons. The C/N ratio of the mineral soils usually falls in the range
of 10 to 15 whereas that for the peaty soils is between 15 to 30. For tropical
basaltic soils organic matter totals are not nearly as low as might be expected
from a consideration of climatic factors alone. In the basaltic soils of the Jos
Plateau, Nigeria, mean total organic matter was ~4.3% in surface soils, ranging
between 2.2 and 6.3%, and ~1.6% in subsoils, ranging between 0 to 4% (Olo-
wolafe, 2002). These basaltic soils had very much higher organic matter contents
than the neighbouring granitic soils. The mean C/N ratio of these Nigerian
basaltic soils was ~20, showing that humification was still at a relatively early
stage. For the red basaltic soils of Queensland, mean organic matter totals were
very high, being nearly 12% in the rainforest and nearly 6% under eucalypt
woodland (Isbell et al., 1976). In the high rainfall areas of tropical Queensland,
Gillman and Sumpter (1986) found that basaltic soils contained more soil organic
matter than their granitic counterparts, with mean totals for surface soils and
subsoils of 5.6% and 3.2% respectively. In addition, the basaltic soils contained
approximately 8 to 10 times more extractable Fe (8 to 10%) than the granitic
soils, a clearly discernible parent material effect even in these clay-rich, highly
weathered soils. The red basaltic soils studied by Isbell et al. (1976) are excep-
tionally rich in total iron (mean of 21%) and extractable (mean of 17%) and it is
reasonable to assume that conditions in these soils would be suitable for the
formation of Fe-organic complexes.

N status

As with all mineral soils, basaltic soils are usually N-deficient in terms of
available nitrogen, but there may be considerable variation with respect to total
N, depending on other soil-forming factors. Thus, in south-west Scotland, of the
21 basaltic soil profiles studied by Mitchell and Jarvis (1956), total N was very
high (>1%) in surface horizons in 5 profiles, high (0.5 to 1%) in 6 profiles and
medium (0.2 to 0.5%) in 7 profiles. The soils with very high values were of a
peaty nature while the high to medium N soils were classed as brown forest soils
or non-calcareous gleys. These relatively high total N values may be attrib-
uted primarily to the cool wet climate, leading to acidic peaty soils, effectively
inhibiting the process of microbial decomposition of organic matter.
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For basaltic soils developing under a tropical climate it would be expected that
total N contents would fall to lower levels and this is often the case. In Australia,
the Euchrozems and Black earths, both of which derive from basaltic parent
material, usually contain low to very low levels of total N. However, the red
basaltic Krasnozems of northern Queensland are characterized by medium to
high total N values (Isbell et al., 1976). This probably relates to their highly
oxidic nature, leading to a situation where organic matter is tightly bound to iron
oxide minerals or to the formation of iron-organic complexes, both forms being
inaccessible to microbial decomposition.

P status

The mean phosphorus content of basaltic rocks is 0.10% for tholeiitic basalts and
0.17% for alkali olivine basalts (Nockolds, 1954) which is 2 to 3 times the P
content of granites. As phosphorus is a relatively immobile element in the
landscape the P content of soils to a large extent reflects that of the parent
material. The chief mineral form of phosphate in basalts is apatite, usually
fluorapatite (Cas(PO,4)3F) but rare earth phosphate minerals such as monazite and
xenotime may also occur. All these minerals are resistant to weathering so that
they eventually accumulate in the soil. In the young soils developed upon basaltic
till in south-west Scotland total P contents are usually moderately high in
the surface horizons, ranging from 0.1% to 0.3%, decreasing to values between
0.04 to 0.1% at the base of the profile (Mitchell and Jarvis, 1956). Results for
readily soluble phosphate (in acetic acid) show an inverse relationship with
medium to high values (20 to 40 mg kg™ ') being recorded at the base of the
profile and low values (1 to 3 mg kg~ ') in surface samples. Using direct
microprobe methods Norrish and Rosser (1983) found a strong linear relationship
between %P in the native form and %Fe in a Queensland Oxisol. Iron was in the
form of both goethite and haematite and it was concluded that the relationship
was independent of the form of the iron oxide mineral. The influence of the parent
material was very evident because the iron oxide minerals are sometimes in the
form of microaggregates. These behave optically as single crystals because they
are pseudomorphs after olivine which have been inherited from the parent rock.

K status

The mean potassium content of basaltic rocks is about 16% of that for granitic
rocks. For tholeiitic basalts the mean K content is 0.68% and for alkali olivine
basalts 0.79% (Nockolds, 1954). This corresponds to a normative orthoclase
content of 5.0% and 6.1% respectively. Basaltic soils might be expected to be
more K-deficient than those derived from granites but this is certainly not always
true. Thus the K-status of basaltic soils in south-west Scotland is generally
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moderate, falling into the 0.2 to 0.6 cmol kg ' range (Mitchell and Jarvis, 1956).
Again the brown basaltic soils of Queensland are often high in exchangeable K,
ranging between 0.4 to 1.7 cmol kg~ ', with a mean value of 1.1 cmol kg~ (Isbell
et al., 1977). Clay-rich basaltic soils, such as those in India, often show
K-deficiency symptoms due to their high K-fixing capacity, relating to the nature
of their constituent clay minerals.

Trace element status

With regard to micronutrients, the content for tholeiitic basalts worldwide
usually falls into the range of 30-50 mg kg~ ' for Co, 40-150 mg kg~ ' for Cu
and 100-150 mg kg~ ' for Zn (Wedepohl, 1978). In the young basaltic soils in
Scotland there was no indication of trace element problems (Mitchell and Jarvis,
1956) and this was also the case for the basaltic soils of the Jos Plateau (Olo-
wolafe, 2002). For the more intensively weathered basaltic soils developed upon
ancient erosion surfaces in Queensland, trace element problems do occur but they
are not universal. Thus the basaltic Krasnozems are associated with Co-defi-
ciency in animals and these soils may also be Cu-deficient. Black earths in
Queensland, also derived from basalt, may be Zn-deficient for cereals (Tiller,
1983). However, there is no consistency with respect to soil groups, so that trace
element status cannot be reliably predicted from broad-scale surveys. Sometimes
basaltic soils may be high in total micronutrients but still show deficiency
symptoms (Tiller, 1983).

9.4 Conclusions

Many of the characteristic differences between granitic and basaltic soils outlined
above and summarized in Table 9.1 can be directly related to the different
mineralogies of the parent rocks as well as to the different types of clay minerals
that develop through the weathering of these rocks. Thus, granites are coarse-
grained and consist predominantly of quartz and K-feldspar, both of which are
resistant to weathering, with minor amounts of ferromagnesian minerals other
than biotite. Clay mineral weathering products are usually kaolinitic and rarely
smectitic. This generally leads to porous soils with a low clay content, a poor
capacity to retain water and limited ability to form water-stable aggregates. In
addition, parent material mineralogy leads to acid soils, low contents of
exchangeable bases and low CECs. Parent material is also implicated in the
accumulation and nature of organic matter on and in granitic soils by virtue of
the release of aluminium during mineral weathering and the subsequent forma-
tion of resistant Al-humus complexes. These complexes also inhibit the release of
N and P in a plant-available form. By contrast, basalts are fine-grained, consisting
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predominantly of calcic plagioclase feldspars and ferromagnesian minerals, both
of which are susceptible to weathering. Clay mineral weathering products are
often smectitic and fresh basalt itself may contain significant quantities of
hydrothermally formed smectitic material. This generally leads to soils with a
higher clay content and a higher capacity to retain water. Porosity and hydraulic
conductivity may be low but some basaltic soils are characterized by a high
content of water stable aggregates which makes them more porous than might be
expected from their clay contents. Basaltic soils are acidic only under the severe
weathering conditions when their clay mineralogy becomes kaolinitic. Usually
they are adequately supplied with exchangeable bases that derive directly from
mineral weathering. They have high CECs, including sometimes the non-clay
fractions, except when they are in a highly weathered state. The accumulation and
nature of organic matter in basaltic soils relates to parent material through the
formation of Fe-organic complexes or through association with iron oxide
minerals, the source of the iron being through weathering of ferromagnesian
minerals. Organic matter in this form is resistant to microbial decomposition.
This again has implications with respect to the availability to plants of N and P
from organic matter in these soils. Finally, the capacity of some basaltic soils to
fix K may be related to the beidellitic nature of the smectite component in the
clay fraction.

In conclusion, it is evident that the influence of parent material on the prop-
erties of soils is important even up to the most severe stages of weathering and is
seldom overwhelmed without trace by the other soil-forming factors. Under less
extreme circumstances it is crucial to an understanding of soil behaviour, parti-
cularly with respect to inherent fertility status, soil management, soil erosion and
degradation and soil biodiversity. This conclusion stems from an examination of
only two selected types of parent materials but in the writer’s opinion had other
parent materials been examined in the same way a similar conclusion would have
been reached.
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Factors of soil formation: climate. As exemplified by
volcanic ash soils

Sadao Shoji
Masami Nanzyo
Tadashi Takahashi

Global climatic factors, especially temperature and precipitation, most strongly
influence soil formation. Temperature acts on the reactions involved in soil
processes in a variety of ways. It controls the speed of chemical reactions as
described by the well-known Van’t Hoff’s temperature rule. However, all che-
mical reactions cease in the absence of soil moisture due to freezing or drying up.
Temperature also determines the type and biomass of vegetation closely relating
to soil formation. Soil moisture supplied by precipitation is crucial to the forming
and functioning of the soil. It contributes to the dissolution, neoformation and
translocation of materials and facilitates the growth of vegetation that also acts on
soil formation (Buol et al., 1997).

Although there are many treatises dealing with this subject, we will select a
conceptual and comprehensive one published by Ugolini and Spaltenstein (1992)
and will begin this chapter by introducing it. We will then describe the influence
of climatic factors on soil formation, mainly based on our studies of volcanic ash
soils which have several distinct advantages for pedogenesis studies. The age,
rock types, and chemical and mineralogical properties of volcanic ash as a parent
material can be easily determined. Volcanic ash is commonly unconsolidated and
comminuted, and is dominated by volcanic glass, which shows the least resis-
tance to chemical weathering (Shoji, 1986). Therefore, volcanic ash rapidly forms
a variety of soils in all climate zones, and the soil processes involved are highly
accentuated. Intermittent volcanic ash deposition and repeated pedogenesis com-
monly create sedentary multistoreyed soils. These soils notably resist soil dis-
turbance, truncation, and displacement so that they preserve highly useful
information concerning the palaecoclimate, palacovegetation and palacopedogenesis.

Soils: Basic Concepts and Future Challenges, ed. Giacomo Certini and Riccardo Scalenghe.
Published by Cambridge University Press. © Cambridge University Press 2006.
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10.1 Global climate and soil formation

Ugolini and Spaltenstein (1992) employed Jenny’s approach (Jenny, 1941) as a
conceptual framework to relate the soil-forming processes to the global envir-
onment. They assumed that soil formation, along a transect from the poles to the
equator, occurs under uniform parent material, similar topography, and equiva-
lent time, and the significant variables are climate and biota. Though Jenny
considered each of the soil-forming factors as an independent variable, climate
and biota are particularly closely linked.

Important classes of soil temperature and soil moisture are cold (cryic), cool
(frigid), temperate (mesic), warm (thermic) and hot (hyperthermic), and arid
(aridic), semi-arid (ustic), Mediterranean-climate (xeric), and humid (udic),
respectively. As shown in Table 10.1, Ugolini and Spaltenstein (1992) divided
the global climate into nine zones and employed soil moisture regimes and soil
temperature regimes to describe the climatic conditions and soil Orders of Soil
Taxonomy that form in each climate zone. Furthermore, they characteristically
showed the compartment of each soil Order consisting of a canopy, organic and
mineral soil horizons, specific impact of climate and surface conditions on the
soil horizons, and speed of soil formation (pedogenesis).

(1) Cold desert zone. The cold desert is mostly centred in the ice-free areas of Antarctica
and in northern Greenland. This zone has extremely dry and extremely cold climates
(ultraxeric soil moisture and ultrapergelic temperature regimes). Physical weathering
is mainly caused by frost wedging and insolation. Chemical weathering is restricted
by the continuous low temperature and paucity of liquid water. Salts liberated
through weathering or accreted by meteoric input are slowly removed in the virtual
absence of percolating water. Consequently, chlorides, sulphates, nitrates and other
soluble salts are retained and calcium carbonate precipitates in the soil. Soils formed
under this environment are extremely slow with respect to the speed of pedogenesis.
They were classified as Entisols (soils with very early stage of development) in Soil
Taxonomy (Soil Survey Staff, 1975).

(2) Polar desert zone. This zone occurs in the northernmost sectors of the Arctic and has
extremely dry and very cold climates (ultraxeric moisture and pergelic soil
temperature regimes). Though barren conditions prevail, vascular plants are present
as small patches. Physical weathering is shown by the existence of frost-shattered
rocks. The rate of chemical weathering is low, but higher than in the cold desert zone.
The neoformation of Fe-hydroxide and accumulation of secondary calcium
carbonates occur in the Bw horizon and in the C horizon, respectively. The soils
formed in this climatic zone were also classified as Entisols (Soil Survey Staff, 1975).

(3) Tundra. The tundra zone stretches south of the polar desert to the margin of the tree
line and has arid and cold climate (aridic soil moisture and cryic soil temperature
regimes). Most of the terrain is waterlogged during the growing season because of the
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permafrost (a soil layer below 0°C for at least two years in succession). A small area
of the landscape is well drained, receiving the full impact of the soil-forming factors.
Alteration of minerals, such as mica, and the neoformation of Fe-hydroxide take
place in the subsoil. These soils consist of A, Bw and C horizons. They were
classified as Inceptisols (young, slightly to moderately developed soils) (Soil Survey
Staff, 1975).

Ugolini and Spaltenstein described their paper before Gelisols were introduced
into Soil Taxonomy. Gelisols are soils that have a permafrost within 100 cm of the
soil surface or gelic materials (Appendix Table VI) within 100 cm of the soil surface
and permafrost within 200 cm of the soil surface according to the current Soil
Taxonomy (Soil Survey Staff, 2006). Therefore, most soils in the cold desert, polar
desert and tundra zones are now classified as Gelisols. Gelisols correspond to Cryosols in
the World Reference Base for Soil Resources (WRB) (IUSS Working Group WRB, 2006).
Boreal forest. This zone occurs south of the Arctic tree line and into the forest belt
and has humid and cool climates (udic soil moisture and frigid temperature regimes).
There is much more biomass mainly consisting of coniferous trees than in the tundra,
and the soil profile differentiation is greatly accentuated, showing a moderate speed
of pedogenesis. Organic acids act both as proton donors and chelating agents. They
attack the minerals in the upper compartment, resulting in a chromatographic-like
redistribution of fulvic acids, iron and aluminium, and distinct differentiation of the
soil horizons, such as the O, E, Bh and Bs horizons. Minerals in the E horizon are
dissolved while smectite appears to be stable in this environment. In the lower
compartment (Bs and BC horizons) which is dominated by carbonic acid, non-
crystalline silicates, such as allophane and imogolite, may form as well as the oxides
and hydroxides of iron and aluminium. Vermiculite with an Al interlayer is also
present. Spodosols (Soil Survey Staff, 2006) or Podzols (IUSS Working Group WRB,
2006) are the soils formed in this zone.

Temperate deciduous forest. This zone is found south of the boreal forest belt, and
has humid and temperate climates (udic soil moisture and mesic soil temperature
regimes). Plants produce litter rich in nitrogen and cations and poor in lignin. The
rates of organic matter decomposition are higher than in the boreal forest belt.
Earthworms mix the humic substances with the surface mineral soil, and the
chromatographic-like redistribution of the organic acids and trivalent metals does not
occur. Soils show a moderate speed of pedogenesis and their morphology consists of
an A or E, Bw or Bt, and C horizons. Inceptisols and Alfisols (Soil Survey Staff,
2006) or Cambisols and Luvisols (IUSS Working Group WRB, 20006) are the soils
developed in this zone.

Grassland. The grassland or steppe zone experiences a continental climate with hot,
dry summers and cold winters (ustic soil moisture and mesic soil temperature
regimes). Rains are prevalent during the spring and autumn. These conditions favour
the retention of organic matter in the soil, high CO, partial pressures, and the
formation of carbonic acid. Melanization, the darkening of the soil due to organic
matter accumulation, is the prevailing soil process that is well expressed under



(N

®)

©))

Factors of soil formation: climate. 135

grassland vegetation. The soils have a thick dark A horizon with developed structures and
plentiful plant roots. The B horizon may be poorly developed, while the C horizon may
contain soft concretions of calcium carbonate. The speed of pedogenesis is moderate.
Soils common in the grassland zone are called Mollisols (Soil Survey Staff, 2006) or
Chernozems, Kastanozems and Phaeozems (IUSS Working Group WRB, 2006).

Hot desert. This zone shows scant precipitation and high temperature (aridic soil
moisture and thermic soil temperature regimes) so that the rate of pedogenesis is low.
These conditions reduce leaching and favour the retention of soluble products of
weathering. They also reduce biomass production and soil organic matter content.
Therefore, the organic compartment is thin. The formation of 2:1 minerals and Fe-
hydroxide and the precipitation of calcium carbonate take place in the soil. The soils of
the hot desert are Aridisols (Soil Survey Staff, 2006). They correspond to Solonchaks,
Solonetz, Gypsisols, Calcisols and so on in WRB (IUSS Working Group WRB, 2006).
Savanna. Savannas occur in tropical or subtropical climates with a marked dry season
(ustic/udic soil moisture and isothermic soil temperature regimes). Carbonic acid is
the prevailing proton donor. During the wet season, weathering occurs and kaolinite
forms in the well-drained soils. The soil solution, charged with H4SiO, (silicic acid)
and basic cations, migrates to lowlands and depressions where the soil solution is
concentrated during the dry season. This leads to an intensive neoformation of
expansible 2:1 clay minerals, mostly smectite. Organic matter tends to accumulate all
through the soil, forming a thick A horizon, and the clay content markedly increases.
These soils are poorly drained during the wet season while they become strongly
desiccated during the dry season. Common soils in the savanna are the Vertisols (Soil
Survey Staff, 2006; IUSS Working Group WRB, 20006).

Tropical rainforest. The increased rainfall and high temperatures (perudic soil
moisture and isohyperthermic soil temperature regimes) of the tropical rainforest
zone favour a high biomass production, strong weathering, and intense leaching.
Though the growth of vegetation is luxurious, mineralization of organic matter is so
rapid that the soil organic matter content is low and the A horizon is thin. Intense
hydrolysis reactions are favoured by the large volume of water that penetrates the
soil, while an aggressive carbonic acid weathering proceeds under a high CO, partial
pressure. Iron becomes segregated as a separate phase and forms intensively red
oxides such as haematite, and oxyhydroxides such as goethite. The iron accumulation
contributes to the formation of an iron crust at the surface that responds to desiccation
caused by changes in the climate or ecological conditions. The weathering profile is
very deep and it is difficult to distinguish soil profiles and soil horizons. Oxisols (Soil
Survey Staff, 2006) or Ferralsols (IUSS Working Group WRB, 2006) are unique to
this environment.

There are considerable differences in climate conditions between soil Orders

described by Ugolini and Spaltenstein (Table 10.1) and the equivalent soil groups
in the MAP-MAT graph shown in Fig. 10.1. These differences in distribution are
considered to be attributable to the assumptions of Ugolini and Spaltenstein
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Fig. 10.1. Distribution of selected soil groups in a mean annual precipitation—
mean annual temperature (MAP-MAT) graph.

(1992) that the soil formation of a majority of each soil Order is taking place
under the present-day climatic conditions and the parent material has not
experienced pre-weathering. In fact, Oxisols (Ferralsols) occur not only in tro-
pical soil temperature regimes, but also south of the iso soil temperature regimes.
Their distribution tends to be independent of the present rainfall patterns, sug-
gesting that many Oxisols attain their mineralogical characteristics by a process
not related to their present location (Buol er al., 1997). Alfisols (Luvisols) are
present in humid, subhumid and arid conditions. Under subhumid and arid
conditions, Alfisols occupy stable landscapes that have undergone long-term
weathering under fairly constant climate conditions or are polygenetic, and have
experienced climatic changes during the Pleistocene (Buol et al., 1997). Spodosols
(Podzols) are also mainly distributed in the humid boreal climate zone. However,
they also occur in the tropical lowlands. This diversity of Spodosol distribution
indicates that in addition to the climate, the parent materials with a coarse texture
and vegetation supplying mobile and sesquioxide-mobilizing organic compounds
contribute greatly to the formation of Spodosols (Buol et al., 1997).

Ugolini and Spaltenstein used nine soil Orders for their discussion on the
relationships between climate and soil formation. However, three soil Orders,
such as Gelisols (Cryosols), Histosols (Histosols), and Andisols (Andosols), were
not described.

A majority of Histosols are typically climate independent while blanket peats
and raised bogs are ‘climatic’: they depend on rainfall for water and nutrients
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(Buol et al., 1997). The aclimatic Histosols are formed on the depressions of cold
to tropical regions where restricted drainage inhibits the decomposition of plant
and animal remains.

Nearly all Andisols are formed from volcanic ash that is unconsolidated,
comminuted materials containing a large quantity of most weatherable volcanic
glass. Therefore, the development of Andisols is primarily influenced by the
properties of volcanic ash, so that all soil temperature regimes except pergelic
and all soil moisture regimes are recognized in Andisols. Considering the unique
genetic conditions of Histosols and Andisols described above, Ugolini and
Spaltenstein would have excluded these orders in their framework (Table 10.1).

10.2 Influences of climatic factors on soil formation based on the
studies on volcanic ash soils

10.2.1 Basic considerations

Chemical kinetics of weathering

The kinetic concept is one of the most useful approaches for describing the
effects of climate on soil formation (Shoji et al., 1993b). Andosols derived from
volcanic ash have some notable advantages because the time zero of soil for-
mation can be clearly set at the time of ash deposition, which is determined with
reasonable accuracy by various methods. Tephra or volcanic ash is commonly
dominated by volcanic glass that is the most weatherable parent mineral.

The dissolution of fresh volcanic glass consists of two processes. One is the
rapid dissolution of the fresh surface of glass. The release of cations such as Na,
K, Mg and Ca takes place faster than Si and Al, and the Si-O-Si and Si-O-Al
framework remains on the glass surface. The release of Si and Al is a hydrolytic
reaction of these chemical bonds and shows almost a linear time-course after the
initial very rapid dissolution process. The temperature dependency coefficient
(Q10) of Al and Si is 1.5 and 1.6-1.7 at ambient temperature, respectively,
according to a laboratory dissolution experiment.

Andosols occurring on well-drained sites are subjected to intense leaching
under humid climates, and the importance of the leaching process is supported
by comparison of the elemental composition between the volcanic glass and
allophane-imogolite or Al-humus complex. The Si/Al atomic ratio of non-
coloured volcanic glass is around 4.7 whereas the weathering products have the
very low atomic ratio of 0.5 for allophane and imogolite and almost zero for the
Al-humus complex.

Silicon and basic cations are mostly lost by leaching from Andosols, while Al
stays in situ mainly as allophane—-imogolite and Al-humus complexes. The
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Fig. 10.2. Relationship between soil age normalized to 10 °C and acid oxalate

extractable Al in the A horizons of Andosols from north-east Japan. From Shoji
et al. (1993D).

content of these non-crystalline Al materials can be determined as acid oxalate-
extractable Al (Al,). The Al, content increases almost linearly with the soil age
normalized to 10°C, after a small quick increase during the initial stage (Fig.
10.2). The normalized soil age is converted from the normalized temperature and
is useful for determining the temperature effect on chemical weathering of soils
with the same soil moisture regime (Shoji et al., 1993b).

During Andosol formation, a huge amount of Si is leached out, resulting in a
notably increasing Si concentration of river water in the volcanic ash soil areas. If
the weathering product is dominantly Al-humus, the released Si is mostly lost by
leaching. The Si incorporated into the weathering product is only about one tenth
of the Si released from the volcanic glass even when all the released Al occurs in
allophane and imogolite.

According to the equation for the soil age normalized to 10 °C and Al, (Al,
+ Fe,/2 =1.36 Al,), the (Al, + Fe,/2) of volcanic ash dominated by non-
coloured glass attains 2.0% within 1280 years. If the same volcanic ash is
subjected to weathering at a higher temperature (such as 25 °C at the same soil
moisture) the time required to reach the Al, + Fe,/2 of 2.0% is 700 years (Shoji
et al., 1993b).

Database considerations on climate and soil formation

The Tohoku University World Andosol Database (TUWAD) has been utilized for
preparing proposed revisions to the classification of Andosols in the WRB (Shoji
et al., 1996; Takahashi et al., 2004). This database is useful for providing the
entire picture of Andosols formed under various soil-forming conditions. It can
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also show the influence of climatic factors on the soil properties and can validate
the chemical kinetics studies described in the previous section.

As information on arid Andosols (Torrands in the Soil Taxonomy) is very
limited, the arid Andosols are excluded from the database considerations. A total
of 1362 samples from 210 pedons have been used to investigate the relationships
between soil temperature and soil moisture with soil properties, such as the
concentrations of acid oxalate-extractable Al (Al,), acid oxalate-extractable Si (Si,),
and organic carbon. A horizons most strongly reflect the soil-forming conditions, so
A and buried A horizons were selected to examine the Si, to Al, ratios from them.
These properties are especially important for characterizing the Andosols.

Aluminium is the least mobile chemical element during the weathering of
Andosols, so Al,, commonly called active Al, is useful for determining
the weathering degrees of Andosols if the major weathering products are non-
crystalline and for estimating the content of Al occurring in allophane—-imogolite
and Al-humus complexes. The relationship between soil temperature and Al,
values has been studied using humid Andosol samples including very humid
(perudic) ones, as presented in Fig. 10.3a. The mean Al, values are found to be in
the order of warm Andosols (4.07%) > temperate Andosols (3.09%) > cool and
cold Andosols (2.10%), clearly indicating the thermal effect on the weathering
rate of the Andosols. The mean, median and 80th percentile Al, values of the
warm Andosols are 1.8- to 2.2-fold of those of the cool and cold Andosols, while
the difference in the mean annual soil temperature between the two types of soil
is approximately 20 °C. According to studies on the chemical kinetics of
Andosol weathering, the temperature dependency (Q;¢) of the Al dissolution
reaction is close to a zero-order reaction. Thus, a temperature rise by 20 °C
nearly doubles the dissolution rate, indicating a coincidence with the weathering
rate of Andosols obtained by the acid oxalate dissolution measurement. There is
no difference in the mean Al, values between the hot Andosols (3.20%) and
temperate Andosols, because a considerable amount of Al released from vol-
canic ash is incorporated into kaolin minerals under a hot climate.

Soil moisture significantly contributes to the weathering of Andosols compared
with soil temperature (Shoji et al., 1993b). According to the frequency dis-
tribution of the Al, values (Fig. 10.3b), the mean, median, and 80th percentile
values are 3.06%, 2.47% and 5.03%, respectively, for the humid Andosols,
1.24%, 0.62%, and 1.59% for the semi-arid Andosols, and 1.57%, 1.13%, and
2.55% for the Mediterranean-climate Andosols. Furthermore, the percentages of
the soil samples with the least degree of weathering (Al, values of 1.0% or less)
are 60% in the semi-arid Andosols, 42% in the Mediterranean-climate Andosols,
and 24% in the humid Andosols. These figures indicate that soil moisture very
strongly influences the weathering of Andosols.
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Fig. 10.3. Frequency distribution of Al, (a and b), Si,/Al, ratio (c), and OC (d)
of surface horizons of volcanic ash soils with different soil temperature and soil
moisture (prepared using TUWAD).
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Fresh volcanic ash shows the highest Si content (several-fold above the Al
content) and the Si release rate from the parent material is much higher than Al.
However, the mean Si, values of the humid, Mediterranean-climate and semi-arid
Andosols are 1.22%, 0.64% and 0.49%, respectively, being approximately 40%
of the mean Al, values. The 80th percentile Si, values are also notably smaller
than the corresponding values of Al,. Thus, a large proportion of the released
silica has been subjected to an intense leaching loss under humid climates, while
it has been transformed into acid oxalate-insoluble amorphous silica or opaline
silica under arid climates.

Si, mainly occurs in allophane and imogolite and Al, in allophane, imogolite
and Al-humus complexes. Soil allophane often has a Si/Al ratio of 0.5 (Shoji et
al., 1993b). Thus, the types of the major weathering product in the Andosols can
be determined according to the concentration of Al, and Si,, and Siy/Al, ratios.
Most semi-arid Andosols have a Si,/Al, ratio of 0.5 to 0.4 (Fig. 10.3c), indicating
that the major weathering product except amorphous silica is allophane, though
its content is very small, as shown by the low Al, concentrations (Fig. 10.3b). In
contrast, humid Andosols have a bimodal distribution of Si,/Al, values. A soil
group having a peak at the Si,/Al, of 0.1 shows a predominance of Al-humus
complexes that is common for present-day surface soils under humid climate. The
other soil groups having a peak at the Si,/Al, of 0.4 contain many buried A
horizons in which intense allophane formation has been taking place without the
anti-allophanic reaction by organic matter supplied from vegetation. Most
Mediterranean-climate Andosols have Si,/Al, ratios of 0.4 to 0.3 and lower Al,
values, so their main weathering products are allophane and Al-humus com-
plexes, though in low amounts.

The accumulation of organic matter in the Andosols is greatest in humid
Andosols (Fig. 10.3d) and is primarily attributed to the formation of stable
Al-humus complexes. Thus, the frequency distribution of organic carbon (OC)
is similar to that of the Al, content as follows: the mean, 80th percentile and
OC/Al, values are 5.22%, 8.52%, and 1.70% for the humid Andosols, 1.83%,
3.20%, and 1.50% for the semi-arid Andosols and 1.91%, 2.80%, and 1.20% for
the Mediterranean-climate Andosols.

10.2.2 Soil formation and characteristic weathering products

Since Andosols or Andisols occur in various environments, the Andisol Order
has been provided with eight Suborders. Aquands, Cryands and Udands have
many more numbers of Great Groups and Subgroups compared with the other
Suborders, indicating that soil moisture regimes most strongly influence the
development and diversity of Andisols.
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Soil processes in young volcanic ash soils

Reflecting the unique properties of the parent material, volcanic ash soils rapidly
form and show accentuated soil processes with several characteristic weathering
products. Therefore, young volcanic ash soils are the most suitable for under-
standing the significance of relationships between climatic conditions and soil
processes. The soil processes are influenced by the release and activities of the
constituent elements, leaching or accumulation of the released elements, soil
acidity, and supply, decomposition and humification of organic matter from
vegetation.

As confirmed in the previous section, soil moisture influences the weathering
of volcanic ash soils more strongly than soil temperature. Thus, the present
subject will be discussed according to the relationship of soil moisture with soil
processes in th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>