
Chapter 1
Purpose and Scope

Abstract Soil plays a major role in ecosystem services (an ecological term referring
to the benefits granted to humans by ecosystems). Among the various ecosystem
services, provisioning services are important providers of foods, fibers, wood, and
other naturally sourced materials. To increase biological production while
maintaining sustainable soil and ecosystems, we must understand element cycling
in soils and ecosystems and its high dependence on inorganic constituents. This
monograph describes the fundamentals, along with visual aids, of inorganic soil
constituents for beginning students of soil science, environmental science, biogeo-
chemistry, and interested readers in other disciplines. The visual aids include optical
photographs, electron microscope images, and element maps acquired by energy
dispersive X-ray analyses.

1.1 Ecosystem Services as an Embodiment of Soil Functions

An ecosystem is characterized by a wide variety of organisms, and soil is essential
for the survival and activities of terrestrial organisms. Ecosystems are strongly
dependent on, and also affect, the properties of their soils. Under these conditions,
ecosystems provide various services to humans (known as ecosystem services). The
Millennium Ecosystem Assessment (2005) report describes four main classes of
ecosystem services:

1. Provisioning services such as food, water, timber, and fiber.
2. Regulating services that affect climate, floods, disease, wastes, and water quality
3. Cultural services that provide recreational, aesthetic, and spiritual benefits
4. Supporting services such as soil formation, photosynthesis, and nutrient cycling

Among the supporting services is “soil formation,” which includes the functions
of biota and organic and inorganic constituents in the soil. Digestion of biogenic
residues and reuse of nutrient elements constitute “photosynthesis and nutrient
cycling.” Soil supports the digestion of biogenic residues and the reuse of nutrient
elements, and it plays a nutrient-retention role, at least temporarily. Humans utilize
the supporting services to obtain provisioning-service products, such as foods,
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fibers, and woods, although agricultural production is often enhanced by the appli-
cation of fertilizer.

Related to ecosystem services, soils are also involved in landscapes. A landscape
is formed by the interactions among soil, topography, climate, and communities of
organisms (plants and animals). The ecosystem services provided by landscapes may
be recognized as cultural services, for example, areas for recreation and motifs in
paintings. Different landscapes are often underlain by different soils. The regulating
services offered by soils include the holding and movement of water, maintenance of
water quality, and adsorption and desorption of solutes.

Soil-supported ecosystem services contribute greatly to our survival and to
environmental sustainability. To maintain and improve our physical and cultural
health, we must understand the roles of soil in ecosystem services and develop
methods that conserve and facilitate soil functions.

1.2 Elements Important for Ecosystem Services
and Environmental Factors Affecting the Behavior
of Inorganic Constituents in Soil

As the primary producers in ecosystems, plants absorb inorganic nutrients from soil.
Plants and animals occupy the natural, agricultural, and urban landscapes formed by
soils. Hence, the behavior and cycling of nutrient elements in soils and ecosystems is
critically important. Nutrient elements (elements that are essential or beneficial to
plants and/or animals) are transferred to animals from plants through the food chain.
Therefore, feed production must meet the nutrient-element demands of animals.
Cycling of these nutrient elements is affected by environmental factors such as soil
properties, temperature, water, redox condition, carbon dioxide, and light.

1.2.1 Elements

Concentrations of more than 50 soil elements can now be determined by atomic
absorption photometry, X-ray fluorescence spectrometry, inductively coupled
plasma mass spectrometry, and other techniques (Yamasaki 1996, Takeda et al.
2004). Concentrations of the major soil elements, Si, Al, Fe, Ca, Mg, Na, K, Mn, Ti,
and P, are frequently measured. Other major elements, O, H, C, N, S, F, and Cl, exist
in soils as oxides, hydroxides, carbonates, nitrates, sulfates, sulfides, fluorides,
chlorides, and other compound forms depending on the soil properties. The major
elements in soil organic matter are C, N, S, O, and H.

The major essential elements for plants are C, H, O, N, P, K, Ca, Mg, and
S. Plants also require trace amounts of Fe, Mn, Cu, Zn, B, Mo, and Cl (Fig. 1.1)
(Marshner 1995). Ni is another essential trace element for plants (Asher 1991), and
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Si and Na are beneficial to some plants. In agricultural plant production, it is essential
to provide these elements to plants in appropriate amounts from the viewpoints of
both economics and environmental conservation. Excessive application, especially
of N and P, must be avoided because these elements cause eutrophication problems
when released into rivers, lakes, or bays.

Essential elements for animals include F, Cr, Co, Se, and I (Nielsen 1984;
Haenleina and Ankeb 2011). For example, animals in New Zealand have been
reported as Co deficient in the case that their animal feeds were produced in
Co-deficient soil (Lee 1974).

When present in appropriate abundances, the essential and beneficial elements in
soil confer positive effects on ecosystem services. In contrast, excessive concentra-
tions of Cd, Cu, As, Hg, Zn, Cr, and other heavy metals in soils are detrimental to
ecosystem health. Excessive concentrations of labile Al (Adams 1984) and Ni have
negative effects on sensitive plants.

1.2.2 Environmental Factors

The essential, beneficial, and other elements in soil exist as organic or inorganic
constituents with various stabilities. The chemical forms, and quantities of these soil
constituents depend on environmental factors such as temperature, moisture, activ-
ities of organisms, topography, time, and redox conditions (which are themselves
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Fig. 1.1 Essential nutrient elements for plants and animals (underlined and italicized elements are
essential only to plants or animals, respectively; all others are essential to both plants and animals).
Animals receive some of their essential elements through plants, which absorb them from soil
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dependent on moisture, topography, drainage, and activities of organisms). The
environmental factors also include the properties of soil constituents, because each
soil constituent interacts with other soil constituents and the reactivity of soil
constituents is highly variable. The abundance of some soil constituents (such as
allophane and imogolite) is related to the parent materials and the weathering
conditions. The formation of allophane and imogolite from volcanic ash is favored
by moist climate and good drainage conditions and impeded by dry climate and
submerged conditions (as also described in Chap. 4). The first half of this monograph
concisely describes the major inorganic soil constituents with visual aids. The latter
chapters describe the behaviors of inorganic constituents under various soil envi-
ronmental conditions.

Chapter 2 focuses mainly on the primary minerals in soil, that is, minerals that
have not been chemically altered since their deposition and crystallization from
molten lava. Primary minerals are abundant in the silt-and-sand fraction (particle-
size fraction with diameter > 2 μm) of soil. The primary minerals provide physical
strength to soil and contribute to soil formation through dissolution or weathering at
various speeds. The elements released by the weathering of primary minerals include
nutrients for organisms.

Chapter 3 introduces the secondary minerals, which are more active in soil than
the primary minerals. Exchangeable cations are a subset of secondary minerals with
changeable composition and soil-dependent characteristics. For example, acidic
soils contain exchangeable Al, whereas some alkaline soils include exchangeable
Na. The composition of exchangeable cations is easily affected by solute changes in
soil water, although it is not easily affected by simple dilution using pure water. The
composition of exchangeable cations also affects the physical properties of soil
(Baver 1928). The retention of nutrient cations contributes to plant production.
Types of these minerals can be identified by changes in the basal spacing with
exchangeable cations and accommodation of organic molecules at the interlayer site.

Chapter 4 discusses the non-crystalline soil constituents that characterize many
areas of volcanic activity. Under good drainage conditions, volcanic glasses alter to
non-crystalline materials such as allophane, imogolite, and Al–humus complexes.
All of these materials are highly reactive with phosphate, show variable charge
properties, and have characteristic physical properties. Phytoliths are another
non-crystalline silica material frequently found in humus-rich horizon soils.
Phytoliths are a possible source of Si for plants.

Reducing conditions result from submergence of soil and microbial activity. The
chemical forms of redox-sensitive elements, including many nutrient elements,
differ under reducing and oxidizing conditions. Redox-sensitive inorganic soil
constituents are discussed in Chap. 5.

Chapter 6 introduces three topics related to inorganic constituents in soil, namely,
tsunami-affected soils, Cs-affected soils, and phosphate reactions in the soil–plant
system. The huge tsunami that struck the Pacific coast of eastern Japan in March of
2011 inundated coastal areas with a large volume of seawater. Tsunamis affect soil
mainly by erosion, deposition, and by increasing the salt concentration in soil water
and the exchangeable Na. Although exchangeable cations are a part of silicate
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minerals, they are highly sensitive to solute changes in soil water. The 2011 tsunami
also destroyed the Fukushima Daiichi Nuclear Power Plant, depositing large
amounts of radioactive elements on the soil surface. The behavior of radiocesium
in the soil–water system is described. Finally, this chapter discusses the phosphates
related to soil–plant systems. The behavior of phosphates, whether inherited from
parent materials or applied as fertilizers, is closely related to the inorganic constit-
uents of the soil.

1.3 Purpose

This monograph serves two purposes. Accompanied by visual aids, it first introduces
the simplified fundamentals of inorganic soil constituents for students of soil science
and interested researchers in other disciplines. Scientific information pertaining to
inorganic soil constituents has become increasingly important as concern for the
environment has increased. The second purpose of the monograph is to update topics
on non-crystalline inorganic soil constituents, the effects of redox reactions, and the
effects of disasters on the inorganic constituents of soil. These topics appear in the
latter chapters.

Many complete texts and references about minerals in soil are already available
(Dixon and Weed 1989; Dixon and Schulze 2002; Huang et al. 2012; Deer et al.
2013). These materials systematically describe the crystallography, properties, for-
mation, and occurrence of the mineral constituents and are recommended for further
study.

1.4 Methods

This section, except for the final paragraph, describes the various methods mainly
used to collect the results presented in succeeding chapters. Particle size fraction-
ation is effective for studying the inorganic constituents in soil. Primary and sec-
ondary minerals were prepared by routine treatments of soil samples, such as
air-drying, gentle grinding with a mortar, dry sieving, H2O2 digestion, and ultrasonic
treatment (Gee and Bauder 1986). After dispersion, the particle sizes were fraction-
ated by wet sieving and siphoning. Dispersion was maximized by adjusting the
pH. Alkaline conditions (pH ¼ 10.5) are effective for crystalline clays. Primary
minerals were treated with dithionite-citrate-bicarbonate (DCB) when necessary.
DCB treatment was also used for X-ray diffraction analysis of the clay fraction
(Harris and White 2008). Heavy and light minerals were separated using a heavy
liquid. This method is effective, but it is affected by composite mineral particles,
which are not rare in soils.

The landscapes and soil profiles at the sampling sites of inorganic constituents
were photographed, microphotographs of the inorganic constituents in soil were
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taken through a Leica M 205C stereomicroscope, and the isotropic or anisotropic
properties (Lynn et al. 2008) of the constituents were analyzed in optical micro-
graphs taken under a Nikon ECLIPSE E600 POL microscopic system.

The micro-scale morphological properties of soil inorganic constituents were
revealed in scanning electron microscope (SEM) (White 2008) and transmission
electron microscope (TEM) (Elsass et al. 2008) images. For SEM observation,
air-dried sample particles were held on double-sided sticky tape. Polished sections
were used to reveal the two-dimensional structures of inorganic soil particles, soil
clods, and rice–root bundles. To avoid charging, the samples were coated with
vacuum-evaporated carbon. Alternatively, Pt–Pd coating was applied if the carbon
coating was insufficient. For TEM observation, sample particles were supported on a
copper mesh by a collodion membrane. Allophane and imogolite were observed on a
TEM microgrid. TEM photographs were obtained by a Quemesa digital camera.
Both the SEM and TEM observations were carried out under high vacuum. For
morphological observation and energy dispersive X-ray (EDX) analyses
(Guillemette 2008), the accelerating voltage of the SEM was typically set to
15 kV, but it was sometimes set to 3 kV for detailed morphological observations.
Most of the SEM and TEM observations were performed on Hitachi SU8000 and
H-7650 instruments, respectively.

The elemental compositions of inorganic constituent particles and the distribution
of elements can effectively identify the particles and may reveal chemical reaction
products. This monograph presents many EDX spectra as visual examples of the
element abundances of inorganic soil constituents. Elemental compositions were
analyzed from the characteristic X-ray spectra of the samples (Fig. 1.2) obtained by
EDX. Metals heavier than Fe are rare among the inorganic constituents of most soils.
The relative abundances of the elements can be roughly estimated from the heights
of the peaks of the characteristic X-rays in the spectra although the elemental
composition is accurately calculated in quantitative analysis using an equipped
software. In early work, EDX analyses were usually performed on a Kevex appara-
tus, but more recent analyses were performed using an EDAX Apollo XV.

Points of attention for EDX analytical results include overlapping of characteris-
tic X-rays, the position of the X-ray detector, and some others. Among the
overlapping of characteristic X-rays mentioned in the EDX manual, FKα – FeLα
and PKα – ZrLα may sometimes be encountered when observing inorganic constit-
uents in soil. As the X-ray detector is installed diagonally upward from the sample,
unevenness in the sample surface affects the effectiveness of the detector for
detecting characteristic X-rays, and the X-ray intensity from the opposite side of
the sample is weak. Also, shadows are formed in the element maps of particle
samples of soil inorganic constituents. To avoid the effects of uneven samples, it
is necessary to use adequately flat or polished sections with soil inorganic constit-
uents embedded in resin.

X-ray diffraction patterns of powder samples were acquired by a Rigaku
MiniFlex X-ray diffractometer using the CuKα (30 kV, 15 mA) line at a scanning
speed of 2� per minute. For this purpose, oriented samples were prepared on glass
slides using Mg2+- and K+-saturated samples at room temperature, and their X-ray
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diffraction patterns were obtained. Changes in basal spacing of layer silicates were
recorded after solvation of the Mg2+-saturated samples with glycerin and heating of
the K+-saturated samples at 300 and 550 �C for 1 h. The clay mineral composition
was evaluated from the basal-spacing changes of the layered silicates (Harris and
White 2008).

The element concentrations in digested or extracted solutions were determined by
colorimetric spectroscopy, atomic absorption spectroscopy, and inductively coupled
plasma spectroscopy. Radiocesium concentrations in soil were determined by
gamma-ray spectrometry (ORTEC, GEM, and DSPEC jr 2.0, 2000s). The radioac-
tivity of soil mineral particles and cross sections of muddy tsunami deposits embed-
ded in resin were detected by an imaging plate (BAS-5000, FUJIFILM Co., Ltd.).

Synchrotron radiation reveals the chemical forms of elements by X-ray absorp-
tion near edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS) (Kelly et al. 2008). Originally employed for heavy-element analysis,
XANES and EXAFS are increasingly being applied to lighter elements. High-
resolution X-ray ptychography (accurate to 10 nm), X-ray computed tomography,
XANES and EXAFS are expected to become the methods of choice in future
analyses of lighter elements (Ajiboye et al. 2008; Trinh et al. 2017) in soil-plant
systems.
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Fig. 1.2 Energy dispersive X-ray spectrum. (a) Schematic of an atom struck by an electron beam,
(b) a model EDX spectrum in which each element peak (Kα) is at its specific energy but the peak
height is arbitrary
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