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Preface

“It is interesting to contemplate a tangled bank, clothed with many plants of many kinds, with birds singing on the bushes, with various insects
flitting about, and with worms crawling through the damp earth, and to reflect that these elaborately constructed forms, so different from each
other, and dependent upon each other in so complex a manner, have all been produced by laws acting around us.”

Darwin’s tangled bank is the biosphere in poetic microcosm,
and the “damp earth” he refers to is soil. Soil is arguably the
most complex of all geological materials, a combination of
mineral and organic constituents in solid, aqueous and gaseous
forms, organized into a loose, porous, horizonated, plant-bearing
material, that is constantly changing. It forms as a result ofa com-
plex series of interactions and feedbacks between lithosphere,
hydrosphere, atmosphere and, biosphere. As the natural geologi-
cal cover of most of the land surface of the earth, it is the focus of
this encyclopedia.

Alfred North Whitehead” once wrote that the European phi-
losophical tradition “consists of a series of footnotes to Plato”.
It might similarly be said that human history is little more than
a footnote to the exploitation of soil that started with the Agri-
cultural, or Neolithic, Revolution, 10 000 years ago. All the
magnificent cultural artifacts of civilization, from cathedrals
to efficient plumbing systems, are the direct heritage of this
exploitation, and the big question today concerns what human-
ity must do to sustain the heritage. At the most fundamental
level this is equivalent to asking what we must do to sustain
our food-production system.

By way of answer, consider Felipe Fernandez-Armesto’s®
definition of civilization: “a relationship to the natural environ-
ment, recrafted by the civilizing impulse, to meet human
demands”. To sustain the food-production system, we need to
avoid making our demands so great, and our recrafting so
extreme, that the biosphere in which we are embedded breaks
down as a life-support system. Unfortunately, agriculture, the

"Darwin, Charles. 1859. On the Origin of Species by means of
Natural Selection, or the Preservation of favoured races in the struggle
for life. London: John Murray. 502 p.

*Whitehead, A. N. 1929. Process and reality, an essay in cosmology.
Gifford lectures delivered in the University of Edinburgh during the
session 1927-1928. Cambridge University Press, 1929. 509 p.

3Fernandez-Armesto, Felipe. 2001. Civilizations: culture, ambition,
and the transformation of nature. New York: Free Press. 545 p.

Charles Darwin'

very technology we depend upon to maintain our complex
societies, is strategically situated to threaten the biosphere at a
vulnerable bottleneck, the soil. Soil occupies a kind of choke
point through which virtually all of the fluxes of energy and
matter that keep the terrestrial biosphere functioning, are
squeezed between different compartments of the landscape,
and for about ten millennia we have been commandeering an
ever growing area of the soil for human use.

Our ecological footprint has expanded to modify, more or
less completely, about a third of the earth’s soils, while threa-
tening a second third. Most of the expansion has happened
since the steam locomotive opened up the grassland biomes
of the western hemisphere to the markets and bellies of the
Old World. Cheap energy from fossil fuel made the expansion
possible, driving the human population, the ultimate crop of the
soil from the point of view of Homo sapiens, to an exuberant
burst of exponential growth. The pressure of our numbers
requires that the soil provide us with ever more food, fibre
and energy, as well as living space. As a consequence we have
become a potent geological force, unique to the Holocene, and
our activities in manipulating the soil, constitute a massive
intervention into the external geological cycle. All the natural
tendencies for soil to erode, to acidify, to salinize, or to become
hydromorphic, depending on factors such as climate, texture
and drainage, have been magnified and exaggerated at certain
times and in certain places, into pathological states. Now we
are a threat not only to terrestrial biomes, but also to the ecol-
ogy of freshwater biomes, and even the sea as sediment loaded
with agrichemicals contributes to hypoxia along coastal
regions.

The fact that we have not yet invented an agricultural system
that is truly sustainable means that we cannot say with any cer-
tainty that our civilization is sustainable. Disasters such as the
dustbowl in the Midwestern USA, and extensive salinization in
the region of the Aral Sea, have seen systems fail within two or
three generations, and even where agriculture has persisted
for five thousand years or more, Egypt and Northern China
being the prime examples, it has been because of fortunate geolo-
gical circumstances rather than human ingenuity. Hence the
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pessimism of Angus Martin*, who, writing as an ecologist, asks:
“How many millennia of deforestation, dust storms and soil ero-
sion has it taken for us to realize that our agricultural methodol-
ogy has had serious flaws in it from the start?”

Yet, history shows that we have the intelligence, imagina-
tion and courage to tackle large issues such as the problem of
sustainability, and compilations such as this encyclopedia are
proof that our knowledge of soils, incomplete and provisional
as all science is, has grown comprehensive enough to solve
the technical problems involved. If we could figure out how
to solve the socio-political ones, humanity might yet achieve
a sustainable civilization. Without doubt it will demand a
monumental effort of cooperation on a global scale. Bill Rees,
inventor of the concept of the ecological footprint, puts it this
way: “Sustainability is the greatest collective exercise the
human race will ever have to undertake”.

The objective of this second edition of the Encyclopedia
of Soil Science is, in a single volume, to provide an entry
point into the study of that part of the solid earth that is abso-
lutely necessary, not only to the sustainability of civilization,
but more fundamentally to the sustainability of a flourishing

“Martin, Angus. 1975. The Last Generation: the End of Survival.
Glasgow: Fontana. 188 p.

Rees, William E. 2007. Human eco-footprints: straying off the
sustainability trail. The Kenneth R. Farrell Distinguished Public Policy
Lectureship, delivered at the University of Guelph, May 16, 2007.

biosphere. The basic facts, concepts and uses of the soil are
presented alphabetically in the volume, which combines fea-
tures of both encyclopedia and glossary. The longer articles
characteristic of the former are combined with shorter, diction-
ary-style definitions of frequently used terms, commonly found
in the latter. The intended readership is the scientist, engineer,
technologist, environmentalist and planner, with an interest in
soils and a concern for planet Earth. The Soil Science volume,
In combination with other volumes in Springer’s Encyclopedia
of Earth Sciences®, this volume on Soil Science, contributes to
a comprehensive and rigorous view of the environment in which
we live.

The original Encyclopedia of Soil Science was compiled by
Rhodes W. Fairbridge and Charles W. Finkl, Jnr., and first pub-
lished as long ago as 1979. This second edition builds on their
work, and I was fortunate enough to be able to call upon those
two very experienced editors for advice.

I am sorry that Rhodes did not live to see this volume
in print.

Ward Chesworth

°In particular the volumes covering Environmental Science, Geo-
morphology, Geochemistry, Sedimentology, Field Geology, Applied
Geology, Hydrology and Water Resources, Remote Sensing, World
Climatology, and Coastal Science.



A HORIZON

See Horizon, Profile, Horizon Designations.

ABIOTIC

Describes soil constituents (for example quartz, kaolinite), pro-
cesses (hydrolysis, redox reactions), or factors (temperature,
relative humidity, salinity for example), that are inorganic in
nature, and that are capable of forming or acting in the absence
of life. However, since even the most rudimentary of soils con-
tains organisms, organic constituents and processes inevitably
interact with and impact upon the inorganic ones. In 1840,
Justus von Leibig suggested that a biological population is lim-
ited by whichever extensive factor (particularly abiotic ones
such as inorganic nutrient concentrations) is in shortest supply
(Lomolino et al., 2006, p.79).

Bibliography
Lomolino, M.V., Riddle, B.R., and Brown, T.H., 2006. Biogeography,
3rd edn. Sunderland, MA: Sinauer Associates, 845 pp.

Cross-reference
Law of the Minimum

at an abraded surface yields a characteristic pH. A typical range
of abrasion pH is 6—7 for clay minerals and quartz, 7—-8 for
micas, 8 for calcite, 8—11 for silicates other than micas (Porta
et al., p 442).

Bibliography
Porta, J., Lopez, M., and Roquero, C., 1994. Edafologia para la agricul-
tura y el medio ambiente. Madrid: Editions Mundi-Prensa, 807 pp.

ABRUPT TEXTURAL CHANGE

A phrase used in the WRB Classification to mean either a dou-
bling of the clay content within a vertical distance of 7.5 cm if
the overlying horizon has less than 20% clay, or an absolute
increase in clay of 20% within 7.5 cm if the overlying horizon
has 20% or more clay. In this case some part of the lower hor-
izon should have at least twice the clay content of the upper
horizon (FAO, 2001, Annex 2).
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ABRASION

ABSORPTION

The wearing away by surface friction of solid bodies (minerals
and rocks for example) when brought into contact with each
other by such agents of erosion as wind, water, ice or animals
(including Homo sapiens). The reaction of a mineral with water

The assimilation of one substance by another, or by an orga-
nism (water or aqueous solution by plants for example).
Absorption of chemical elements by roots may modify the
chemistry (pH and redox potential for example) in the immediate
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soil environment. This has been called the “rhizosphere effect”
(McBride, 1994, P. 310).
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ACID DEPOSITION EFFECTS ON SOILS

Acid deposition has been implicated as a factor contributing to
forest decline and surface water acidification in eastern North
America and Europe. Acid deposition increased continuously
in North America and Europe during the 1900s reaching peak
levels in the 1970—1980s. In contrast, acid deposition in north-
east Asia has increased rapidly in the past decade due to indus-
trial development and will probably exceed levels observed
previously in the most polluted areas of central and eastern
Europe (Griibler, 1998). Increased emissions will severely
threaten the sustainable basis of many natural and agricultural
ecosystems in the region. Although unequivocal evidence
directly linking acidic deposition to ecosystem damage may
often be lacking, there is considerable data implicating acid
deposition with recent deterioration in the health of terrestrial
and aquatic ecosystems.

The mean annual pH of precipitation in eastern North
America and Europe is in the range of 3.0 to 4.7; however, indi-
vidual storm events have been recorded with pH values as low
as 2. The deposition of anthropogenic sources of H in the most
polluted regions of Europe exceeds 7 kmol, ha™' yr ! compared
to about 1 kmol, ha™' yr' in eastern North America (Pearson
and Stewart, 1993; NADP/NTN, 2004). The impact of acid
deposition on terrestrial and aquatic ecosystems is mediated
primarily through interactions with soil biogeochemical pro-
cesses. Ecosystems in humid environments experience an inter-
nal production of acidity associated with biogeochemical
processes that may overshadow the effects of acid deposition.
However, for a number of ecosystems, primarily in Europe,
the external sources of acidity greatly exceed the contribution
from internal sources (van Breemen et al., 1984). Some ter-
restrial ecosystems are relatively resilient to strong acid load-
ings due to acid buffering reactions by soils that neutralize
the acid (H") inputs. While a number of intermediate buffer-
ing reactions occur, the ultimate acid sink is chemical weath-
ering. If acidic inputs exceed the soil buffering capacity, the
soil becomes acidified which can lead to the export of ecolo-
gically significant quantities of H" and aluminum to surface
waters. In addition, soil acidification may increase leaching
of plant nutrients (e.g., NO3, SO?{), decrease levels of nutri-
ent cations (e.g., Ca-", Mg®", K), increase concentrations
of potentially toxic metals (e.g., A", Cu®", Zn*"), alter
the solubility of organic compounds, and impose changes in
populations of soil organisms.

Forms and quantities of acidic deposition

The principal anthropogenic sources of acid deposition are sul-
furic acid (H,SO,), nitric acid (HNO;) and ammonium (NHZ)
derived from sulfur dioxide (SO,), nitrogen oxides (NO,), and

ammonia (NHj3), respectively. These compounds are emitted pri-
marily by the burning of fossil fuels, industrial activities and
agricultural and livestock production. Ammonia interacts in the
atmosphere and on the surface of vegetation to form NHZ, which
may subsequently undergo nitrification in the soil to produce
nitric acid:

NH; + 20, = 2H" + NOj + H,0

Bulk precipitation includes both wet (soluble components)
and dry (particulate material and washout of adsorbed/reacted
gases captured by vegetation) deposition. Dry deposition
appears to be roughly equivalent to wet deposition for sulfate
and nitrate (Binkley et al., 1989), while dry deposition appears
to be the dominant source of NHZ (van Breemen et al., 1982).
Cloud water (fog) deposits are especially concentrated having
5 to 30 times more acidic components than the bulk precipita-
tion originating from the same air mass. Thus, those ecosystems
receiving frequent inputs of fog may receive significantly
greater inputs of acidic components. Total deposition rates
for all acidic components are considerably higher in Europe than
for eastern North America (Table Al). Emission of SO,
and sulfate deposition have declined 38—82% in Europe and
52% in the United States over the past decade, while emis-
sions of NO, and nitrogen deposition showed a smaller
declined of 17-20% (Prechtel et al., 2001; Wright et al., 2001;
U.S.-EPA, 2003).

Soil processes neutralizing acidic inputs

In many ecosystems, acid consumption may be attributed to the
replacement of the normal weak acids, generally carbonic and
organic acids, by strong acids (e.g., H,SO4 and HNO3). In this
case, acid deposition does not add to the background acidity of
the system, but instead replaces it altogether by suppressing the
dissociation of these weak acids. Therefore, there may be no
net increase in the rate of soil acidification due to acidic deposi-
tion of strong acids.

Both internal and external sources of acidity are largely neu-
tralized within the soil profile by a number of coupled reactions
between the soil solution, solid-phase, and biological compo-
nents (van Breemen et al., 1983). If these reactions fail to com-
pletely neutralize the acidity, the excess H' is exported from
the ecosystem in the drainage waters. The dominant proton
consuming processes responsible for neutralizing the acidity
are shown in Table A2.

Weathering of primary minerals
The ultimate acid sink in soils is the weathering of primary
minerals. The process of hydrolysis results in the transfer of

Table A1 Total deposition (wet + dry deposition) rates kmol. ha™" yr™'

of acid and acid forming components in atmospheric deposition

Acid component Eastern North America Highest deposition

regions of Europe

Sulfate 02-13% 528
Nitrate 0.13 — 0.43™ 11— 124
Ammonium 0.06 — 0.55™ 3.4 -72F

Binkley et al., 1989; SNADP/NTN, 2004; *Ulrich, 1984; "van Breemen
and van Dijk, 1988; ¥Pearson and Stewart, 1993.
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Table A2 Examples of important reactions active in the consumption and production of H in soils

H*-consuming reaction

H™-producing reaction

Weathering M*(AISi;0g) + 7TH,0 + H

H*/M"* exchange

— M" + AI(OH); + 3H,SiO,
M"*-exch + nH™ = nH"-exch + M"*

Reverse weathering
M"*/H" exchange

Anion Adsorption Ads-(OH), + A"~ + nH' = Ads-A + nH,0 Anion desorption
Assimilation of anions nR-OH + A" (aq) + nH'(aq) = nH,O + nR-A Mineralization of anions
Al dissolution AI(OH); + 3H" = AP" 4 3H,0 Al precipitation

M = cation; A = anion; exch = cation exchange site; Ads = adsorption site; R = organic molecule.

acid (H") to CO3™ and HCO;3 to form HCO;5 and H,COs,
respectively, in the weathering of carbonate minerals and to
H3Si0;4 to form H4SiO4 in the weathering of silicate minerals.
Associated with this H” transfer is the release of base cations
(e.g., Ca>", Mg”", K" and Na") from the primary minerals.
Weathering of carbonates and silicates proceeds simultaneously
in the soil environment; however, carbonate weathering reac-
tions are kinetically much more rapid. Carbonate minerals are
present in some sedimentary rocks and their metamorphic
equivalents, in the scarce igneous rock carbonatite, and in soils
found in arid and semi-arid environments. When carbonate
minerals are present, the soil is capable of neutralizing acidic
deposition rapidly and totally, maintaining the solution pH near
a value of 8. As the carbonates become depleted, the pH of the
soil will drop and dissolution of silicates becomes the dominant
weathering reaction.

Silicate minerals comprise greater than 90% of the minerals
present in the Earth’s crust and represent an almost unlimited
sink for neutralization of acidic deposition. Hydrolysis of sili-
cate minerals results in the release of base cations from the
silicate lattice with the consumption of protons equal to the
equivalents of base cations released. The amount and rate of
acid neutralization depend on the base cation concentration
of the mineral, the structure (stability) of the mineral, amount
of surface area exposed to weathering, temperature, and the
H™" concentration of the soil solution. When comparing basalt
versus granite, basalt will have a greater acid neutralization
capacity due to higher concentrations of base cations and a
mineralogical assemblage that is less stable with respect to che-
mical weathering (e.g., olivine and pyroxene in basalt versus
quartz and K-feldspar in granite). Deeper soils with finer
particle-sized parent material (e.g., glacial till versus bedrock)
provide a greater surface area for chemical weathering to act
upon. Weathering rates show an exponential increase with
increasing temperature resulting in greater acid neutralizing
capacity in warmer regions (White and Blum, 1995). Weather-
ing rates increase with increasing H' concentrations below a
pH value of 5; the H™ dependence of weathering rates is equal
to about [H*]

While weathermg of silicate minerals theoretically has a
high capacity to neutralize acid, silicate weathering is a non-
equilibrium process limited by reaction kinetics. In reviews of
weathering rates based on watershed mass balance studies,
Sverdrup and Warfvinge (1988) and Sverdrup (1990) found
that most watersheds have a proton consumption rate
between 0.1 and 1.5 kmol HT ha™' . These rates compare
with acid deposition rates of up to 7 kmol H™ ha™' yr~
Therefore, silicate-weathering reactions do not keep pace with
the higher loadings of acid deposition, especially when consid-
ering that internal proton sources add to the total amount of
proton loading in an ecosystem.

Cation exchange reactions

Cation exchange reactions are similar to weathering reactions
in their effect on acid/base chemistry. The negatively charged
exchange sites are electrically balanced by base cations
(Ca*", Mg*", K" and Na™) and acidic cations (AI>" and H™).
Exchange reactions neutralize acidity by exchanging base
cations for H* leading to a decrease in the base saturation. In
contrast to weathering reactions, exchange reactions are reversi-
ble and very rapid. Thus, the soil solution rapidly equilibrates
with exchangeable cations, and the equilibrium between the soil
solution and exchangeable cations controls the soil solution
composition in the short-term. Base cations liberated by mineral
weathering are redistributed between the soil solution and
exchange sites to attain a new equilibrium. The pool of
exchangeable base cations available for pH buffering is the
product of the base saturation times the cation exchange
capacity (CEC). As long as the base saturation remains above
about 10-20%, the acid load in the soil solution will be effec-
tively buffered by exchange reactions. When the base saturation
is depleted below levels of 10-20%, those remaining base
cations are more tightly held and are less available for
pH buffering (Reuss and Johnson, 1986). The base cations
released from the exchange sites can be leached from the soil
profile with mobile anions (e.g., SO;  and NO3) originating
from strong acid inputs. Some acid neutralization also occurs
as pH dependent exchange sites become protonated leading to
a loss of CEC as the pH is lowered.

Anion retention

The retention of anions by sorption or biological uptake con-
sumes protons by removing mobile anions that would other-
wise induce the leaching of base cations from the soil profile
(Figure A1). Sulfate has a moderate capacity for sorption while
NOj has essentially no affinity for sorption to the solid-phase.
Sulfate sorption is a concentratlon dependent process, which
means that the capacity to sorb SO3~ 1ncreases as the soil solu-
tion SO4 concentrations 1ncrease As the SO4 retention capa-
city of soils is exceeded, SO3 is leached to deeper soil layers
and ultimately to surface waters. Because SOz leachmg is
always accompanied by cation leaching, leaching of SOF~ will
cause soil acidification (depletion of base cation pools). Sulfate
sorption occurs primarily on the surfaces of Al/Fe oxides and
hydroxides through a combination of specific and non-specific
sorption mechanisms. Thus, soils containing high concentra-
tions of these minerals will have a greater affinity for anion
sorption. Anion sorption capacity also increases as the
solution pH drops reaching a maximum at approximately
pH 4. The SO4 sorption reaction is rapid and it appears that
the process is not completely reversible leading to an irreversi-
bly adsorbed SO fraction.
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Figure A1 Atmospheric deposition of nitric and sulfuric acids acidify the soil through replacement of exchangeable base cations with H* and the
subsequent leaching of base cations from the soil with the strong acid anions.

Biological uptake of SOF~ and NOj3, originating as strong acid
inputs, ameliorates soil acidification by removing mobile anions
that could otherwise induce the leaching of base cations. The
assimilation of anions is a H' consuming reaction while the
uptake of cations is a H" liberating reaction (Table A2). When
plants assimilate more anions than cations, there is a net con-
sumption of protons and vice versa. With regard to S, the nutri-
tional requirement for most forests is low (<5 kg ha ' yr')
and is greatly exceeded by the sulfur deposition rate of many acid
impacted ecosystems. There appears to be some increase in the
sulfur content of forests in response to increased S deposition,
but the increased S accumulation in biomass represents only a
small part of the total ecosystem capacity to accumulate sulfur;
the majority being adsorbed to soil surfaces.

Nitrogen may be taken up either as a cation (NHJ) or anion
(NO3). Uptake of one mole of NH results in the transfer of
one mole of H to the soil solution and thus soil acidification.
The same magnitude of acidification occurs if NHZ is first oxi-
dized to NOj3 producing 2H™, followed by the uptake of NO3
which consumes one H*; the net effect being the production
of one HT. If however, nitrogen deposition occurs as HNO;
and the NOj is biologically assimilated, there is no acidifica-
tion because the accompanying H™ is neutralized by the uptake
process. The net nitrogen retention capacity of aggrading coni-
ferous forest is generally in the range 5-30 kg N ha ' yr~
(Johnson, 1992). In addition to plant uptake, there is
appreciable N immobilization by microbial and abiotic soil
processes resulting in increased N storage in soil organic
matter pools (Johnson et al., 2000). Therefore, in nitrogen-
limited ecosystems, NO3 uptake may substantially neutralize
the acidity added from atmospheric sources. However, there is
evidence that N deposition rates may exceed the forest require-
ment in some parts of Europe and North America leading to a
state of “nitrogen saturation” (Aber et al., 1989; Fenn et al.,

1998). Any nitrogen in excess of the nutritional requirement is
subject to leaching as NO;3 from the soil profile resulting in
acidification through retention of H by the soil and the release
and leaching of base cations in the drainage Waters. In Europe,
sites with deposition less than 10 kg N ha™' yr' have low
NO3 concentratlons in stream water, whereas all s1tes receiving
>25kg Nha ' yr! have elevated concentrations (Wright
etal., 2001).

Aluminum dissolution

If all of the above mentioned acid neutralizing processes fail
to maintain the soil pH above 5, Al dissolution becomes an
important acid neutralizing reaction. The dlssolutlon reaction
consumes three moles of H" for each mole of A" released:
Al(OH); + 3 H" = AP’" + 3 H,0. Neutralization of H" by
dissolution of Al results in potentlally high concentrations of
soluble A’ (up to 370 umol I"! at Solling, FRG, Cronan
et al., 1989). The dissolved Al originates from a number of
solid-phase pools including exchangeable, organically com-
plexed, hydroxy-Al interlayer material, clay mineral lattices,
and primary minerals (Dahlgren and Walker, 1993). The
kinetics of Al dissolution are rapid for exchangeable and orga-
nically complexed forms, but are very slow for clay and pri-
mary mineral dissolution (Dahlgren et al., 1989; Dahlgren
and Walker, 1993). Therefore, acid neutralization by
Al dissolution depends on the kinetics and quantity of the
Al-phase being dissolved. The solid-phase pools of Al represent
a very large acid neutralizing capacity and prevent most mineral
soils from becoming acidified below a pH range of approxi-
mately 4.2—4.5. The major problem with H* neutralization by
Al dissolution is that A" is t0x1c when present at elevated
levels. Concentrations of aquo A" in excess of 10 pmol 1"
have been shown to be toxic to aquatic organisms including fish
(Baker and Schofield, 1982), while conifers grown in solution
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and soil cultures show significant detrimental effects at
Al concentrations of approximately 200—250 pmol I"! (Cronan
et al., 1989). Some agricultural crops show Al toxicity symptoms
at levels as low as 0.4 pmol I"' (Adams and Moore, 1983).

Example of acidification and recovery of a soil horizon
Results from a laboratory study examining soil chemical pro-
cesses active during acidification and recovery from sulfuric
acid inputs are shown in Figure A2 (Dahlgren et al., 1990).
With the onset of acidification, acid neutralization was domi-
nated by sulfate sorption and base cation release. As the
exchangeable cations were depleted and sulfate sorption
reached equilibrium between the input concentration and the
solid-phase, Al dissolution became the dominant proton neutra-
lizing reaction. The recovery stage was characterlzed by the
release of previously sorbed SO3 . Thus, SO~ desorption reac-
tions were a source of acidity that continued to be neutralized
by Al dissolution even during the recovery stage. The retention
of base cations by the solid-phase during the recovery stage
also contributed a small amount of acidity as the exchangeable
cation composition equilibrated to a new equilibrium having a
greater base saturation. There is a considerable lag in both the
acidification and recovery stages due to proton buffering by
sulfate sorption/desorption, base cation retention/release, and
Al dissolution. The contribution of chemical weathering reac-
tions was too slow to exhibit an influence in this study.
Similar processes have been demonstrated for acid neutrali-
zation in impacted ecosystems. Measurable changes in soil
acidification in heavily impacted regions of Europe are only
observed in the upper 30 cm of the soil profile. The observed
changes include decreased pH, depletion of exchangeable base
cations and solid-phase aluminum pools, decreased C/N ratios
and increased concentrations of adsorbed SOj; . Soil acidifica-
tion proceeds progressively downward in the soil as the buffer-
ing capacity of the upper soil horizons is exhausted.
Decreases in sulfur (38—82%) and nitrogen (20%) deposi-
tion in Europe over the past decade have allowed a preliminary

analysis of the recovery stage (Prechtel et al., 2001; Wright
et al.,, 2001). Sulfate concentrations in stream waters have
decreased significantly; however, acidification reversal was
delayed (Prechtel et al., 2001). Release of adsorbed sulfate
leads to the delay of acidification reversal (Figure A2). Sulfate
fluxes in catchments with deeply weathered soils and high
sulfate storage capacity responded more slowly to decreased
deposition than catchments with thin soils and relatively small
sulfate storage capacity. Compared to the sulfur response, there
was an overall lack of significant trends in nitrate leaching in
stream waters of Europe following a 20% reduction in nitrogen
deposition over the past decade (Wright et al., 2001). This ana-
lysis suggests that recovery from nitrogen saturation is a slow
process that requires many decades, at least at levels of
N deposition typical for Europe. In contrast, field experiments
with roofs to exclude acid deposition all show immediate and
large decreases in NOj; leaching following large reductions
in N deposition. These experiments showed that terrestrial eco-
systems exhibit extreme hysteresis in NO3 leaching in response
to N deposition; increased NO3 leaching occurs first after many
decades of high N deposition, but decreased NOj leaching
occurs immediately following decreases in deposition. Reduc-
tions in particulate emission throughout Europe and North
America have further delayed recovery from acidification due
to the decrease in base cation deposition associated with
particulate matter (Driscoll et al., 1989).

Acid deposition stresses on ecosystems

The direct impact of acid deposition on biological processes is
often difficult to determine. High H" concentrations lead to
elevated levels of soluble AI*", which have been shown to pro-
duce severe ramifications on terrestrlal and aquatic species.
High AP concentrations can be directly toxic to plants result-
ing in a death of fine roots and mycorrhizae symbionts and
can interfere with the acquisition of base cations and other
nutrients from the soil solution inducing nutrlent deficiencies
and imbalances in plants. Not only the AI** concentrations,
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Figure A2 Proton-producing and -consuming reactions regulating acid/base chemistry during acidification and recovery of a soil horizon from

sulfuric acid inputs (A/"*:

adsorption/desorption; H': strong acid input/release of protons).

Al precipitation/dissolution; C: base cation retention/displacement from cation exchange sites; SOZ™:

sulfate
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but also the Al/Ca ratio of the soil solution appears to be an
important factor regulating nutrient acquisition (Cronan and
Grigal, 1995). Base cation (Ca>*, Mg>" and K ") deficiencies
develop as the base saturation is depleted due to displacement
of base cations by acidic cations and the base cations are sub-
sequently leached from the rooting zone with associated mobile
anions (e.g., SO3 and NO3). A loss of membrane-bound cal-
cium makes some tree species more susceptible to freezing
damage, while calcium and magnesium deficiencies make some
trees more susceptible to insect infestations and drought stress.
Increased acidity also affects adsorption, mobility and chelation
capacity of metal-complexing organics and mobility and bioa-
vailability of heavy metals, such as Pb, Zn, Cu, Mn and Cd.

In nitrogen limited ecosystems, the deposition of additional
N may initially increase plant growth inducing deficiencies of
other nutrients, such as base cations or phosphorous. As ecosys-
tems become nitrogen saturated, nitrate leaching can lead to ele-
vated nitrate concentrations in surface and ground waters. Higher
soil nitrate concentration leads to increased denitrification result-
ing in production of N,O, a powerful greenhouse gas. Nitrogen
deposition lowers the C/N ratio of organic matter potentially
leading to an initial increase in the decomposition rate. However,
as the soils become more strongly acidified, there appears to be
a change in the composition of microbial populations, which
may ultimately lead to decreased decomposition (Greszta et al.,
1992). The effect of acidification on microbial processes appears
to be highly variable depending on several characteristics of the
ecosystem. Increased availability of nitrogen in terrestrial eco-
systems also affects species diversity, often promoting an
increase of invasive species (Tillman, 1987).

Deposition of nitrogen on lakes and their watersheds leads
to increased algal biomass and a loss of water clarity (Tarnay
et al.,, 2001). Severe lake acidification (low pH and elevated
APP™) has been shown to adversely impact lower food-web trans-
fers (i.e., phytoplankton-zooplankton) that ultimately impact the
higher components of the food web (i.e., fish). Aquatic species
diversity is progressively changed as aquatic ecosystems become
acidified. Effects of acidification include long-term increases in
mortality, emigration, and reproductive failure of fish, as well as
short-term acute effects (Driscoll et al., 2003). Acidification of
lakes and streams can increase the amount of methyl mercury
available in aquatic systems (Driscoll et al., 1994). Coastal
eutrophication is becoming common in regions with elevated
nitrogen deposition leading to excessive production of algal

Table A3 Characteristics of soils and ecosystems most susceptible to
acidification

Soil/ecosystem characteristic

Naturally acidic soil — reduced acid neutralizing capacity

Shallow soil — low soil water residence time

Coarse texture — low surface area and residence time

Few easily weatherable minerals — low acid neutralization by chemical
weathering

Parent materials with low base cation content — few bases released upon
weathering

High precipitation — low soil water residence time

Soils with restrictive layer that reduces water permeability — low soil water
residence time

Low CEC and base saturation — low buffering capacity

Low content of Al and Fe oxides/hydroxides — low anion sorption

High fertility status — low capacity to retain additional nutrients

Low vegetation coverage — low uptake of strong acid anions

biomass, blooms of toxic algal species, hypoxia, fish kills, and loss
of important plant and animal diversity (Jaworski et al., 1997).

Characteristics of acid sensitive soils

Characteristics of soils most susceptible to the adverse effects
from acid deposition are shown in Table A3. Shallow, coarse-
textured soils with acid pH values, low base saturation and
base-poor parent material are the most susceptible to severe
acidification by acid deposition. The greater the pool of easily
weathering minerals, exchangeable base cations, and Al//
hydroxides, the greater the potential for neutralization by
mineral weathering, exchange reactions, and anion sorption,
respectively. Ecosystems with abundant vegetation have a
greater potential for acid neutralization by uptake of strong acid
anions (SO3~, NO3).

Randy A. Dahlgren
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ACID SOILS

Acid soils are defined in terms of redox-pH master variables in
Figure A3. In the WRB system of classification, the relevant refer-
ence soil groups with widest distribution are Acrisols, Ferralsols
and Podzols, which are the main focus of this article (Table A4).
Acid soils also occur in Andosols, Arenosols, Alisols, Albeluvi-
sols, Cambisols, Histosols, Leptosols, Plinthosols, Planosols,

Fluvisols, Regosols and Umbrisols. In those Fluvisols and mine
soils (Espoli-Anthropic Regosols) containing pyrite, extreme
acidity develops on oxidation.

In the three groups of wide distribution, acidity ranges from
a pH between 3.5 and 4 in the A horizons of Podzols to
about 6 as an upper limit in Ferralsols. The values are set
(see Figure A4) by the dissociation of H" from the carboxyl
groups of humic materials (pK, from 3.5 to 6), and by the sys-
tem H,O—CO,, which enters the soil via atmospheric precipita-
tion at a pH of 5.7. It may acquire a CO, concentration two
orders of magnitude greater than the atmospheric value within
the upper part of the solum, as a consequence of the metabolic
activities of roots and of microorganisms (in breaking down
organic matter). Gleyed varieties of all three soils are found
in regions of high water-table lows such as river valleys for
example.

The worldwide distribution of Acrisols, Ferralsols and Pod-
zols is shown in Table A4. Acrisols and Ferralsols are pre-
dominantly soils of the humid tropics and subtropics, while
Podzols, although common in areas with precipitation much
greater than evapotranspiration, occur mainly in cold to tempe-
rate zones. An important consequence is that components from
organic sources play a more important role in the genesis of
Podzols, than in Acrisols and Ferralsols, simply because
organic matter tends to have a much longer half-life in colder
than in warmer climates. Another important consequence is
the poor weathering displayed by the materials on which Pod-
zols develop, which contrasts with Acrisols and Ferralsols. In
this case, however, parent material and time also play a role.

Acrisols and Ferralsols

As well as tropical and subtropical occurrences, Acrisols and
Ferralsols are also found to a lesser degree in the warmer parts
of humid temperate regions. Their characteristic occurrence
however is in cratonic regions (of S. America and Africa espe-
cially) on surfaces peneplained in Tertiary and Pleistocene times.
Elsewhere, they are found on easily weathered basic igneous
rocks, particularly pyroclastics, where leaching is facilitated by
the porous, fragmental nature of the parent material.

Acrisols and Ferralsols are deep, highly weathered and lea-
ched soils that are stripped down to simple assemblages in
the four-component system SiO,—Al,O3—Fe,0;—H,0. Except
in gleyed varieties Fe is in the ferric state in the minerals
goethite or hematite. As a result the solum is commonly yellow
or red in color. Prolonged hydrolysis and leaching destroys all
primary alumino-silicates, so that kaolinite (monosiallitization)
and/or gibbsite (allitization) tend to dominate the clay fraction
and account for the low CEC (Figure AS5).

Podzols

In essence, Podzols form by the titration of a material with a
low capacity for buffering acid, against an excess of organic
acids. The net release of acid breakdown products from organic
debris is influenced by environmental conditions (favored
when microbial activity is impaired) and type of vegetation.
The acid buffering capacity of the parent material is determined
by lithology and/or climate. As temperature decreases, lithol-
ogy becomes less determinant in Podzol formation. Thus,
whereas in tropical environments, Podzols form on sandy mate-
rials, which are almost exclusively quartzitic, in colder environ-
ments, parent material is more variable. The shifting point of
this titration, which depends on both the total organic acid
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loading and the total base supplied, determines the depth at
which the new phases form. That is, organic complexants per-
colating through the soil profile remove (a process called
chelluviation) Fe and Al until the latter become saturated and
precipitate, forming the B spodic horizon (a process called illu-
viation). The eluviated horizon takes on a bleached appearance,
as only resistant minerals, such as quartz, remain, and is called
the albic horizon. Root growth is promoted in the B spodic
horizon — because of its greater water and nutrient availability
and less acidity compared with the E eluviated horizon —
further enhancing organic matter accumulation at depth.

The pedogenesis of other soils with incipient weathering and
an acid trend, developed under similar environmental condi-
tions to Podzols, (Haplic Umbrisols or any Umbric or Fulvic
Andosols for example) could be described in a similar way.
However, as in these soils the acid buffering capacity of the par-
ent material is greater than in Podzols, the distance traveled by
the organic ligands is less (in Umbrisols) or nil (in Andosols).

The clay fraction of a mature Podzol resembles that of an
Acrisol or Ferralsol in tending to be enriched in the components
Si0,—Al,05—Fe,03;—H,0. However, the process is incipient,
since unlike the tropical soils, Podzols, Umbrisols and Umbric
or Fulvic Andosols tend to be on young (commonly postglacial)
landscapes. Consequently amorphous or short-range order phases
commonly occur. On older landscapes the amorphous and short-
range order phases will age to progressively more stable minerals
by the process known as (Ostwald) ripening. The specific ripening
sequence will depend upon the activity of silica in the system (see
Figure A6).

Podzols are found in Boreal regions of the cratons of the
Northern hemisphere, as well as in temperate, wet zones such
as the western Cordilleras of Canada, Chili and Alaska, and
along sandy coasts of Western Europe (the Landes of Atlantic
France for example). Out of nearly half a billion hectares
worldwide, all except some 30 million are in temperate to cool
regions. The balance is in the tropics, particularly on alluvial
quartz sands. Found along the Rio Negro and in the Guyanas
of South America, in SE Asia (Kalimantan, Sumatra, Papua)
and in northern Australia.
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Table A4 Distribution of the three major groups of acid soils (in thousands of hectares)

Africa Australasia  Europe North America  North and C. Asia  South and C. America  South and SE Asia  Total
Acrisols 92 728 32482 4170 114 813 148 241 341 161 263 005 996 600
Ferralsols 319 247 0 0 0 0 423 353 0 742 600
Podzols 11 331 8 459 213 624 220 770 21 825 5522 5982 487 513
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Figure A5 Mineral formation in acid pedogenesis tends to lead to kaolinitic or gibbsitic assemblages in Acrisols and Ferralsols. The chemical
evolution of the soil is towards the bottom right hand corner of the schematic diagram (modified from Chesworth, 1980).
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Figure A6 Diagram to illustrate Ostwald ripening. In the system SiO,-
Al,03-H,0 the sequence of minerals that form at —log(H,SiO,) = 4, for
example, might be allophane, halloysite, kaolinite.

Agricultural problems of acid soils

High acidity is accompanied by a low cation-exchange capacity
and a low base saturation, both of which lead to problems
when these soils are utilized in agriculture. Nutrient deficiency
and high levels of exchangeable aluminum are the main
problems. Al toxicity is a particular management problem.
Al toxicity occurs mainly when pH(H,O) < 5, and CEC is
>60% Al. The deleterious effect of this so-called alic character

is greater in those acid soils poor in organic matter in which
2 : 1 clay minerals are abundant. High levels of exchangeable
and soluble Al also promote P fixation and slow down nitrifica-
tion and N, fixation, leading to deficiency of these nutrients.
All this impairs plant growth, leaf functionality (because of
yellowing and defoliation), and root development, which, in
turn, increases plant susceptibility to other stresses and plant
diseases, thereby further decreasing crop yields.

Acid soils require liming and constant fertilization when
used in agricultural production. Macronutrients and, in some
cases, micronutrients (e.g., molybdenum) have to be added.

In Acrisols and Ferralsols, the exchange capacity of the
organic matter is very important because the clay fraction is
made up of minerals of low cation-exchange capacity. However
the organic matter of these soils is rapidly mineralized under
tropical climates, with labile organic C only present at the sur-
face as a consequence of recent deposition of plant and animal
residues. In some cases, there can be a fraction of recalcitrant
organic C stabilized by sorption processes on to Al and Fe oxi-
hydroxides (such as in some Umbric Acrisols and Ferralsols).

In addition to problems already noted, most Podzols have
additional problems. They form generally on sandy materials
and may therefore be droughty by reason of excessive drai-
nage. Furthermore, the leaching out of iron and its subsequent
accumulation in lower horizons may lead to a thin, impervious
iron pan. Drainage may then be restricted so that the soil devel-
ops hydromorphic properties. Drainage may be improved by
breaking up the iron pan.

Felipe Macias, Marta Camps Arbestain, and Ward Chesworth
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ACID SULFATE SOILS

See Thionic or Sulfidic soils.

ACIDITY

Soil acidity is a term used to describe acid soils; i.e., soils with
a pH value <7.0 (Gregorich, 2001). When used as a quantita-
tive term, soil acidity is considered a capacity factor and refers
to the total acidity contained in a given soil or soil horizon. Soil
pH, a measure of the negative logarithm of the hydrogen ion
activity in the soil solution, is used as an indicator of the degree
of acidity or alkalinity in soil (Table A5). Another term that is
sometimes associated with the degree of acidity of a soil as a
function of soil pH is soil reaction.

When used in a qualitative manner, the term soil acidity refers
to a variety of possible chemical processes, which are known to
occur in acid soils (Thomas and Hargrove, 1984; Sumner et al.,
1991; Rengel, 2003). The combined interaction of these pro-
cesses influences the amount and speciation of nutrient ions in
the soil solution and thus their availability for plant growth.
In general, an increase in soil a01d1ty is associated with a decrease
in the availability of nutrient ions (particularly calcium (Ca*™h),
magnesium (Mg”>"), phosphorus, and molybdenum) and an

Table A5 Descriptive terms commonly used to describe the degree of
acidity or alkalinity of a soil®

Descriptive terms pH range
Extremely acid <4.5

Very strongly acid 45-5.0
Strongly acid 5.1-55
Moderately acid 5.6 — 6.0
Slightly acid 6.1 -6.5
Neutral 6.6 -173
Slightly alkaline 74178
Moderately alkaline 79 -84
Strongly alkaline 85-9.0
Very strongly alkaline >9.1

Source: Soil Science Society of America (1987).

increase in the presence of ac1d1c cations (hydro%en (H"), man-
ganese (Mn”>"), aluminum (AI’"), and iron (Fe’")) which are
known to be toxic to most plants and soil microorganisms
(Ritchie, 1989; Robson and Abbott, 1989). The exact mechan-
isms that result in the deleterious effects observed with an
increase in soil acidity have been reviewed elsewhere (Clark,
1984; Foy, 1984). However, toxicit }rf due to the increased activity
of Mn?*, H™, and especially AI>™ ions in the soil solution is
recogmzed as the most common cause of reduced yields. For
most agronomic crops, it is the dominance of AI** on the ion-
exchange complex in acid soils that directly affects plant growth
(Kamprath, 1970). Because of this, the term soil acidity is
sometimes assumed to be synonymous to the presence and sub-
sequent chemical reactions of AI*" ions in acid soils. This is
not always true, especially in organic soils, and the use of the
term soil acidity in this context should be avoided.

The amelioration of an acid soil with lime to remove the
deleterious effects of soil acidity on plant growth requires
knowledge of the relationship between the acidity present and
soil pH. This is necessary in order to avoid over-liming which
also can have a negative impact on plant growth (Kamprath,
1971). Titration of an acid soil with a strong base is one way
to obtain the desired relationship between acidity and soil pH.
Sources of acidity that react with base include exchangeable
acidity and residual acidity. Exchangeable acidity, or salt-
replaceable acidity, refers to the acidic cations (primarily AI**
and Fe’ ") that can be replaced from the ion-exchange complex
by an unbuffered salt solution, such as potassium or sodium
chloride (Gregorich, 2001). Measurable amounts of exchange-
able H may also be present due to the acid functional groups
associated with soil organic matter (SOM) (Stevenson, 1982).

The remaining soil acidity that cannot be replaced by an
unbuffered salt solution is called the residual acidity. Quantifi-
cation of the residual acidity in an acid soil is difficult because the
rate of reaction with base is generally slower than w1th exchan e
able acidity. Sources of residual acidity include AI>" and Fe’™
tightly bound by SOM and the acid-functional groups located
on the edges of layer silicate minerals and the surfaces of
Fe and Al oxides and oxyhydroxides (Thomas and Hargrove,
1984; Sumner et al., 1991). Liming criteria based on exchange-
able acidity alone usually requires a multiplication factor to
account for the presence of residual acidity. This factor ranges
between 1.5 and 3.3 for most acid soils (van Lierop, 1990),
demonstrating that residual acidity is not an insignificant fraction
of the total acidity. Additional sources of acidity that release
H™ to the soil solution include oxidation-reduction or redox reac-
tions, addition of soluble salts (fertilizers), and base cation
(Ca, Mg, K) removal during plant uptake (acidification of the
rhizosphere) (Thomas and Hargrove, 1984). These sources are
more transient in nature and are not included in most quantitative
laboratory procedures used to determine the amount of acidity
in a soil. The acidity generated from these transient sources,
however, must be accounted for in any successful management
scheme to optimize crop yields.

Methodology

Methods to determine soil acidity can be divided into two
groups: (1) methods that are designed to give quantitative esti-
mates of the total or some fraction of soil acidity in a given
soil, and (2) soil test (quick) methods designed to determine
the lime requirement of a large number of different types of
acid soils (see Sparks, 1996).
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Exchangeable acidity

The most common quantitative procedure for detennlnrng
exchangeable acidity (exchangeable H™ and AI’*") is extractlon
with a neutral solution of potassium chloride (1 kmol m > KCI;
Thomas, 1996). The basic procedure employs the titration of
an aliquot of the extracting solution to the phenolphthalein
endpoint with standardized base. The equivalents of base
added corrected to the volume of the extracting solution is
the estimate of total exchangeable acidity. ThlS is followed
with addition of sodium fluoride (1 kmol m > NaF) to release
the hydroxyl ions (OH") added with base that are bound
to the AI>™ in the original extract. Back titration with standar-
dlzed acid yields the quantitative estimate of exchangeable
AP*. A positive difference between the estimates of total
exchangeable ac1d1ty and exchangeable Al ** is a measure of
the exchangeable H' present in the soil. Modifications to the
basic procedure generally consist of direct determination of the
AP™ in the extract either by atomic absorption spectroscopy or
using one of several different colorimetric procedures (Barnhisel
and Bertsch 1982; Bloom and Erich, 1989) Direct determina-
tion of Al 3+ av01ds a positive bias in the procedure due to
titration to the phenolphthalein endpoint.

Single extractions of exchangeable acidity (H" and AI*™)
using unbuffered salt solutions is quantitative for pure layer
silicate minerals (Thomas, 1982), but not for most soils (Oates
and Kamprath, 1983). Successive extractions of soils, espe-
cially soils containing measurable amounts of SOM, results in
the continued release of Al to the extracting solutlon The
source of this residual extractable Al is assumed to be A"
tightly bound to SOM. Other extracting salt solutions that have
been used in an attempt to include this residual extractable Al
fraction in the estimate of exchangeable acidity include lantha-
num chloride (1 kmol m® LaCl;) and copper chloride
(1 kmol m~ CuCl,) (Bloom et al., 1979; Juo and Kamprath
1979). At pH values <7, lanthanum is a trivalent i ion (La*™)
and its use is meant to promote ion exchange with Al ** bound
to SOM. The cupric ion (Cu?") is known to have a high affi-
nity for the functional groups contained in SOM (Bloom,
1981), and it is reasoned that it should replace AI*" ions not
readily displayed by mono- or divalent base cations. Both
extracting solutions are quantitative when dealing with SOM
extracts or peat, but still continue to release Al with successive
extractions of soil samples. One source of this additional release
of Al may be dissolution of layer silicate minerals or hydroxy-Al-
interlayered 2 : 1 layer silicate minerals (HIM) as a result of the
acidity (pH < 4) of the equilibrated soil-extracting solution sus-
pensions (Oates and Kamprath, 1983). The terms extractable
acidity or extractable Al are often used instead of exchangeable
acidity or exchangeable Al because of the inability of unbuffered
salt solutions to distinguish between different sources of acidity
in whole soils (Barnhisel and Bertsch, 1982).

Total potential acidity is determmed in acid soils using
the barium chloride (1 kmol m® BaCl,) — triethanolamine
(0.2 kmol m— TEA) procedure (Thomas, 1982). The term
potential acidity refers to the exchangeable plus residual acidity
contained in a soil as referenced to a given pH value. A BaCl,
solution, containing TEA (pH 8.2) as a buffer, is allowed to
equilibrate with a soil sample. After filtration, the filtrate is
titrated with standardized acid to the methyl red — bromocresol
green end point. The equivalents of acid required are taken as
the measure of the total potential acidity present in the soil.
The pH of 8.2 selected for the TEA buffer solution corresponds
to the H' activity maintained in solution by calcium carbonate

(CaCQO3) in equilibrium with the partial pressure of carbon
dioxide (CO,) in the atmosphere. The basic premise of the pro-
cedure is that a soil in equilibrium with free calcium carbonate
(lime) will have a pH = 8.2, and by definition, contain no
exchangeable or residual acidity. Variations to the original
BaCl,-TEA procedure include leaching with a neutral salt solu-
tion prior to addition of the BaCl,-TEA solution. This modifi-
cation provides an estimate of both the exchangeable and
residual acidity in a soil.

Potentiometric titrations of acid soils with strong base (e.g.,
sodium, potassium, or calcium hydroxide) to a fixed endpoint
provides not only a measure of the exchangeable and residual
acidity present, but also an indication of how the amount of
acidity varies with solution pH. The slope of the relationship
between the equivalents of base added and suspension pH pro-
vides an estimate of the buffer capacity of a soil in a given pH
range. Buffer capacity refers to the ability of the soil to resist
changes in pH. The primary limitation of this procedure,
however, is the slowness of the neutralization reaction near
the end-point (Thomas and Hargrove, 1984). The shape of
the relationship between equivalents of base added and suspen-
sion pH is also a function of the concentration and charge of
the neutral salt cation used during the titration. The time
required to complete the titration prohibits its use as a routine
method for a large number of soil samples.

Lime requirement

Soil test methods designed to determine the lime requirement
of a soil are generally based on the assumption that there is
an optimum soil pH for the growth of a given crop on a given
soil type. The amount of lime required is the amount needed to
change the initial soil pH to the optimum soil pH. However, the
methods selected for determining the lime requirement of a soil
must also be applicable to a wide range of different soil types
and be capable of processing relatively large numbers of soil
samples in a short period of time. The most common approach
used today that meets these criteria is to equilibrate the soil
with a buffer solution (Table A6). The buffer solution itself is
usually a mixture of two or more buffers such that there is a
linear change in pH with incremental additions of acid (H™)
over a range of several pH units (e.g., pH 7 to pH 4). This lin-
ear change in pH with incremental addition of acid is in turn
calibrated to the lime requirement for a particular soil group;
the later being determined from lime incubation studies or titra-
tion with base. Allowances are also made for the crop to be
grown, depth of rooting volume, composition and particle size
of liming material and method of incorporation (van Lierop,
1990). Using this approach, the lime requirement for a soil is
essentially equal to the change in the pH of the buffer solution
after equilibration with the acidic soil.

The basic limitation of this approach is the accuracy and
precision possible when the procedure is used on a routine
basis with large numbers of soil samples. A change of
+0.1 pH units can represent a dlfference in lime requirement
of between 400 to 600 kg of lime ha™'. Interlaboratory compar-
isons have suggested differences in pH measurements of as
much as +0.4 pH units may occur for the same soil samples
(van Lierop, 1990). Differences of this order of magnitude
represent substantial errors in the estimation of the lime require-
ment for a soil. Buffer solutions also tend to be less sensitive
in predicting lime requirement for soils with pH values >6.
Offsetting these potential errors is the reality that most
lime requirement recommendations are not strict quantitative
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Table A6 Common names and composition of buffer solutions used to determine lime requirements®

Name Buffer reagents

Comments single buffer procedures

Shoemaker, McLean, and Pratt (SMP) p-nitrophenol,

potassium chromate,

triethanolamine
Mehlich triethanolamine,

acetic acid
Woodruff p-nitrophenol,

magnesium oxide,
calcium acetate

Adams and Evans p-nitroprenol,

boric acid
Noémmik imidazole,
malic acid, sodium or potassium acetate
Yuan imidazole, pyridine, tris’, potassium
chromate
SMP-Double p-nitrophenol
Buffer potassium chromate,

triethanolamine

curvilinear calibration,

best for high lime requirement soils,

over-liming possible for low lime requirement soils
designed to neutralize

exchangeable acidity, no optimum pH assumed
curvilinear calibration,

best for low lime requirement soils

designed for low lime requirement

soils (ultisols)

calibrated to pH 7.0,

limited calibration data available
requires two soil-buffer pH readings,
May underestimate lime requirement
requires two soil-buffer

pH readings, improves

prediction for low lime requirement soils

ISources: Yuan, 1974; McLean, 1978; Adams, 1984; van Lierop, 1990.
®tris (hydroxymethyl)-aminomethane.

estimates and that the potential error associated with the pH
measurement is not likely to cause major problems compared
to the advantages of the buffer procedures.

Alternative methods for determining the lime requirement of
a soil include estimating lime requirement from soil properties
without directly measuring soil acidity, and calculating lime
application rates necessary to only neutralize exchange-
able A’ (van Lierop, 1990). Indirect lime requirement deter-
minations are based on statistical correlations between the
lime requirement and soil properties (usually exchangeable
APT, SOM, and clay content) and the desired change in
soil pH. The approach is accurate but does require calibration
with different soil types before use. Liming to neutralize
exchangeable A’ is based on the fact that crop yield responses
to liming are inversely correlated with exchangeable AP" (Kam-
prath, 1970). If the cost of liming is a factor for successful croj
production, lime application rates based on exchangeable AI’
provides a way to increase yields with limited economic
resources. This may, however, require more frequent addition of
lime in order to maintain the desired soil pH (van Lierop, 1990).

Applications

Exchangeable acidity

Acid attack of primary and secondary aluminosilicate minerals
during chemical weathering is the primary source of exchange-
able A’ in acid soils. Attempts to generate H -saturated layer
silicate minerals have demonstrated that such preparations are
unstable. The presence of HT ions to balance the net negative
charge of the layer silicate minerals accelerates their dissolution
with release of A" and silicic acid (H4SiO4) to solution. The
AP™ ions, in turn, replace the neutralized H™ ions in balancing
the net negative charge of the layer silicate mineral. If allowed
to go to completion, the dissolution reaction will continue
until the clay is essentially 100% saturated with A" ions
(no exchangeable H" remains). Potentiometric titrations of
montmorillonite suspensions, which are freshly prepared and truly
H*-saturated, yield titration curves, which resemble those of
a strong mineral acid (Figure A7). Such behavior is consistent
with the observation that little or no exchangeable H* remains

Al-Saturated Clay

| [0.0001M Ca(CIO,),]

\

pH
(8]

[0.001m Ca(ClOy),]

H-Saturated Clay

0 10 20 30 40 50 60 70 80 90 100

% Neutralization

Figure A7 Theoretical titration curve for an Al-saturated and a
H-saturated layer silicate mineral.

associated with aged layer silicate mineral suspensions. These
results also explain why appreciable amounts of exchangeable
H™ are not associated with clay minerals in acid mineral soils.

During the conversion to an AP -saturated clay, there is
essentially no net change in the equivalents of acidity originally
added to form the H™-saturated clay. This is because of the
ability of AI*™ ions to undergo hydrolysis in aqueous systems.
Hydrolysis can be described as a series of consecutive proton
transfer reactions between hydrated metal ions and water
molecules that result in the release of H' ions and the formation
of monomeric hydrolytic Al species (Baes and Mesmer, 1976).
The only difference between H' produced by Al hydrolysis as
opposed to being present as exchangeable H™ is that the extent
of the hydrolysis reaction is a function of the activity of H' ions
in solution; i.e., hydrolysis of an acidic cation resembles the
behavior of a weak acid rather than a strong acid.
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Once an A" ion is displaced from a layer silicate mineral
by ion exchange, it will begin the step-wise release of H' as
represented by the following equations:

Al(H,0)}" 4+ H,0 = AI(OH)(H,0)}" + H;07 (K, ) (1)
Al(H,0);" + 2H,0 = Al(OH),(H,0); +2H;0" (K,) (2)
Al(H,0);" + 3H,0 = Al(OH),(H,0)} + 3H,0" (K3)  (3)

where K, K,, and K3 are the respective dissociation constants.

Because of its small ionic radius, the A>" ion assumes a
six-fold coordination with the surrounding water molecules.
The subsequent hydrolysis is similar in reaction to a polyprotic
weak acid with the respective pK values (the negative loga-
rithm of the dissociation constant) indicative of the pH of max-
imum buffer capacity. The monomeric hydrolytic Al species
that is produced at each step can undergo further ion-exchange
reactions, or in the presence of base, continue to undergo
hydrolysis until the original AI>" ion is completely neutralized.

Unlike a polyprotic weak acid, the titration of an AI*'-
saturated layer silicate mineral does not result in a plot
of equivalents of base added versus equilibrium pH with three
distinct buffer regions (Figure A7). This is because the chemistry
of hydrolysis of A" beyond the first hydrolysis reaction
(pK; = 5.0) becomes confounded by secondary polymerization
reactions that result in the formation of polynuclear hydroxy-
Al species of differing basicity (OH : Al ratios; Bertsch, 1989).
Because of their relatively high positive charge density, these
polymeric Al species are attracted to and stabilized on the sur-
faces of the negatively charged layer silicate minerals (Adams,
1984). In soils, they also interact with the functional groups of
SOM. These surface bound polymeric Al species continue to
undergo hydrolysis and react with added base, but the exact pK
values for these reactions are not known. The result of this com-
bination of reactions is that the titration curve of an A’ -satu-
rated layer silicate mineral is in general characterized by only
one broad buffer region (Figure A7). Below the average pK for
this buffer region, A’ is the dominant ion both in solution
and on the ion-exchange surface of the clay mineral. The actual
concentration of AI>™ in solution and the observed pH is a func-
tion of the concentration and charge of the neutral salt cation used
during the titration. With addition of base, polymeric
Al species are formed at the expense of exchangeable AI’",
and the concentration of A>T in solution decreases until essen-
tially no exchangeable A" remains associated with the layer
silicate mineral. This point does not represent 100% neutraliza-
tion, however, since the charged polymeric species are still
bound to the clay surface. The negative charge associated with
the layer silicate mineral requires a higher concentration of
hydroxyl ions (OH") in solution to complete the neutralization
reaction (i.e., a higher pH). Complete neutralization of the origi-
nal AI*" results in 100% base saturation of the clay.

An analogous series of reaction occurs when base
(e.g., in the form of lime) is added to an acid mineral soil. A
pH 5.5 is typically cited as the reference point above which
no exchangeable AI’" remains associated with the soil layer
silicate minerals. The actual pH at which this occurs will vary
between soil types and also within the same soil. Additions
of fertilizer increase the concentration of neutral salt cations
in the soil solution. This increase in ionic strength will lower
the apparent soil pH for the same increment of lime addition
(Figure A7). In terms of crop production, this can have the

effect of obtaining maximum yields at lower pH values for
the same soil series (Adams, 1984), especially for ultisols and
oxisols. This salt effect on soil pH measurements is well known
and it is recommended that samples from intensively fertilized
soils be leached with water before determining soil pH, or that
all soil pH measurements be referenced to a relatively concen-
trated salt solution. The two neutral salts commonly used for
this purpose are calcium chloride (0.01 kmol m > CaCl,) and
potassium chloride (1 kmol m > KCI) (Peech, 1965).

Other acidic cations that can undergo hydrolysis and release
H" ions include Fe**. In the QH range of most mineral soils
(pH > 4), the hydrolysis of Fe*" displaced from the exchange
surface of soil clay minerals is not considered an important
source of exchangeable acidity. The equilibrium constants
for the hydrolysis reactions of Fe>" favor the formation of
the hydrolyzed species at lower pH values than AI*™. Hydrolysis
of Fe'' following the oxidation of ferrous iron species
(Fe*™), however, is an important source of acidity and will be
discussed later.

The majority of extractable or exchangeable HT present in
acid soils is associated with the acid functional groups of
SOM. SOM is formed from microbial decomposition of plant
and animal tissue added to soils. As a result, SOM is heteroge-
neous with respect to composition, chemical structure, and
quantity and type of acid functional groups (Stevenson,
1982). These functional groups behave as weak acids and have
been assigned pK values, but these are only approximate values
and titration of SOM extracts seldom yields defined buffer
regions. This is due in part to the distribution of the functional
groups within SOM, and the change in stereochemistry that
occurs as the net negative charge of SOM increases with addi-
tion of base (Stevenson, 1982). Titration curves of SOM tend to
be linear over a defined pH range, beyond which the majority
of H" bound to the functional groups, has been neutralized
(Magdoff and Bartlett, 1985).

The quantity of extractable H" removed by a neutral salt
solution from SOM is a function of the concentration and
charge of the neutral salt cation and the final pH of the soil sus-
pension. It can be argued, therefore, that the H' associated with
SOM is both a source of exchangeable acidity and residual
acidity, depending on the laboratory procedure selected and
the chemical properties of a particular soil. The density of acid
functional groups per unit mass for SOM (>600 cmol,, kg ') is
substantially greater than that for most clay minerals, such that
relatively small amounts of SOM (<1.5 to 6.5%) can contain
substantial amounts of HT. However, it is generally believed
that the potential negative charge represented by this bound
H™ is only available following a neutralization reaction. Lime
requirement determinations for acid soils containing mostly
organic matter (Histosols) now use buffer pH procedures rather
than neutral salt solutions (van Lierop, 1990).

Residual acidity

The acid functional groups associated with SOM, especially the
carboxyl groups (R—COQOH), are also capable of forming com-
plexes with metal ions (Stevenson and Vance, 1989). In many
acid soils, complexation with A", Fe’", and Mn®" may
account for 60—80% of the potential negative charge of SOM.
These ions (especially Fe*™ and AI’") are not considered
exchangeable with mono- or divalent base cations at the con-
centrations of base cations typically found in soil solutions.
They only react with added base when the ligand competi-
tion between OH™ ions and the SOM functional groups favor
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formation of the monomeric hydrolytic metal species. This
typically occurs at pH values >4.5. Additions of organic matter
to soils can reduce Al toxicity to crop growth w1th0ut changing
soil pH and can decrease KCl-exchangeable AI** (Hargrove
and Thomas, 1981).

The acid functional groups of the mineral components of
soils, which have the greatest abundance and reactivity, are
the silanol and aluminol groups. These are present at the edges
of layer silicate minerals and on the surface of the Fe and Al
oxides and oxyhydroxides. The dissociation of H™ can be
represented as follows:

~MOH;V = -MOH™ ! 4 H"

(4)
where M represents a Fe, Al, or Si ion that is part of the
mineral structure but that comes in direct contact with water
molecules. This reaction is similar to that of a weak acid in that
the degree of protonation or deprotonation is a function of pH;
i.e., the net charge on these surfaces is a function of pH. The
H* bound to these surface functional groups is not considered
exchangeable with mono- or divalent base cations. Indeed, the
chemistry of these functional groups is such that, at
pH values that favor a net positive charge, an increase in ionic
strength (addition of neutral salt) favors an increase in net posi-
tive charge (removal of H' from solution) (Parfitt, 1980).
Removal of H' associated with these surface functional groups
can only be achieved by neutralization with base.

In many acid mineral soils with variable charge, the hydro-
xyl silanol or aluminol group associated with the Fe and Al
minerals is a significant portion of the total soil acidity. Often,
the equivalence of CaCOj; required to shift soil pH from 6.5 to
7.0 can be 2 to 4 times that required from pH 5.5 to 6.0 (Fox,
1980). Attempting to lime these soils to an optimum soil pH, as
determined for soils that are dominated by constant-charge
layer silicate minerals, can require an exorbitant amount of
lime. In such instances, optimum yields are obtainable with
neutralization of exchangeable AT, provided sufficient
exchangeable Ca?" is present for root growth. These soils are
also more susceptible to over-liming (Fox, 1980).

Other sources of acidity

The remaining sources of soil acidity are not quantifiable by
the routine analytical methods used to estimate exchangeable
acidity or lime requirement. These sources of acidity are more
temporal in nature deriving from a number of factors including
a unique soil characteristic or chemical composition, anthropo-
genic or natural inputs, and cultural management practices.
One, or a combination of two or more of these factors can
result in the generation of soil acidity that potentially can
have the same deleterious effect on plant growth as the more
traditional sources of acidity.

Oxidation-reduction
Oxidation reactions that follow the drainage of wetlands, or a
falling water table, can generate substantial amounts of soil
cidity (van Breemen, 1987). The chemical reactions that are
the prlmary source of this a01d1ty are based on the transforma-
tions of iron. Ferrous ion (Fe’") is generated from the reduc-
tion of ferric oxides and oxyhydroxides if a soil containing
organic matter is submerged for more than a few days
Dralnage of the soil results in the conversion of the Fe*™ jons
to Fe*" ions. The resulting Fe*" ions undergo hydrolysis and
releases HT ions to the soil solution. In acid-sulfate soils, soils

containing strip mine spoils, or other soils contalmng signifi-
cant quantities of pyrite (FeS,), a source of Fe’" ion is already
present in the soil and exposure to oxygen can result in very
low pH values (pH 2) (McFee et al., 1981). The following
overall reaction illustrates the quantity of moles of H™ released
as the result of the combined oxidation of the Fe catlon and
sulfide anion, coupled with hydrolysis of the Fe’t

2FeS; + 7TH,0 + 7.50, = 4805~ + 8H' + 2Fe(OH); (5)

If allowed to go to completion, the above reaction can pro-
duce amounts of H™ that make liming impractical as a manage-
ment alternative. In such instances, the management scheme
of choice is to keep the soils flooded as much as possible to
prevent the oxidation of pyrite (Thomas and Hargrove, 1984).

Fertilizers
Commerecial fertilizers (especially those containing ammonical-
N, P and elemental S) are anthropogenic sources of soil acidity
that are added to soils to increase crop yields. These soluble
salts react to release H' and soluble anions, which can promote
leaching of base cations from the soil. Microbiologically
mediated nitrification is the dominant reaction involving
NH -based fertilizers (e.g., NH;NO;) resulting in the forma-
tion of nitric acid (Adams, 1984):

NH4NO; + 20, = 2NO5 + 2H" + H,0 (6)

Chemolithotrophic sulfur bacteria (typically Thiobacilli) are
responsible for the oxidation of elemental S utilizing the energy
released to fix carbon dioxide (CO,) into organic matter
(Tisdale et al., 1985):

CO; + S +0.50;, + H,0 = [CH,0] + SO3~ +2H"  (7)

Elemental S has traditionally been used as a soil acidulant to
promote soil acidity in the reclamation of alkaline soils. More
recently it has been incorporated into commercial fertilizers to
increase their S content. For concentrated P fertilizers (e.g.,
monocalcium phosphate) hydrolysis is the primary reaction that
releases H' ions (Tisdale et al., 1985):

H,0 + Ca(H2P04)2 = CaHPO4 + H3PO, (8)

The potential impact on the soil environment from these
soluble salts depends in part on the method of application. Band
application concentrates the fertilizer within the soil, favoring
conditions that can result in extremely low pH values in the
band (pH < 1.5 for triple superphosphate). Broadcast applica-
tion followed by tillage disperses the fertilizer throughout the
soil but extremely acid conditions can still form around the
individual fertilizer granules. This results in partlal dissolution
of soil clay minerals and release of AI>™ and Fe*" ions. In most
soils, this fertilizer-produced acidity is rapidly neutralized, but
the net reaction is still an increase in soil acidity.

Identification of the source of the N or P fertilizer allows the
calculation of the potential acidity that can be released after
addition to the soil (Table A7). For example, if ammonium sul-
fate is used, about 7.1 kg of pure calcium carbonate (CaCOs)
per kg of N added is necessary to neutralize the potential
acidity added with the fertilizer. In practice, the amount of
acidity generated is substantially less because of competing
chemical and biological reactions. These include loss of N as
NH; through volatilization, denitrification of NOs-N, which
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Table A7 Maximum amount of calcium carbonate (CaCOs3) required to
balance the acidity produced by nitrogen (N) fertilizers®

Material Nltrogen content CaCO; equlvalent
(gkg " (kg CaCO; kg ' of N)

Ammo-phos A 110 6.8

Anhydrous ammonia 822 3.6

Calcium nitrate 150 0.0

Cottonseed meal 67 32

Dried blood 130 3.5

Potassium nitrate 130 0.0

Sulfate of ammonia 205 7.1

Tobacco stems 28 2.5

Urea 466 3.6

Source: Tisdale et al., 1985.

consumes H™ ions, direct plant uptake of NHJ ions, or plant
uptake that removes unequal equivalents of anions and cations
from the soil solution (Thomas and Hargrove, 1984; Tisdale
et al., 1985). Uptake of NOj3 in excess of cations will result
in the release of OH™ and organic acid anions from the plant
roots to maintain electrical neutrality. These anions either neu-
tralize or bind with the H" ions in the soil solution such that
the net acidity released from addition of a N-fertilizer could
be zero. Such a result is highly unhkely under field condltlons
and is known not to occur for anions such as sulfate (SO3 ") and
phosphate (H,POy). For most sources of acid producing N, P,
and S fertilizers, the actual soil acidity released is assumed to
be half to two-thirds the maximum calculated value (Table A7).

Plant uptake

The extent of soil acidity generated by plant uptake of base
cations (predominately calcium and magnesium) is a function
of soil type (cation exchange capacity), cropping rotation, and
management decisions concerning the crop residues. Plant spe-
cies vary in their degree of cation uptake but in each case the
basic reaction is the exchange of a base cation for a H"

at the soil-root interface. Removal of Ca®>" and Mg”" ions from
the exchange complex of the soil (the primary source of these
ions in soil) requires the release of the H" ions to maintain
overall charge balance in the soil solution. Intensive cropping
of a soil can remove significant amounts of these base ions,
especially if all of the above ground portion of the crop is
removed (for example, as with for corn (Zea mais L.) silage
or tobacco (Nicotiana sp.)) (Table AS8). Base cation removal
with forage crops can be even higher because of the potential
for several harvests per growing season. It has been shown that
yields of alfalfa (Medicago sativa L.) approaching 10 metric
tons result i in the production of soil acidity requiring 600 kg
CaCOs ha ! for neutralization (Nyatsanga and Pierre, 1973).
Management schemes that incorporate the crop residue back
into the soil minimize the overall change in base cation content
of the soil associated with crop production (Power and Legg,
1978). However, the base cations returned in this manner are
not immediately available for plant uptake, nor are they capable
of neutralizing the acidity released during their incorporation
into the growing plant. Furthermore, the uptake of base cations
by most crops occurs over a relatively short period of time
(10—14 weeks) during a growing season. It is not uncommon
to see a decrease in soil pH by 1 pH unit during this period
of intense demand for nutrient ions, especially in soils with rela-
tively low cation exchange capacities (e.g., <5 cmolc kg ).

Table A8 Amount of calcium carbonate (CaCOs) required to balance
the acidity produced by crop removal of exchangeable calcium (Ca) and
magnesium (Mg)?

Crop Yield Ca Average CaCO;,
(kgha™') (kgha')  harvest equlvalent
Mg (kgha')  (kgha')

Corn®

whole plant 13000 52.0 325 264

grain 5400 0.8 6.5 29
Soybean®

whole plant 6400 76.8 32.0 324

grain 1900 5.7 6.7 42
Small

grams 5300 18.6 13.3 101
Tobacco® 2240 62.0 25.0 258

aSources: Walsh and Beaton, 1973; Westerman, 1990.

®Comn (Zea mays L.); soybean (Glycine max (L.) Merr.);
(Nicotiana sp.).

°Small Grains: Barley (Hordeum vulgare L.); oats (Avena sp.)/wheat
(Triticum sp.).

tobacco

Limited availability of base cations during this time will have
the same deleterious effects on crop growth as an increase in soil
acidity.

Acidic deposition
Another potential source of soil acidity that arises from
anthropogenic inputs is acidic deposition. Acidic deposition is
composed primarily of N and S acid-forming compounds that
undergo gas-phase oxidation and aqueous-phase reactions in
the atmosphere to form nitric and sulfuric acids (Tanner,
1989). Partial neutralization of these acids by ammoma (NH3)
in the atmosphere results in HY, NHf, NO3, and SO3~ being
the dominant ions in acidic ramwater (Berdén et al., 1987)
and in dry deposition (Murphy and Sigmon, 1989). Acidic
deposition, therefore, represents both an episodic and continu-
ous input of ions into the soil ecosystem. These ions can have
both a beneficial and a harmful effect. The inputs of S and N
can have a positive impact on plant growth, while the inputs
of H" coupled with the strong acid anions can promote leach-
ing of base cations and mobilization of toxic ions such as AI*"
Current loadmg rates from acidic deposition are <2 kmoles
H' ha ' yr! except for areas located near point sources of N
and S ac1d forming substances, or in high-elevation ecosystems
that are also impacted by acidic cloud-water (Berden et al.,
1987; Aneja et al., 1992; Mohnen, 1992) In many rural areas
the loading rate is <1 kmoles H+ ha ' ' (Ulrich, 1991),
which is equivalent to that neutralized by 50 kg of pure cal-
cium carbonate ha™' yr'. Compared to the acidity generated
by fertilizer additions and through plant uptake (Tables A7
and AS8), the amount of acidity being deposited from atmo-
spheric deposition is small; and it is generally accepted that
continued inputs of acidic deposition on intensively managed
soil systems will have no effect on soil acidity (McFee, 1983;
Tabatabai, 1985). Forages and native pastures, however, repre-
sent agronomic ecosystems that can be considered sensitive to
acidic deposition (Irving, 1983). The rhizosphere in such eco-
systems is concentrated in the top few cm of soil, which
remains relatively undisturbed for long periods of time. Due
to grazing and mechanical harvesting, there is a regular export
of base cations. Replacement of these base cations is generally
left to natural weathering processes for pastures that are not
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highly managed. Forages and pastures located on soils with
inherently low buffer capacity, low organic matter content,
and receiving low management input will be susceptible to
increases in soil acidity due to acidic deposition. Such soils
(ultisols and alfisols) are predominant throughout the south-
eastern United States (Buol, 1983) where substantial acreages
(14—16 million ha) are devoted to forages and pastures. The
average lime application rate per hectare throughout this region
in 1980 was <220 kg yr . Assuming a realistic economic
application rate of 4500 kg ha™', only 1 out of every 20 ha
received lime. Expressed another way, this means that it
will take 20 years before each hectare will receive just one
lime application. Acidic deposition durlng this period will be
equivalent to ~1000 kg of CaCO5 ha'. These figures demon-
strate what is meant by low management input and suggest that
a negative impact of acidic deposition through an increase in
soil acidity is a distinct possibility.

Soils associated with forested ecosystems are considered
to be the most susceptible to change induced by acidic deposi-
tion. For example, at the Walker Branch Watershed, which
is located on the U.S. Department of Energy’s Oak Ridge
Reservation in Anderson County, Tennessee in the USA, the
total estimated 1nput of H* from atmospheric deposmon 1s
1.5 kmoles H™ ha ' yr ! (75 kg CaCOs equivalent ha ' yr ")
(Johnson and Lindberg, 1989)

Internal generation of H™, due to formation of carbonic acid
and net accumulatlon of base cations in the vegetation, is
1.6 kmoles H" ha ™' yr ', The current rates of acidic deposi-
tion have essentially doubled the total H" loading at this loca-
tion. This in turn has accelerated the leaching of base cations
(K", Ca®", and Mg”") from the forest canopy by 50%. This
accelerated loss of cations from the canopy foliage can increase
soil acidity if it is not balanced by internal H" sinks such as
weathering, or reaction with the weak acid functional groups
associated with SOM or Fe and Al oxides and oxyhydroxides.
It has been argued that most forested ecosystems developed on
non-calcareous parent material in humid environments cannot
compensate for the continued inputs of H' from acidic deposi-
tion (Ulrich et al., 1980). The soils associated with these eco-
systems will continue to acidify leading to the loss of soil
nutrients due to leachmg, and mobilization of toxic metals (pri-
marily AI>" and Mn>") in the soil solution and in the stream
waters draining these ecosystems.

Objections to this line of reasoning are based on the argu-
ment that the effects of acidic deposition on soils in forested
ecosystems can only be evaluated from the standpoint of
how these acidic inputs interact with the natural processes of
soil acidification (Rosenqvist, 1978; Krug and Frink, 1983;
Tabatabai, 1985). Soil formation in humid temperate climates
is an a01d1fy1ng process, and the simple correlatlon between
areas of high acidic deposition (>1 kmole ha™' yr') and the
presence of acidic soils and stream waters is not sufficient
cause to conclude that acidic inputs will increase soil acidity
in these ecosystems. Many of the forests of northern Europe
and eastern North America have undergone substantial changes
in land use policy in the past 200 years. As many of these
forests are now aggrading, the natural soil acidification that
accompanies such regrowth cannot be attributed to acidic
deposition (Krug and Frink, 1983). Even at the Walker Branch
Watershed, intensive studies have indicated that, despite accel-
erated leaching due to H' inputs from acidic deposition, a sig-
nificant change in soil acidity in the next few decades is very
unlikely (Johnson and Lindberg, 1989). Lack of an appreciation

of natural soil acidification processes, combined with results
from intensive studies dealing with whole watersheds receiving
acidic deposition, have forced a reevaluation of how these
acidic inputs could enhance soil acidity in forested ecosystems
(Johnson et al., 1991; Robarge and Johnson, 1992). It is now
accepted that it is very unlikely that changes in soil acidity
induced by acidic deposition can be quantitatively described by
a single index parameter (Matzner, 1989), and that there has
probably been too much emphasis on changes in soil pH and
cation depletion as a necessary and expected effect of acidic
deposition on soil systems (Johnson et al., 1991). Of more impor-
tance is how the natural acidification processes within a given
ecosystem predispose that system to the way it will respond to
acidic inputs, 2partlcularly to the inputs of the mineral acid anions
NO3 and SOj7 . These mechanisms are briefly discussed in the
next section and in more detail elsewhere (Matzner, 1989; Ulrich,
1991; Robarge and Johnson, 1992).

Discussion

The majority of the concepts discussed in the previous sections
were reported on and subsequently validated during the 1950s
and 1960s (Thomas and Hargrove, 1984). The successful lime
requirement programs that have been developed as a result of
this work have formed the foundation for modern agriculture
for the past 30 years in regions dominated by acid soils. More
recent research efforts have focused on the problems associated
with soil acidity and changes in modern agriculture manage-
ment techniques, the challenge of developing low input sys-
tems to replace shifting (slash and burn) agriculture, and
environmental concerns about the effects of acidic deposition
on soil systems. Examples from each of these subject areas
are discussed to illustrate that our knowledge concerning the
components, mechanisms and interactions that comprise soil
acidity is still incomplete.

Subsoil acidity
In many acid soils, acidity is not confined to the surface of the
soil profile but extends down into the subsoil (e.g., ultisols).
Root growth is often confined to the surface horizons in these
soils because of this subsoil acidity (primarily exchangeable
AP" and H"). The lack of root penetration into the subsoil
means that the soil water stored there is unavailable to support
plant growth. The inability of plants to gain access to this water
is especially important in regions receiving adequate annual
rainfall, but that are characterized by growing seasons during
which drought conditions frequently occur at critical physiolo-
gical stages of crop growth (Reicosky et al., 1977). Lack of ade-
quate available soil water during these periods significantly
decreases yields. Application of lime to neutralize surface soil
acidity in these soils has little immediate effect on subsoil acid-
ity because the overall neutralization reaction requires that
the Ca®" jons remain in the surface horizon (Thomas and
Hargrove, 1984):

2AP* -s0il + 3CaCO; + 3H,0 =

3Ca’*-soil + 2A1(OH); + 3CO;, 9)

Deep placement of lime has not proven to be an economic
amelioration procedure because of the expense involved in
the technique. It is possible to introduce lime slurries into the
subsoil but the volume of soil affected is relatively small and
the increase in yields obtained, if any, do not justify the costs
associated with this procedure.
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Amelioration of subsoil acidity is currently accomplished
with surface applications of calcium salts; primarily gypsum
Ca(S0), * 2H,0 (McCray and Summer, 1990). Limited reten-
tion of the SOF ™ anion in the surface horizon prov1des the
necessary mobile anion for movement of the Ca?' ion into
the subsorl The net result is an mcrease in exchangeable
Ca”" at the expense of exchangeable AI’*. The exact mechan-
ism for the decrease in exchangeable Al3+ is still subject to
debate, but may be due to the formation of soluble AISOF
complexes which are leached from the soil, or to the formatron
of aluminum sulfate precipitates (e.g., Jurbanlte) The SO~
ions would also particiate in ligand exchange reactions at the
surface of the Fe and Al oxides and oxyhydroxides:

— (OH), +SO;~ =M — (OH)SO, + OH™ (10)
where M represents either Fe or Al. The OH ™ ions released by
this ligand exchange reaction would in turn neutralize
exchangeable AI’". The adsorbed SO3 ™ can either remain on
the oxide surface, or form a separate solid phase due to the rela-
tively high concentrations of SO4 in the soil solution. This
proposed reaction would favor an increase in subsoil pH, but a
positive change in pH is not always associated with the applica-
tion of gypsum. Subsoil pH is not considered a reliable indication
of an improvement in conditions that favor root growth.

The amounts of gypsum necessary to ameliorate subsoil
acidity depend on soil type, but surface applications may
approach 10 Mg ha™'. Leaching of exchangeable K" and
Mg*" from the surface horizons is a potential problem at these
high loading rates, especially in s011s with relatively low cation
exchange capacities (<5 cmolc kg~ "). Supplemental additions
of K and Mg fertilizers are necessary under these conditions
to maintain crop growth (McCray and Summer, 1990).

Addition of gypsum allows the amelioration of subsoil
acidity within one or two growing seasons, but it is becoming
clear that long term application of fertilizer and lime to surface
horizons alone can facilitate the accumulation of sufficient
base cations in the subsoil to promote root growth. This is
particularly true for the subsoils of ultisols in the southeastern
USA (Hardy et al., 1990) Continuous cultivation for over
30 years has resulted in reduction of 23 to 100% of the
exchangeable AI*" in subsoils under managed versus unma-
naged sites. The primary restriction to plant growth in the argil-
lic horizons of these ultisols is now related to physical
properties, and, with the proper subsoiling techniques, soil
water stored in these horizons is available for plant growth.
Similar changes are occurring in the subsoils of cultivated
soils within the middle and upper parts of the Atlantic
Coastal Plain and the Piedmont regions of the southeastern
United States (Buol, 1985).

No-till planting

Another tillage practice that can influence soil acidity is no-
till planting. No-till crop production systems involve little or
no mixing of the soil and leaves crop residues on the soil sur-
face as a protective mulch to minimize soil erosion (Larson
et al.,, 1978). Additional benefits associated with no-till plant-
ing include increased water infiltration (minimal surface crust-
ing), decreased soil evaporation, and an increase in SOM
content and soil microbial population (Blevins et al., 1983).
The disadvantage in regards to soil acidity is that no-till plant-
ing precludes mixing of crop residues, lime, and fertilizers with
the surface soil. In continuous no-tillage crops such as corn

(Zea mays L.), N applications are restricted to the soil surface
or the top 5 to 8 cm of the soil if incorporated during planting.
Release of H' ions due to nitrification (enhanced by the
increase in soil microbial populations), coupled with greater
Ca”* loss through leaching due to the presence of NOj anions
and increased infiltration of water, combine with crop uptake of
base cations to decrease soil pH more rapidly with depth than
with conventional tillage treatments (Table A9). This decrease
in soil pH and loss of exchangeable Ca®" is matched with an
increase in exchangeable AP, which in turn reduces yields.
This increase in soil acidity can also result in the inactivation
of herbicides often used to kill the sod before planting. Lower
crop yields and poor control of weeds are visual indicators of
low surface soil pH in no-till plantings (Thomas, 1986).

Because the acid-producing effect of application of
N fertilizers is concentrated in the soil surface, neutralization
is accomplished with surface application of lime in no-till
plantings. The management questions that need to be
addressed, however, are the frequency and amount of lime
required to maintain optimum yields. For example, over-liming
can result in possible enhancement of N volatilization (as NH3)
from urea-based fertilizers. Failure to add enough lime may
limit the replacement of base cations removed by crop uptake
from deeper in the surface soil. Proper sampling design for
determining lime requirement is also a problem. Stratification
caused by the acidification reactions limits the usefulness of
traditional soil sampling procedures. No-till plantings may
require sampling as a function of depth for proper lime recom-
mendations. These management problems illustrate why soil
acidity is considered one of the most serious problems encoun-
tered in no-till plantings, and why no-till soils require different
management techniques than those used with conventionally
tilled soils (Thomas, 1986).

Acid tolerant genotypes

Management schemes that include neutralization of soil acidity
by lime assume that an adequate source of liming material is
available that can be economically applied and mechanically
incorporated into the soil. For low-input agriculture systems
this option is often not available. In these systems, successful
management techniques must include crops with a genetic tol-
erance to soil acidity (Foy, 1984). Screening for plant tolerance
to acidity must take into account all of the possible toxic
conditions that may exist in acid soils (Scott and Fisher, 1989).
Acid soil toxicity affects the growth of different plants through
different physiological and biochemical pathways, depending

Table A9 Effect of lime on continuous corn (Zea mais) grain yield using
no-till planting®

Year Yield (q ha™") Yield Surface pH
_— increase (%)
No lime Lime No lime Lime
1965 50.2 60.9 21.3 4.8 5.1
1966 73.2 75.4 3.0 4.8 5.1
1967 65.5 79.3 21.1 4.5 5.2
1968 57.5 84.1 46.3 4.5 5.7
1969 69.4 97.6 393
1970 74.7 90.6 21.3 4.5 5.7
1971 73.0 98.4 34.8 - -
1972 45.6 82.3 80.5 49 6.4

#Source: Tables 1 and 2, Moschler et al., 1973.
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Table A10 Major constraints and responses of plant growth under acid
soil conditions®

Constraint Response Affected part
> H" concentration H* toxicity Root
> A" concentration Al toxicity Root
> Mn”" concentration Mn toxicity Shoot
< base cation concentration Ca, K, Mg deficiency Whole plant

< P and Mo solubility
Inhibition of root growth
Increase in leaching

P, Mo deficiency
Nutrient and water deficiency
Nutrient deficiency

Whole plant
Whole plant
Whole plant

Source: Clark, 1984; Foy, 1984; Marschner, 1991.

on the genetic inheritance of an individual plant species
(Table A10).

Because AI’" ions dominate the exchange complex in acid
mineral soils, the presence of monomeric A’ ions in soil
solution is considered to be the most common acidity impedi-
ment for plant growth (Foy, 1984). Plant response to high
Al concentrations includes reduction of cell division in root apices,
DNA replication, P availability at root membranes, and interfer-
ence with sugar phosphorylation enzymes. More recent work has
demonstrated that polynuclear hydroxy Al s_Pecies (especially tris-
kaidekaaluminum; AlO4Al;,(OH),4(H,0){3 or Al3) are also
toxic to plant growth (Kinraide, 1991). The fact that these polyca-
tionic Al species may be present in aqueous Al solutions used to
screen for Al tolerance questions earlier conclusions concerning
the role of monomeric Al species in the response of plants to
Al toxicity; but it is not yet clear to what extent these polycationic
Al species may actually occur in soil solutions. Evidence also con-
tinues to accumulate that Al constraints to root growth can be par-
tially alleviated by Ca additions (Alva et al., 1986; Noble et al.,
1988). Calcium is important to maintain cell wall structure, mem-
brane stability, and regulation of enzymes in plants (Clark, 1984).
Several nutrient culture studies have shown that it is the ratio of Ca
to Al that is important in alleviating Al constraints to growth
(Cameron et al., 1986; Noble et al., 1988). This suggests that
the presence of Ca from the application of gypsum is as important
in reducing subsoil acidity as the potential formation of rela-
tively insoluble aluminum-sulfate compounds. Hydrogen-induced
root injury occurs at pH < 4 (Islam et al., 1980) and involves
changes in root membrane permeability, interference in nutrient
transport, and loss of organic substrates and absorbed cations
(Foy, 1984). Toxicity due to H' ions is of concern in acid organic
soils and possibly from nitrification and hydrolysis reactions
of fertilizers. Toxicity from Mn in acid soils is not related
to a decrease in root growth, but from the excessive accumu-
lation of Mn in the shoots of plants grown on soils with high
exchangeable Mn levels (Kamprath, 1984).

A number of screening methodologies have been developed
for identification of acid tolerant genotypes (Howeler, 1991).
These methodologies have advantages and disadvantages, and
more attention needs to be given to activities of individual
species in solution, especially for Al (Kinraide, 1991). These
techniques, combined with a growing understanding of the
physiological basis of tolerance (Bennet and Breen, 1991,
Taylor, 1991), has lead to the identification of acid tolerant
germ plasm for a number of crop species, both in the temperate
regions and the tropics. However, these screening procedures
assume that plants are passive role players in regards to soil
acidity. This is not the case, and as living systems, plants can
choose between two strategies (tolerance or avoidance) for

adapting to acidity constraints (Marschner, 1991). The strategy
of choice appears to be avoidance as reflected in the ability of
plants to (a) increase the pH of the rhizosphere, (b) release
organics to chelate toxic cations, and (¢) employ mycorrhizae
to increase root surface area. The single factor approach of
most acid-tolerant screening procedures do not account for
the active response of plants to acid conditions. This may
account for the limited success achieved with laboratory
selected acid-tolerant species when grown under field condi-
tions. Although evidence continues to accumulate that selec-
tion based on laboratory screening techniques can be used
to develop genotypes adapted to the toxic conditions of acid
soils (Furlani et al., 1991; Ritchey, 1991), and that breeding
programs will lead to the development of tolerant cultivars
for major crop and pasture species (Howeler, 1991).

Acidic deposition

Concern about the potential negative impacts of acidic deposi-
tion on forested soils is an example of a problem dealing with
soil acidity on the scale of whole watersheds, geographical
regions, or even whole countries. Liming or selection of acid
tolerant species is not a management alternative in these situa-
tions. The only effective approach to reduce the potential
impacts of acidic deposition is through control of emissions
of the acid-forming precursor compounds. Setting goals for
emission controls is complicated by the fact that the major con-
stituents of acidic deposition are also components of the natural
processes of soil acidification, which occur in all forested eco-
systems, especially those found in humid environments. Valid
questions that must be addressed are whether current rates of
deposition are sufficient to induce change, and whether this
change can be detected. The later question is especially impor-
tant because historical data characterizing forested ecosystems
is generally not available, or is subject to different interpreta-
tions due to changes in land use patterns with time. In most
cases this negates any determination of change induced by
acidic deposition by simply comparing bulk soil characteriza-
tion measurements (e.g., soil pH, cation exchange capacity, or
exchangeable A’ or Ca?"). Emphasis instead must be placed
on the natural soil acidification processes and how acidic inputs
can act to destabilize a forested ecosystem.

Processes within forested soils can be considered as a
cycling of ions within an ecosystem (Ulrich, 1983). The major
components of this cycle are: inputs (atmospheric deposition,
weathering of soil minerals), outputs (leaching), plant uptake,
and mineralization (decomposition of organic matter). If an
ecosystem is in steady state, the fluxes from inputs and outputs
will be equal and net H" production or consumption will
be minimized. Temporal discouplings do occur in these stable
ecosystems, for example during N transformations, since many
forested soils have a potential for high mineralization and
nitrification rates (Swank, 1986; Gundersen and Rasmussen,
1990); but internal buffering reactions (e.g., exchangeable
Ca®" and Mg®") act to limit the intensity of these reactions.
The H' generated by nitrification is eventually balanced by H™
consuming reactions (mineral weathering). Inputs of N from
acidic deposition, however, can increase the total N pool within
a soil and eventually overwhelm the resistance of the ecosystem
to H™ production during N transformations (Ulrich, 1983;
Gundersen and Rasmussen, 1990). When this occurs, nitrifi-
cation following mineralization will force a decrease in soil
solution pH and the generation of an excess of NO3 anions.
In these naturally acid soils, the decrease in pH will in turn
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favor an increase in soil solution Al and an increase in the
leaching of base cations. This change in soil acidity is not
due to the concentration of NO3 in individual acidic deposi-
tion events, nor is it due to changes in static soil parameters.
The change is due to the dynamics of N cycling within the eco-
system; i.e., the internal cycling of N has become saturated
(Agren and Bosatta, 1988).

Another example of how acidic deposition can destabilize a
soil process involves the normal transport of Al within the soil
profile (Driscoll and Schecher, 1990). Mobilization and subse-
quent deposition of Al is an integral part of soil genesis in well-
drained acid soils. This is because the bicarbonate anion
(HCO3) and dissolved organic acids are normally the dominant
anions in the soil solution. Bicarbonate concentrations are
elevated in the soil solution of the surface soil horizons because
of an excess of carbon dioxide (CO,) released from mineraliza-
tion and root respiration into the soil atmosphere (i.e., there is
an increase in the partial pressure of CO,):

CO2yq + H20 = H,CO; = HY 4+ HCO; (11)

As the soil solution drains from the surface horizons, there is
a drop in the partial pressure of CO, in the soil atmosphere,
which causes the dissolved CO, to degas, resulting in the
removal of the HCOj3 ion from solution (Reuss, 1991). Since
this reaction is a H" consuming process, it promotes the hydro-
lysis of AP and deposition of an Al oxide or hydroxide, for
example:

AP" 4+ 3HCO; = Al(OH); + 3CO,
gibbsite

(12)

A similar result will occur for dissolved organic acids fol-
lowing mineralization. In either case, the removal of the transi-
ent anion must result in the deposition of Al, either within the
soil profile or in the sediment of surface waters draining the
watershed (Driscoll and Schecher, 1990).

Continued loading of N and S from acidic deposition on
these soils results in a gradual change of the dominant anions
in the soil solution from HCOj3 and dissolved organic acids to
NO; and SO . Dissolved NO5 and SOj are not transient
anions and remain in the soil solution as it moves through the
soil profile. This in turn results in the apparent mobilization
of dissolved AI’", causing elevated concentrations of Al in
the soil solution and surrounding surface waters (Driscoll and
Schecher, 1990). This change in soil solution AI*" concentra-
tions does not require a change in soil acidity (decrease in
soil pH, change in cation exchange capacity, or an increase in
exchangeable AI’™).

Summary

Soil acidity is one of the most important factors regulating the
species distribution and composition within an ecosystem, and
in limiting crop yields. The acidification of soils is the conse-
quence of a combination of natural and anthropogenic pro-
cesses. Aluminum is generally accepted as the toxic agent in
most acid mineral soils, but uncertainty still exists about the
toxicity of different species of aluminum in the soil solution
and the effect other ions have on mediating this toxicity.
In organic soils, aluminum toxicity is probably not the domi-
nant constraint to plant growth. Industrialization has resulted
in the release of acids to the atmosphere, much of which
has been deposited in terrestrial ecosystems. Our knowledge

of soil acidity in regards to liming and crop production has pro-
ven inadequate in understanding how these inputs of anthropo-
genic acids will degrade naturally acid soils and the streams
that drain them. Closer examination of natural soil acidification
processes is required to understand how anthropogenic acid
inputs can cause changes in soil acidity. Continued study of
these natural soil acidification processes will in turn answer
many questions concerning the ecophysiological mechanisms
by which soil acidity limits plant growth. Such information will
aid in the development of acid tolerant genotypes for use in
low-input agricultural systems as alternatives to shifting (slash
and burn) agriculture.

Wayne P. Robarge
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ACIDS, ALKALIS, BASES AND pH

These four basic concepts are all related to the concentration of
hydrogen ions (protons) in a system. In the case of soil chemis-
try, the systems considered are always aqueous, and the proton
is never present as such, but is hydrated as the H;O " ion. Here,
the common convention of discussing the four concepts in
terms of [H'] will be followed, the square brackets indicating
concentration.

The earliest relevant idea of importance in modern chemis-
try is the distinction between acidity and alkalinity due to
Arrhenius. It is based on the dissociation of water into H'
and OH™ ions. An acid a(iueous solution has [H*] > [OH],
an alkaline solution has [H"] < [OH ], and a solution in which
[H*] = [OH ] is said to be neutral.

The most general idea of acids and bases is due to
G. N. Lewis. A Lewis acid is a chemical species that can
accept an electron pair, whereas a Lewis base is capable of
donating an electron pair. The most commonly used (and use-
ful) concept in soil and environmental science is the simpler
one of Brgnsted and Lowry. It defines acid as a proton donor
and base as a proton acceptor. In the reaction:

HCN =H' 4+ CN~

HCN (hydrocyanic acid) is the proton donor and therefore the
acid, and CN™ is called the conjugate base. In terms of
H;0™, the reaction is written:

HCN + H,O0 = H;0" + CN~

By comparison, in the Lewis concept, H" (as an electron
acceptor) is itself considered to be an acid.

The dimensionless parameter pH is defined as the negative
logarithm of the thermodynamic activity of the hydrogen ion
in an aqueous solution. The pH scale derives from the dissocia-
tion constant of water, K,,:

Ky =[HT[OH ] =10""
or
— (log[H']) + log[OH ] = 14
pH = —log[H"]
so that
pH = 14 + log[OH™]
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Figure A8 Approximate ranges of pH values for soils and other
materials of the Earth’s surface.
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Conventionally, pH is shown on a scale of 0 to 14, and a
common misconception is that these two values define maxi-
mum acidity and maximum alkalinity respectively. In fact values
that fall outside of this range are possible, though rare, in weath-
ering systems. Some typical pH values are shown in Figure AS.
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ACRISOLS

From Latin acris meaning sour, very acid, indicative of a low
base saturation of the cation exchange capacity at pH 7.0.

Definition
Soils having

1. an argic horizon, which has a cation exchange capacity (in
1 M NH4OAc at pH 7.0) of less than 24 cmol, kg™' clay
in some part, either starting within 100 cm from the soil sur-
face, or within 200 cm from the soil surface if the argic hor-
izon is overlain by loamy sand or coarser textures
throughout, and

2. a base saturation of less than 50% (in 1 M NH4;OAc at
pH 7.0) in the major part between 25 and 100 cm.

General characteristics
Soils  characterized by the presence of a well-
defined B horizon, with a blocky, prismatic, granular or mas-
sive structure (depending on water content, amount of
Fe sesquioxides, and mineralogy of the fine fraction), which
has a markedly increase in clay content (argic horizon) relative
to the overlying horizons, and a cation exchange complex in
which acidic cations (ionic Al species and, to a lesser extent,
H", Fe™, Mn "2 among others) predominate over basic cations.

Mineralogical characteristics of the B horizon are variable,
including (i) soils with 1 : 1 kaolinitic clay type (well-crystallized
kaolinites, metahalloysites, or tubular halloysites) with or
without the presence of gibbsite, and (i) soils in which small
amounts of more or less degraded mica are present. In both
cases, the clay fraction is commonly associated with variable
amounts of Fe sesquioxides (mainly goethite and/or hematite);
the ratio of free Fe over total Fe of these soils is high (generally
greater than 40%), which indicates an important degree of weath-
ering and pedogenic evolution. These are, therefore, highly
developed soils, formed under a tropical, subtropical, or even
wet temperate (warm temperate in FAO usage) climate on old
land surfaces, which have remained relatively stable during
the recent Quaternary, and have been scarcely affected by
recent glacial, fluvial, or colluvial processes.

The dominant pedogenic processes occurring in these
soils are:

o Weathering and argilization of the most labile minerals pre-
sent in the parent material, with clay formation under acidic
or weakly acidic conditions, which favor the synthesis of
1 : 1 phyllosilicates and gibbsite, as well as the release of Fe
with formation of crystalline free Fe forms. It is, therefore,

a more or less intense fermonosiallitization (Pédro, 1983).
The contents of Fe-, Al-, and Ti-oxides are comparable to
those of Ferralsols or somewhat lower. The degree of weather-
ing can be very intense, being mainly influenced by (i) the
type of parent material (greater on igneous and metamorphic
rocks of basic character), and (i) both the intensity and dura-
tion of cation leaching and acidification processes.

e Degradation and, ultimately, destruction of micas present in
the parent material with the release of K and transformation
of micas to different intergrades mica-vermiculite, or even to
Al-hydroxy-interlayered vermiculite, especially frequent in
the A horizons. In the more advanced stages, these minerals
become destroyed by acid hydrolysis.

e Desaturation and aluminization of the cation exchange com-
plex by intense leaching processes, so that the amount of
basic cations released by weathering is either similar to or
smaller than the amount leached. This leads to a saturation
of the CEC by Al and acidic cations, although a relative
enrichment of basic cations may occur at surface, due to bio-
tic pumping.

e Clay translocation from overlying horizons and the accumu-
lation of clay in the argic horizon is not always easy to iden-
tify. Only when the amount of 2 : 1 clays is greater than that
of 1 : 1 clays, or when kaolinitic clays are very crystalline
and the amount of free Fe is low, illuvial features covering
pore walls and aggregates are clearly identified. In other
soils, illuvial features are very scarce and reduced to the pre-
sence of small birefringent bodies (papules) integrated into
the matrix, which are attributed to either (i) features of a pre-
vious illuviation process, or (ii) cutans produced at the initial
weathering stages of the parent material, more frequent at
the base of the B2 horizon and in the saprolite. Moreover,
in soils with abundance of either (i) halloysites, (ii) short-
range order kaolinites, or (iii) kaolinites with significant iso-
morphic substitution of Al by Fe, illuvial features are hardly
identified (even with detailed examination of thin sections).
For this reason many researchers have proposed, on one
hand, the exclusion of the illuvial genesis as a criterion for
the definition of this reference soil group and, on the other,
the inclusion of other processes that could explain the tex-
tural change. In this sense, it has been proposed as such pro-
cesses () the occurrence of clay impoverishment caused by
differential erosion in the surface horizons, (ii) preferential
neoformation of clay in the B horizon (less acidic than
the A horizon), or even (iii) the existence of textural discon-
tinuities produced by polycyclism, after erosion and surface
coverage with new material. Some researchers, and also
some soil classifications, are considering the need to intro-
duce a new group that would bring together all those soils
of advanced weathering and desaturation, and with abun-
dance of low activity clays (LAC), but that do not meet
the requirements for a ferralic B horizon, and do not show
a clear illuvial genesis. The following terms have been pro-
posed: “Ferrosols” (Chinese classification), “Kurosols”
(Australian classification), “red yellow podzolic soils” (Indo-
nesian and Brazilian classification), “LAC-soils”, “Kandi-
sols”, and “Kaolisols” (among others).

Morphology

Acrisols are characterized by the presence of an ochric or an
umbric A horizon (10 to 30 cm depth), overlying an argic
Bt horizon, which is deep, generally intensively colored (either
yellow or brown to red), and whose structure ranges between
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prismatic, blocky, or granular, although in some cases, and
under certain conditions, it can have a massive appearance.
Often, there is either a thin grayish horizon or an albic E hori-
zon between these two horizons, which is weakly structured
and with an evident impoverishment of colloids, and which
generally has an abrupt transition to the underlying Bt horizon.
Redoximorphic features (known as gleyic soil properties in
FAO usage) may appear at the base of the Bt horizon and, season-
ally in the surface horizons in contact with the argic horizon in
depressions especially.

Parent material

Acrisols are found on igneous, metamorphic, or sedimentary
materials. Under wet tropical conditions, these soils are more
frequently found on igneous and metamorphic rocks of acidic
to intermediate character, although they may also be found on
already weathered colluvial materials that accumulate in slopes
of low hills. At intermediate latitudes, under subtropical to wet
temperate climates (warm temperate — FAO) Acrisols tend to
form readily on more easily weatherable rocks, such as schists
and basic gneisses, granulites, amphibolites, gabbros, and,
especially, on old, sedimentary materials with notable perme-
ability, such as (i) deposits of major flood events (formations
that in the Iberian Peninsula are known as “rafias”, and which
are probably of Plio-Pleistocene age), and (ii) in the upper
levels of Quaternary terraces (soils which tend to be absent
in flooding valleys and on Holocene formations, and (iii) on
fluvio-marine deposits present in old emerged platforms.

Climate

Formation of Acrisols occurs under climatic conditions that
favor both leaching and intense weathering. These conditions
are common in regions with a wet tropical/monsoonal, subtro-
pical or warm temperate climate.

Topography

Formation of Acrisols requires long periods of geomorphologic
stability. Therefore, these soils are more common in flat,
undulating, or hilly landscapes, with gentle slopes, and with a

- Dominant -Associated

Flat polar quantic projection

Figure A9 Acrisols of the world.

Inclusions

predominance of conditions of biostasis produced by the pre-
sence of permanent vegetation cover. Under these conditions,
Acrisols are found on old erosional surfaces and on deposi-
tional (piedmont) surfaces receiving already weathered materi-
als from adjacent uplands.

Time

Even under the bio-physico-chemical conditions, Acrisols
require a long formation period, being generally considered as
fini-Tertiary to Pleistocene soils. When found under temperate
climatic conditions, these soils are often relict soils formed
under conditions of greater temperature and/or rainfall than
those presently occurring; however, the effect of an acidifica-
tion process caused by leaching during a long time period
may lead to a convergence towards the same stage of evolution.

Lower level units of Acrisols

The following lower levels units are recognized: leptic,
plinthic, gleyic, andic, vitric, umbric, stagnic, cutanic, lamellic
and nitic, vetic (ECEC <6 mol, kg~ clay). Moreover, other
suffix qualifiers are proposed: abruptic, ferric, alumic, hyper-
dystric, (V > 20% in some part starting within 100 cm from
soil surface), skeletic, rhodic (redder than 5YR), chromic, etc.
(IUSS Working Group WRB, 2006). The criteria used for
separation of lower level units are based on aspects such as:
presence of hydromorphy, andic materials, Al activity, low
activity clay, amount and distribution of organic matter and
other characteristics.

Concordance with Soil Taxonomy

The different types of Acrisol correspond essentially with sub-
orders of the Ultisols (aquult, humults, udults and ustults). Some
Acrisols correspond to Oxisols with a kandic horizon. Some
Acrisols (and Alisols) classify as alfisols in Soil Taxonomy.

Distribution

The geographical distribution of Acrisols is shown in the
accompanying map (Figure A9). They are found associated
and alternating with Nitisols, Ferralsols and Lixisols on old

1 Miscellaneous lands
(Inland waterbodies, Glaciers, no data)
FAQ-GIS, February 1998
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erosional surfaces and piedmont locations. On cratonic regions
of the humid tropics, they commonly developed as the ero-
sional products of Ferralsols, with the latter occur at a topogra-
phically higher level, on stable pediments or uplands. In
mountain areas, Acrisols can be found on stable landscape
positions of interfleuves, adjacent to Regosols and Cambisols
on steeper and less stable slopes. On valley terraces Acrisols
may occur on older examples with Luvisols or Cambisols on
lower ones. Acrisols may occupy the better-drained areas of
alluvial fans in the humid tropics, with Plinthosols and Gleysols
in depressions.

Physical and chemical properties

The chief physico-chemical characteristic of Acrisols is the
contrast in properties between the superficial horizons and the
underlying argic horizon. The superficial horizons, with their
lower clay content are less stable structurally and less capable
of retaining water. Where a well-established cover of vegeta-
tion has developed, erosion is well controlled. If the cover is
removed, erosion becomes a problem, with or without the com-
plimentary problem of compaction. Compaction commonly
leads to the retention of drainage waters and the development
of darker chromas in the soil. In the B horizon, structural stabi-
lity is good when Fe is high, though the union between
Fe hydroxy phases and negatively charged colloids is less well
developed than in Ferralsols, so that aggregates within Acrisols
are less stable than in Ferralsols. Consequently clay in the Bt is
more easily dispersed.

The acidity of Acrisols is greater in the surface horizons,
where it is normally less than 4.5, than in the B, where
the range 4.5 to 5.5 is common. At these pH levels soil chem-
istry tends to be determined by the behavior of Al, which
dominates the exchange complex. In addition, the lower the
pH the greater the amount of Al in solution in ionic form, either
as simple ions, hydroxylated species or complexed to F .
Al toxicity is the common result in Acrisols, and shows up as
poor root growth, diminished rate of nitrification, and a high
level of phosphate fixation. The domination of Al over
exchangeable nutrient elements accounts for the low fertility
of these soils.

Cation exchange capacity (CEC) at pH 7 is typical of a low
activity clay soil — normally less than 16 cmol(+)kg ™' of clay.
It may be higher if residual mica or halloysite is present. The
effective cation exchange capacity (ECEC) is much lower,
and in some cases may be as low as 4 cmol(+)kg ™' of clay).
Presence of active Fe and Al surfaces in the solid phases may
cause a moderate to high ability to adsorb anions such as phos-
phate, arsenate, sulfate, and fluoride, as well as organic anions.

Biophile elements (C and N for example) tend to be low in
Acrisols as would be expected with low soil fertility. The vege-
tative cover may be forest, bush or herbaceous, with the species
present being those, which tolerate low inherent fertility and
high acidity.

Use
Agricultural use of Acrisols is limited chemically by low ferti-
lity, and the toxicity of Al. Physically, cultivation exposes these
soils to significant erosion, and truncated profiles are common.
The well-drained surficial part of the soil tends to be droughty
in drier climates and shallow-rooting crops are at risk.

Liming and fertilization are the management practices
necessary for the production of reasonable agricultural yields.
Crops include tea, rubber, oil palm, coffee and sugar.

Environmental significance

In terms of the negative environmental significance of Acrisols,
the obvious point is that that once the vegetation cover is
removed, the A horizon is easily eroded. The acid nature of
the acrisolic environment accounts for a second point. Metal
structures, and metal-containing additives may release toxic
amounts of metallic ions into the aqueous environment, where
Acrisols are the dominant soils. Both of these negative features
may be minimized however — the first by geotechnical treat-
ment, contour ploughing, terracing and so on; the second by
liming and by the addition of organic wastes and manures,
which will tend to immobilize Al and other metals.

The argic horizon of Acrisols has a well-developed capabil-
ity of filtering and retaining possible contaminants that enter
soil water from atmospheric and anthropic sources. In addition
the large area of Al and Fe dominant surface afforded by
hydroxide and kanditic minerals, provides these soils with a
considerable ability to fix anions, thereby protecting ground-
water resources from anionic contamination. This latter charac-
teristic is of course a negative feature when judged in terms of
phosphate retention in an agricultural soil, but in the case, but
in terms of the environmental value of this property, it has
the positive effect of affording protection of groundwater from
phosphate contamination, as well as providing protection
against eutrophication to associated groundwaters.

Felipe Macias
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ACTIVITY RATIOS*

Introduction

Most studies of the composition of solutions in equilibrium
with soils measure the concentrations of a single ionic compo-
nent of interest, such as a plant nutrient element. If, however,
incidental experimental variables such as electrolyte concentra-
tion or soil/solution ratio are altered, the concentration of that
component also alters. This occurs because the surfaces of the
clay and humus colloids of the soil contain negative electric

*This text originally appeared in Soil Science — ISBN 0879331763.
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charges, and the incidental experimental variables alter the dis-
tribution of cations and anions between the charged surfaces
and the solution. Thus it is impossible to characterize a soil with
a unique value of the solution of any one ionic component.

This impasse can be overcome by relating the concentration
(or better, the activity) of one ion to that of another, in the form
of activity ratios (for two ions of similar charge) and activity
products (for two ions of opposite charge). This article first
explains the theoretical principles and goes on to practical
applications and case studies.

Theory and definitions

Chemical potential, activity, and concentration

When considering chemical reactions, the term of the Gibbs free-
energy function that relates to the chemical composition of the
system is the chemical potential, u. For a given component, 1 is
defined in terms of the activity, a, by the relationship:

u=u’ +RTna (1)

where R is the gas constant, 7 is the temperature in K, and p° is
the standard chemical potential, an arbitrary reference point
given by the value of y at unit activity.

The activity can be qualitatively described as “effective con-
centration,” and it is related to the actual concentration,
m mol dm™3, by the activity coefficient, y, that is, a = my.
The activity coefficient has a value close to unity for very
dilute solutions (<10~* mol dm); but it decreases as the elec-
trolyte concentration increases. In pure solutions it can be eval-
uated theoretically or determined experimentally by a variety of
techniques (Robinson and Stokes, 1965).

The electrical double layer

When an electrically charged surface is in equilibrium with a
solution, electrical neutrality is maintained by absorbed counter-
ions, which produces an electrical double layer. The structure
of such a double layer around a negatively charged surface
is shown diagrammatically in Figure A10. The distribution
of cations adjacent to the surface (Figure A10a) shows the
Stern layer, a localized layer of cations near the surface, and
the Gouy, or diffuse layer, occurring further from the surface.
An exponential drop in electrical potential to zero in the exter-
nal solution (Figure A10b) is associated with the electrical
double layer. The excess of cations over anions in the solution
balances the negative charge of the surface, their relative concen-
trations at a distance from the surface being as shown in
Figure A10c.

The “thickness” of the double layer is thought of as the dis-
tance from the surface of a plane of charge with electrical capa-
city equal to that of the double layer. This thickness decreases
as the valency and concentration of the electrolyte increase.
For typical soil systems the double-layer thickness measures
between 1 and 10 nm, but the distance from the surface at
which the charge is totally neutralized will be several times
greater than this (van Olphen, 1977).

The electrochemical potential

In the electrically charged system described previously, the elec-
trochemical potential of an ion replaces the chemical potential as
the appropriate term of the Gibbs free-energy function (Guggen-
heim, 1929). For a given ion species, this function is defined by:

a=p"+zF¥ +RTlna (2)

Stern Gouy (diffuse)
layer layer
= + + + + _
=1t + _ +
=T+ oy
= + +
=1+ + + —
=1+ +
= + —
= : _  + +
=+ + - +
\s
0
b d —>
m
External
concentration
0
C d —>

Figure A10 The electrical double layer. (a) Diagrammatic
representation of the distribution of counterions adjacent to a
negatively charged surface. (b) Electrical potential ¥ at a point in
the solution as a function of distance d from the charged surface.
(c) Concentration m of cations and anions in solution as a function
of distance from the surface.

where z is the valency of the ion, F is Faraday’s constant, and
¥ is the electrical potential in solution. At equilibrium, z must
remain constant throughout the system, which requires the
activity a to vary with distance from the surface because of
the variation of W. This variation depends on both the
concentration of external electrolyte and the charge of the ions
in the system.

Consider the electrochemical potential of two ions of differ-
ing charge, say, K™ and Ca®™, in a plane of constant potential
W. The electrochemical potentials are given by:

fg = iy + FY +RTnag (3)
and
fca = He, +2FY +RT Inac, 4)

Subtracting Equation (4) from (2) x (3), we get:

(ax)’

(aca)

2t — fica = 20 — i, + RTIn (5)
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which may be simplified to:

(ax)’

(aca)

J(Ap) = log (6)

Activity ratios

Equation (6) shows that a function of the difference in electro-
chemical potential is directly related to the logarithm of a ratio
of the two ionic activities. Since f(Af) is a constant throughout
the system, by definition the activity ratio must also be con-
stant, and it defines the chemical potential of one ion with
reference to that of another ion, even though the actual concen-
tration of each individual ion may vary.

Similar reasoning may be applied to any ion pair, taking
account of the sign and charge of the ions. In many natural
soils, Ca®" is the dominant cation, and it is therefore frequently
used as the ion to which activities of other ions are related pro-
ducrng acthlty ratios and products such as ang/aca; (aH) / aCa,
(aAl) / (aCa) and activity products such as ac, X (anzpos)’;
aca X apgpos. The activity ratios for cation pairs are often
expressed in such forms as ARg_c, or ARy ca, and it is
sometimes convenrent to express the reduced” activity ratio,
(such as ax/(acy)'’?) on a negative logarithmic scale, whrch
yields functions such as pK-1/2pCa, pH-1/ 2pCa and
pH,PO4 + 1/2pCa, which are frequently, but inaccurately,
referred to as “potassium potentials,” “phosphate potentials,” etc.

The ratio law

Schofield (1947) proposed a “ratio law” governing the distribu-
tion of soil cations. He expressed it as follows: “When cations
in a solution are in equilibrium with a larger number of
exchangeable ions, a change in the concentration of the solu-
tion will not disturb the equilibrium if the concentrations of
all the monovalent ions are changed in one ratio, those of all
the divalent ions in the square of that ratio and those of
all the trivalent ions in the cube of that ratio.” It appears from
this that the ratio Schofield referred to in this statement was
that in which the concentration of ions was changed. However,
it is clear from his paper that his emphasis was on the index of
this ratio to be used for cations of different valency. His state-
ment introduces another factor, namely, a change in the concen-
tration of the solution. This change may be caused either by
diluting the whole system (altering the soil/solution ratio) or
by adding electrolyte. The ratio law defines the condition under
which these changes will not disturb the equilibrium. In these
situations the ¥ terms will cancel out in equations similar to
Equations (2)—(5), provided the ion distribution at the surface
is not altered. Thus the activity ratio should remain constant
in spite of these changes.

The ratio law has subsequently been interpreted rather differ-
ently since it has been found experimentally that for a number
of ion pairs and a variety of soils activity ratios and products
remain approximately constant while solution concentrations
vary up to 0.02 mol dm > (Beckett, 1971). The activity ratio
has therefore become accepted as a relatively stable characteris-
tic to describe the cation status of a soil because it changes little
with the incidental experimental variables mentioned above.

There are, however, many soils for which the ratio law does
not hold or holds only at lower electrolyte concentrations. A
fundamental condition for conformity to the ratio law is the
effective exclusion of anions from the cation adsorption sites
in the inner parts of the electrical double layer (Figure A10).
This occurs only if there is a high potential drop between the

charged surfaces and the solution, which requires that the exter-
nal electrolyte concentration is low and that the soils have a
high surface negative charge. For soils of low surface negative
charge, and particularly for variable charge soils which contain
measurable amounts of surface positive charge, small changes
in solution composition alter the relative proportions of cations
on the soil surfaces, and activity ratios do not remain constant.

Activity ratios and cation-exchange equilibria

A cation-exchange model, in addition to the electrochemical
model outlined previously, may also describe the distribution
of cations between a soil surface and the solution. Consider,
for example, the cation exchange reaction:

soil Ca + 2KCL soil K, + CaCl,

There are a number of ways of formulating the equilibrium
quotient for this reaction (Bolt, 1967), but the most satisfactory
for practical purposes is probably the “corrected rational selec-
tivity coefficient” (Helfferrch 1962), which defines the equili-
brium coefficient KX, in terms of the equivalent fraction of
cations in the exchanger phase and the activity of cations in
the solution phase. This treatment reduces to the following
equation:

K _ (qK)2 Aaca
c qcaqo (aK)2

)

where gx and gc, are the amounts of K™ and Ca®" adsorbed at
the surface, and ¢ is the total charge (cation exchange capa-
city) of the exchanger, measured in mmol of charge per dm?,
qo = gx + qca. This selectivity coefficient is not usually con-
stant for all conditions, but it can be related to the thermody-
namic equilibrium constant K by introducing terms for the
activity coefficients of ions in the adsorbed phase (Bolt, 1967).

According to Equation (7), the activity ratio in solution
relates to two important properties of the soil: (1) the composi-
tion of the exchange phase, i.e., the relative proportions of K*
and Ca>" adsorbed at the negatlvely charged surface, and
(2) the relative affinity of these cations for the soil surface as
reflected by the selectivity coefficient K&,. Reasoning similar
to that used here for potassium and calcium can be used for
any cation pair.

Measurement and use of activity ratio

The equilibrium activity ratio AR® of an ion pair for a soil sam-
ple serves to characterize the sample with respect to the free-
energy difference of the two ions whether the ratio law holds
or not. There are two rigorous ways of measuring this and
one approximate way:

e Conventional chemical analysis of the soil solution allows
ion concentrations to be determined and activities (hence
activity ratios) to be calculated taking account of ion-pair
formation. More directly, ion-selective electrodes allow
direct determination of the activities of ions of interest, and
hence the activity ratio (Yu, 1992).

e An adsorption-desorption isotherm is constructed by shak-
ing a number of samples of the soil at a wider soil/solution
ratio, say, 1:10, with incremental additions of the ion under
investigation such as K* but at a constant concentration of
the reference cation such as 5 or 10 mM CaCl,. Chemical
determination of the concentrations of K™ allows the calcula-
tion of the amount desorbed or adsorbed (AK, mmol per kg
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soil) at each point. A typical plot resulting from such an
experiment is shown in Figure A11, and the equilibrium activ-
ity ratio, AR%_c, for the soil is obtained from the null point,
AK = 0, where potassium is neither lost to nor gained from
the solution.

e An approximate value can be obtained by equilibrating a soil
sample with a dilute electrolyte, say 5 mM CaCl, solution if
Ca is the dominant cation in the soil at a low soil solution
ratio such as 1 : 1. This ratio provides sufficient solution
for analysis with a minimum desorption of exchangeable
cations.

In addition to demonstrating the equilibrium activity ratio,
the sorption isotherm shown in Figure All also shows how
the activity can be expected to change when the ion is removed
from a field soil by leaching or crop uptake or when it is added
in fertilizers. The gradient of the isotherm (8AK/8AR) defines
the buffer capacity of the soil for the ion, but because the
isotherms are rarely linear, a comparison of buffer capacities
of different soils must be made at some standard AR value.
The two linear regions of the curve illustrated in Figure All
reflect potassium-calcium exchange on two different types of
surface sites, and the two intercepts K; and K, give the capacity
of these sites for retaining potassium.

Plant growth is complex and is controlled by a network of
interactions so that the application of cation-activity ratios to
growth studies is by no means straightforward (Beckett,
1972). Indeed there has been much controversy over whether
plants respond to chemical potentials or to individual ion con-
centrations (Soon, 1985). This is difficult to resolve experimen-
tally, because to do so requires systems in which both

AK
BAK
5AR

ARk-ca

Figure A11 Sorption isotherm for potassium, with calcium as the
reference cation. The diagram illustrates the estimation of the
equilibrium activity ratio (AR®), the buffer capacity (3AK/3AR),
and adsorption capacities (K; and K;) of two different types of
potassium-adsorbing sites.

concentration and activity ratio vary independently. This would
be very difficult to achieve without involving other nutrient
interactions, and to the author’s knowledge has not yet been
done convincingly. However, the use of activity ratios and
products is the only method of defining unambiguously the
chemical potential of ions in a charges colloidal system such
as soil. The use of individual ion concentrations may be satis-
factory when comparing similar soils under similar incidental
experimental conditions, but only when this restriction main-
tains both the reference ion concentration and the activity-
coefficients constant.

Bryon W. Bache

Bibliography

Beckett, PH.T., 1971. Potassium potentials — a review, Potash Review,
Subject 5, 30th Suite, 1-41.

Beckett, PH.T., 1972. Critical cation activity ratios. Adv. Agron., 24:
379-412.

Bolt, G.H., 1967. Cation exchange equations used in soil science. Nether-
lands J. Agric. Sci., 15: 81-103.

Guggenheim, E.A., 1929. The conceptions of electrical potential difference
between two phases and the individual activities of ions. J. Phys.
Chem., 33: 842—-849.

Helfferich, F., 1962. lon Exchange. New York: McGraw-Hill, 624 pp.

van Olphen, H., 1977. An Introduction to Clay Colloid Chemistry. 2nd edn.
New York and London: Wiley, 318 pp.

Robinson, R.A., and Stokes, R.S., 1965. Electrolyte Solutions. London:
Butterworth, 571 pp.

Schofield, R.K., 1947. A ratio law governing the equilibrium of cations in
solution. Proc. 11th Int. Cong. Pure Appl. Chemistry, 3: 257-261.
Soon, Y.K., ed., 1985. Introduction in Soil Nutrient Availability. New York:

Van Nostrand Reinhold Company.

Yu, T.R., 1992. Electrochemical techniques for characterizing soil chemical

properties. Adv. Agron., 48: 206-250.

ADOBE

Unburnt brick made of clay or clay-rich soil, and dried in the
sun. Characteristic of building construction in Mexico and
adjacent parts of the USA.
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ADSORPTION

The concentration and bonding of a substance to the surface of
a second substance. The bonding is relatively weak and tem-
porary, as for example the adsorption of nutrient ions to clay
particles in a soil. The materials in the soil that are capable of
adsorbing are known collectively as the adsorption complex.
The amount of a chemical species taken up by the adsorp-
tion complex at a given temperature may be plotted against
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the concentration of that species in the co-existing aqueous
solution. The resulting graph is called an adsorption isotherm
(McBride, 1994, p. 344-345).
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AGGREGATE

A composite body or granule within a soil, made up of mineral
particles loosely held together. Characteristically the binding of
the particles is a relatively minor amount of organic matter.

AGGREGATE STABILITY TO DRYING AND WETTING

Aggregate stability may be defined as the extent to which
portions of soil remain intact when stressed by environmental
factors. Here, the emphasis is on wetting and drying. For dry
soil, the maximum possible stress is imposed by immersing
portions in water. In the case of wet aggregates, possible weak-
ening due to recent cultivation has to be taken into account.
This effect is maximized by remoulding a soil at field capacity
and then immersing wet portions in water. In the case of sur-
face soil aggregates, mechanical stress and stress due to wetting
are applied simultaneously by raindrops. Only an indirect simu-
lation of the effect of rain is discussed here using end- over-end
shaking. An indication of the likely effect of severe rain is also
obtaining by finding out how wet a soil can be remoulding
before the stability of a wet portion is reduced.

Breakup of aggregates on wetting
Slaking. The initial breakup of aggregates when immersed in
water (Figure Al2a,b) is caused by differential swelling and

Dry aggregates

Immersed in water, free from salts, for

entrapped air (Renin, 1938). The relative importance of the
two factors depends on the surface area of the clay present
and the amount of clay. The magnitude of the stresses induced
decreases with increasing water content of the aggregates prior
to immersion.

The faster an aggregate is wetted, the greater its tendency
to slake. Its rate of wetting depends on both the precise method
of wetting used and permeability of the aggregate itself.
Organic matter reduces slaking by enclosing the packets of
clay particles present in an aggregate rather like a string bag,
the packets of clay being free to swell up inside. Another effect
of organic matter, if sufficient quantity is present, is to increase
the soil-water contact angle so that the rate of wetting is
reduced. Slaking of aggregates can also be prevented by engulf-
ing the clay particles in a solid matrix either naturally, by the
deposition of silica, for example, or artificially by adding
cement.

Dispersion. After immersion in water and any slaking, solu-
ble salts present in an aggregate begin to diffuse out into the
surrounding water. If the electrolyte content of the water is suf-
ficiently low, then clay particles may gradually separate from
the aggregate due to the osmotic pressure difference induced
between them (Figure Al2c,d). Exchangeable sodium is nor-
mally the main cause of dispersion. Its effect is enhanced by
the presence of magnesium rather than calcium ions on the
other exchange sites, but reduced if sites are occupied by
hydroxy aluminum ions. On a larger scale very fine aluminum
and iron oxides can prevent dispersion by acting as cationic
bridges between clay particles (El-Swaify and Emerson,
1975). By linking particles together, as already indicated,
organic matter can also prevent dispersion despite the presence
of appreciable exchangeable sodium. The presence of a source
of divalent cations such as carbonate reduces dispersion by
increasing the electrolyte content of the water.

Dispersion of wet, sheared aggregates. An aggregate in
which there is no exchangeable sodium present does not nor-
mally disperse in water unless it has been sheared first when
wet. During shearing water between some of the larger pores
is forced in between the clay particles, thereby increasing their
average distance apart. Then when the wet soil is immersed in
water, the osmotic stress induced between the particles may be
sufficient to cause dispersion. The same factors that control the
ease of dispersion of unsheared aggregates affect in a similar
way the value of the minimum average distance between clay

Dry aggregates
Immersed in water, free from salts, for
d |60 min_

Figure A12 The breakup of aggregates on wetting where dry aggregates (a) at first rapidly slake in water (b) and then subsequently release

clay at a slow rate by dispersion (c, d) (after Emerson, 1967).
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particles, minimum water content of the aggregate, before dis-
persion occurs, with one exception. Organic matter, can act in
two ways. First, if there are sufficient organic links between
the clay packets, shearing is unable to break the links, and there
is reduced dispersion (as for unsheared aggregates). Second, if
there are only a few links and when these are broken by shear-
ing, the individual polymer chains act as peptizing agents. Thus
for some soils the surface aggregates may be more easily dis-
persed by shearing than the subsoil aggregates with similar clay
content.

Measurement of aggregate stability

Water-stable aggregation. This is usually measured on a macro-
scale following Tiulin (1928) or a microscale after Middleton
(1930). In the first, dry aggregates are wetted, then immersed
in tap water and the size distribution of the slaked fragments
determined by sieving. Methods of wetting and sieving have
been standardized (Kemper, 1965; Kemper and Chepil, 1965).
In the second, wetted aggregates are immersed in water con-
tained in a cylinder, which is then shaken end over end. Aggre-
gation is measured by the proportion of particles smaller than
50 pm in suspension compared with the proportion of particles
smaller than 50 pm present in the aggregates. This method has
been partially standardized (Quirk, 1950). Microaggregation
combines breakup of aggregates due to slaking and aggregates
due to subsequent attrition.

Aggregate coherence in water. In 1967, Emerson suggested
classifying the stability of the structure of soil aggregates
according to their reactions with water. The first reaction used
was the slaking/dispersion of air-dry aggregates when
immersed in water. Slaking by itself is an insufficient criterion,
although its speed and severity are always assessed (Emerson,
1991). The difficulty is that aggregates may contain sufficient
organic matter or inorganic cement to prevent slaking and
spontaneous dispersion, but not so much as to prevent disper-
sion of the aggregates after working wet. In the current scheme
(Figure A13), these aggregates are in classes 3—7 depending on
the strength of the interparticle bonding. Strongly cemented
aggregates are in class 7. No clay is released from such

aggregates when shaken vigorously as a 1 : 5 suspension in
water. When testing the dispersion of remoulded soil, 5 mm
cubes are used instead of just portions of remoulded soil. The
water content at which soil is remoulded is still either field
capacity or that of aggregates smaller than 2 mm wet up with
water at 10 kPa suction. However, class 3 has now been
divided into 3a and 3b according to the severity of dispersion
of the aggregates. Loveday and Pyle (1973) assessed the dis-
persion of aggregates in classes 1-3 after 2 h as well as 16 h.
This enabled them to develop a dispersion index, which allows
16 levels of stability to be distinguished.

Application in the field
Conventionally the effect of organic content on the stability of
soil aggregates to water has been assessed by measuring water-
stable aggregation (Clarke and Marshall, 1947). However,
these methods are not useful for elucidating the general causes
of aggregate instability. For this determining the class number
of a soil is a simple but powerful tool (Greenland, Rimmer
and Payne, 1975). An advantage of using dispersion as the
main diagnostic criterion is that it is easily seen in laboratory
tests. When actual dispersion occurs in the field, the results
are spectacular. Examples are piping failures through dam walls
containing soil in class 1 when rapidly wet with water of low
salt content; severe crusting on drying of surface soils in
class 3a, if the soils are cultivated wet and rain follows soon
after. However, even if actual dispersion does not occur, then
the class number helps to show how structural damage can be
avoided. For example, where soils are irrigated with water of
low salt content, aggregates of clay subsoils in classes 1 or 2
may swell sufficiently to impair drainage. This can be over-
come by adding gypsum. If a cultivated soil contains
class 3a aggregates, then tillage and traffic under wet condi-
tions should be minimized. Otherwise the structural porosity
of the aggregates will be lost. Such damage can be mitigated
by increasing the Ca-ion concentration in the soil solution, so
moving the aggregates into class 4.

If a duplicate cube of soil is weighed and dried, values for
the dry bulk density of the soil are obtained. These are the

Immerse dry aggregates in water
|

Slaking No Slaking
| |
[ | [ I
Complete Some No Swelling No swelling
dispersion dispersion dispersion (Class 7) (Class 8)
(Class 1) (Class 1)

Remould at water content equivalent to field capacity, immerse in water

[
Dispersion
(Class 3)

|
No
dispersion
|

Carbonate or
gypsum absent

Carbonate or
gypsum present
(Class 4)

Make up 1 : 5 aggregate-water suspension
|

[
Dispersion
(Class 5)

Figure A13 Scheme for determining class numbers of aggregates.

Flocculation
(Class 6)
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maximum possible dry bulk densities the soil or aggregates can
attain in the field at field capacity or after drying. If the actual
field values are measured, then the existing structural porosity
can be determined. Values of minimum possible dry bulk den-
sity can be found from their values under permanent grass. The
current structural status of the soil can then be assessed.

More detailed accounts of the mechanisms of aggregate
breakup, inter-particle bonds, and field applications of the
aggregate classification are given in Emerson (1991) and under
the entry Soil Structure. Descriptions of the actual measurement
of water-stable aggregation are given in Haver et al. (1972).

W. W. Emerson
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AGGREGATION

The soil is a complex multi-phase system made up of solid,
liquid, and gaseous material. It contains solid particles of sand,
silt and clay size. These are usually bound together as structural
units called aggregates. An individual soil aggregate, also called
a ped (Soil Survey Staff, 1993), can be defined as a naturally

occurring cluster, or group, of soil particles in which the forces
holding the particles together are much stronger than the
forces between adjacent aggregates. The size distribution of
the aggregates, their stability, and the amount and size distribu-
tion of the pore space between and within the aggregates charac-
terize the soil structure. The terms “aggregation” and “soil
structure” should not, however be used interchangeably: “aggre-
gation” represents only one aspect of soil-structure formation
while “soil structure” can result either from the building up of
aggregates from dispersed materials or from the breaking down
of larger coherent masses into favorably sized aggregates (Six
et al., 2004).

From an agricultural point of view, the binding of soil parti-
cles into aggregates is essential for the production of optimum
soil tilth. Soil tilth is a general term, which signifies the ability
of the aggregates to withstand destruction by the impact of
implements, raindrops, or running water so that the air-moisture
regime is maintained at a favorable level for plant growth and
microbiological activity (see 7illage).

A conceptual model

The five major factors involved in aggregate formation are
soil fauna, microorganisms, roots, inorganic components and
physical processes in the environment. References to the earlier
work in this field will be found in the first edition of this
Encyclopedia. Before the 1950s an overall conceptual model
was lacking, and it was Emerson in 1959, who provided the
breakthrough (Figure A14).

As quartz, clay, and organic matter are the main constituents
of the soil aggregate or crumb, the various possibilities of bond-
ing arrangements are summarized grosso modo in Figure A14.
The clay particles are shown as domains consisting of several
clay particles held together face to face. The domains may be
held edge to face through aluminum bonds or edge to face,
edge-to-edge, or face-to-face through organic colloids. These
colloids can also bond clay particles to the surface of siliceous silt
or sand particles. The critical advances since Emerson’s work is
summarized in Figure A15, from Six et al., 2004).

Figure A14 Suggested arrangements of quartz particles, clay
domains, and organic matters in a soil aggregate. A: Quartz-organic
colloid-quartz; B: quartz-organic colloid-clay domain; C: clay
domain-organic colloid-clay domain; C;: face-face; C,: edge-face; Cs:
edge-edge; D: clay domain edge-clay domain face (after Emerson,
1959).
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- Soil crumb consists of domains of oriented clays and quartz particles
— Emerson (1959)

|- Microaggregate theory — Edwards and Bremner (1966)
- Aggregate hierarchy theory - Tisdall and Oades (1982)

- Postulation of microaggregate formation within macroaggregates
- Oades (1984)

I The soil organic matter that binds together microaggregates into
macroaggregates is lost upon cultivation - Elliott (1986)

I Four hierarchical pore categories form the mirror image for the
aggregate hierarchy - Elliott and Coleman (1988)

- Earthworm activity induces the formation of microaggregates within
casts - Shipitalo and Protz (1989)

- Porosity exclusion principle defines scale of effectiveness of binding
agents — Dexter (1988); Kay (1990)

- Aggregate hierarchy exists only in soils where organic matter is the
major binding agent — Oades and Waters (1991)

- Mechanisms involved in the formation, stabilization and degradation
of microaggregates — Golchin et al. (1994a)

I Corroboration of microaggregate formation within macroaggregates
- Angers et al. (1997)

- Disturbance increases macroaggregate turnover, which diminishes
carbon stabilization in newly formed microaggregates within
macroaggregates — Six et al. (1998)

+ TIME

Figure A15 Critical advances in the understanding of aggregation in
soils, since Emerson’s work.

The diversity of soil constituents implicated as aggregating
agents has produced many theories explaining the processes
involved in soil aggregation, with the role of the clay fraction
or organic material being particularly stressed. Martin et al.
(1955) for example, emphasized the importance of clay as the
predominant binding agent in soil aggregation. They suggested
that organic materials do not act primarily to hold clay, silt, and
sand grains together, but rather their chief role may be to mod-
ify the forces by which clay particles per se are attracted to one
another. According to this view, cohesiveness between clay
particles is the binding force in aggregation rather than the
cementing action of organic molecules. Other investigators
have stressed the importance of organic substances, produced
largely through microbial activity, to soil aggregation. From
the point of view of soil structure, aggregation requires a bind-
ing together of flocculated particles. Nevertheless, flocculation
and aggregation are not synonymous. The former is primarily
electrokinetic, although flocculation (q.v.) can occur as a result
of electrostatic attraction between the positive edges and nega-
tive forces of clay minerals. Thus flocculation may aid the
aggregation process, but is not aggregation in itself.

As the formation of aggregates comprises a complex inter-
relationship of physical, biological, and chemical reactions,
different kinds of mechanisms have been proposed to explain

the formation of aggregation in the soil (see Six et al., 2004,
for a thorough review).

Clay particles

The clay particles themselves cohere and thus entrap or bridge
between larger sand and soil grains. The cohesive forces between
the particles arise from physicochemical mechanisms such as:

e The van der Waals forces, which vary inversely as the cube
of the distance between particles.

e The electrostatic attraction between negatively charged clay
surfaces and positively charged clay edges.

e The linking of the particles together through -cationic
bridges. There is a linking system between particles consist-
ing of the negatively charged surface of a particle and
oriented water molecules.

e The cementation effects of organic matter, aluminum, and
iron oxides. The iron oxides, in particular, may serve a dual
purpose in aggregation. That part in solution may act as a
flocculating agent, and the other part, which is more gelati-
nous in nature, may exert a cementation action.

e The surface tension of the curved menisci at the air-water
interfaces that are mostly present in the soil. Cohesion in
wet soils takes place between the molecules of the liquid
phase as bridges or films between adjacent particles.

Organic matter

The organic colloidal material, produced largely through
microbial activity, together with clay is responsible for the
major portion of soil aggregation. Moreover, it is more effec-
tive than clay in causing the formation of stable aggregates
with sand. The beneficial effects on soil aggregation originate
from the integrated activity of microorganisms, fauna, and
vegetation. Changes in aggregation following addition of
organic material to soil indicate that aggregating effectiveness
relates directly to microbial decomposition.

Organic residues and other products of microbial decompo-
sition in the soil are thought to surround the soil particles and
thus hold them together through cementing or encapsulating
action. Organic material itself without biological transforma-
tion has little effect on soil structure. The conditions that favor
high microbial activity result usually in early increased rates of
aggregate formation due to fungal mycelia. However, high
microbial activity also results in an increased rate of aggregate
degradation due to an accelerated decomposition of the organic
aggregating substances. Diverse bacteria, fungi, and actinomy-
cetes are able to synthesize soil-binding substances. The major
mechanism by which microorganisms effect soil aggregation
involves the production of polysaccharides during microbial
metabolism of organic matter in soil. The formation of aggre-
gates by microorganisms may be explained by adsorption phe-
nomena, physical entanglement, and cementation by microbial
mucilages.

The action of organic compounds in effecting aggregation
may be very complex and at best is little understood. Many
have postulated that soil particles are held together in aggre-
gates by the organic compounds. There is, however, consider-
able evidence that another important role of these compounds
may be in modifying the expression of cohesive forces between
clay particles through adsorption on the surfaces of the clay.
Thus active organic materials may be thought of as acting both
to hold soil particles together and in other cases to hold clay
particles apart.
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Aggregate formation

In light of the previous discussion, the following seems to best
explain how aggregates are formed in agricultural soils. Aggre-
gates result primarily from the action of natural agencies or any
process by which parts of the soil are caused to clump together
and separate from adjacent masses of soil. If soils are initially
dispersed, flocculation is essential for aggregate formation;
if they are partially puddle (see Puddling) or solid, fragmenta-
tion into smaller units is the first essential. Thus there are two
kinds of processes involved. The first concerns the building
up of aggregates from dispersed materials; the second involves
the breaking down of large coherent masses into favorably
sized aggregates. Since most soils become more dense and
compact with continued farming, the second case is of greater
interest.

Separation of parts of the soil mass may result from several
factors such as the action of small animals, particularly earth-
worms as they ingest and intermix soil with partially decom-
posed organic matter and excrete the ingested material as
surface casts or subsurface deposits, and the effect of tillage
(g.v.), which is a function of the soil moisture content at the
time of tillage.

Climate-dependent environmental variables include the
effect of freezing and thawing where the aggregating action of
frosts relates inversely to the rate of freezing and depends on
the manner in which soil moisture crystallizes. Slow freezing
results in the formation of few large ice crystals and large aggre-
gates of soil particles. Since there is about a 9% increase in
volume when water changes to ice, the pores are enlarged,
which loosens the soil. Water is drawn from around the clay
particles to the ice crystals during this process, creating a dehy-
dration effect. The combination of ice-crystal pressure and
dehydration causes aggregation. On the other hand, large num-
bers of small crystals are formed if the cooling is rapid and the
integrated effect of many expansions is the breakdown of soil
aggregates.

The effect of wetting and drying on aggregation is a func-
tion of the type of soil, the aggregate moisture at the time of
wetting, and the intensity of the wetting treatment. The dehy-
dration of a soil mass cannot be uniform, especially if the dry-
ing process is rapid. Consequently, unequal strains arise
throughout the mass that tend to form clods. At least two pro-
cesses operate to cause disruption of the clod into smaller units
when the dried clod is wetted. The rapid intake of water causes
unequal swelling throughout the clod, which produces fractura-
tion and fragmentation along the cleavage planes. Moreover,
the sorption of water into the capillaries results first in a com-
pression of the occluded air and finally in a virtual explosion
within the clod, as the pressure of the entrapped air exceeds
the cohesion of the particles.

The plant root system is tremendously important, acting to
separate and compress small clumps of soil, causing shrinkage
and cracking due to desiccation, and making conditions favor-
able for the activity of microorganisms at the surface of these
units. The exact mechanism of aggregate formation by plant
root systems has not been established. The earliest explanation
was based on pressures exerted by growing roots, which causes
a separation to the soil particles adjacent to the root and a
pressing together of these units into aggregates. In other words,
each root hair that penetrates into large aggregates introduces
a point of weakness. The penetration of sufficient root hairs

produces granules. However, attempts to form aggregates by
applying artificial pressure have failed to duplicate the water
stability of natural field aggregates. This failure suggests that
mechanical pressures of roots or soil fauna may not be basic
aggregating mechanisms. Another possible aggregating factor
is the dehydration of the soil in the vicinity of the root system
as water is absorbed by the plant. This dehydration produces
localized shrinkage and formation of fracture surfaces.

To conclude: aggregation is a complex process involving
five major factors, with the current consensus, as reviewed by
Six et al., 2004, emphasizing interactions between clay parti-
cles, polyvalent cations and soil organic matter. There is still
a great need for the quantification of such interactions.

Roger Hartmann
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AGRICHEMICAL

Pertaining to the various chemicals used in agriculture to ferti-
lize crops, manage weeds and pests, or which are produced
from agricultural crops. Examples: fertilizers, herbicides, bio-
fuels such as ethanol.
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AGROECOLOGY

Agroecology is the attempt to apply ecological principles
to agricultural systems, with the objective of sustaining those
systems in an environmentally sound manner (Thomas and
Kevan, 1993).
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AGROECOSYSTEM

An ecosystem that has been modified by the practice of agricul-
ture. This will involve the replacement of native species by
domesticated plants and animals, and the application of fertili-
zers, pesticides and other agrichemicals, in order that the
domesticates may compete successfully with wild species.
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AGROGEOLOGY

Agrogeology, a subdiscipline of geology, is the scientific study
of the origin, nature, composition, distribution and utilization of
soils from a geological viewpoint. Geology is the scientific
study of the Earth, and defines the soil as the uppermost geolo-
gic layer, or substratum, that supports plant life on the Earth’s
land surface. Critical data have been drawn together from

several fields of natural science disciplines to provide an under-
standing of the cycling of elements and minerals in the course of
time and explain the complexity of the terrestrial system.

The continental part of the Earth’s crust — the lithosphere,
comprises about one third of the Earth’s surface and is com-
posed of various rocks. The Earth’s crust was formed through-
out its 4.5 billion-years history. The principal materials in the
crust (minerals, rocks, soils and water) on or near the surface
of the Earth have been created and destroyed by numerous phy-
sical, chemical and biological processes. These processes are
collectively referred to as the geological cycle, which com-
prises of a group of subcycles, including the rock, hydrolic
and geochemical cycles.

The rock cycle is a sequence of processes that produces the
three rock families: igneous, sedimentary and metamorphic.
These migratory processes could be discussed in terms of
the processes of magmatism, sedimentation and metamorphism
and belong to the fields of geochemistry, mineralogy and pet-
rology. In the lithosphere, the rock cycle begins with the ini-
tial crystallization of magma, proceeds with the alteration
and weathering of the igneous rocks and the transport and
deposition of the sediments. It then continues with the dia-
genesis and lithification of sedimentary rocks followed by their
metamorphism to successively higher grades until eventually,
through melting, magma is regenerated. The geochemical cycle
involves the migration and distribution of elements during geo-
logical changes encompassing the chemistry of lithosphere,
asthenosphere, hydrosphere, atmosphere and biosphere. The
rock and geochemical cycles are closely related to one another
and intimately related to the hydrolic cycle, which provides
water necessary to many chemical and physical processes and
supports life on Earth.

Intimate interactions between the rock and hydrolic cycles
produce weathered rock materials that are the basic ingredients
of soils. As opposed to the forces of tectonism and volcanism,
which tend to build up the landscape, there are other processes
that tend to wear it down. These subtle destructive processes are
called weathering processes. Weathering is usually divided into
physical disintegration or mechanical breakdown of rocks with-
out chemical alterations; chemical weathering or decomposition
of minerals with, often irreversible, chemical change; and biolo-
gical weathering which is affected by the growth and movement
of plants and animals.

Weathering can therefore be defined as the disintegration and
alteration of rocks and minerals by physical, chemical and bio-
logical processes. The nature and rate of weathering depend of
several factors such as: rock type, climate, topography and time.
Physical weathering processes involve the disintegration of
rocks and minerals by mechanisms of brittle fracture and subse-
quent decrease in the size of their particles without chemical
alteration. The major factors in physical weathering environ-
ments are temperature, water, ice and wind, while the main acti-
vating agents are unloading, thermal processes (thermoclasty),
growth and expansion of materials in pore space such as ice
(gelification) and various salts (haloclasty).

Chemical weathering is the decomposition and alteration of
minerals, and is a consequence of crystal structure breakdown
at the molecular scale a leading to the formation of new miner-
als of completely different chemical composition, such as sec-
ondary oxide and hydroxide minerals, or clay minerals. The
most important chemical agents involved in the weathering
of minerals are water supplied by rainfall and CO, from root
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respiration and microbial degradation of organic matter. Tem-
perature, rainfall and humidity are known by the term climate.

Hydrolysis, or the effect of water containing active hydrogen
protons, is the most important and widespread process and is gen-
erally the method by which feldspars and micas are chemically
weathered. There are also several other processes: carbonation, a
reaction of carbonate and bicarbonate ions with minerals asso-
ciated with hydrolysis of feldspars; hydratation, which involves
the adsorption of water; solution, a reaction in which calcite or
dolomite are altered to soluble bicarbonates; and oxidation and
reduction reactions which involve the transferring of electrons.

Biological processes play a major role in rock and mineral
weathering either as living organisms or dead soil organic mat-
ter, and have a significant effect on weathering and soil genesis.
To recognize the importance of organisms and organic matter
in weathering and soil formation two types of processes are dis-
tinguished: biological and biochemical weathering. Biological
weathering occurs with the participation of live organisms.
Tiny cracks in mineral crystals could be penetrated by bacteria,
algae, fungal and lichen hyphae. Live roots growing into the
cracks of minerals and rocks could contribute to physical
weathering process.

Biochemical weathering is related to reactions of primary
minerals with chemical compounds exuded by plant roots or
microbial secretions as well as interactions with decomposition
products of organic matter. Microorganisms cause precipitation
and dissolution of minerals and control the distribution of ele-
ments in diverse environments at and near the surface of the
Earth. The effect of chelation on mineral dissolution by organic
(humic, fulvic, oxalic, acetic, salicylic, citric, etc.) acids is
assumed to be more effective than geochemical hydrolysis. Com-
plex extracellular polymers (polysaccharides, siderophores, and
proteins) produced by a variety of microorganisms are involved
in the formation of organomineral complexes in soils.

The soil is product of the interplay of several variables
including geological parent rock, climate, organic activity, topo-
graphy and time. Soil forming processes tend to produce
distinctive soil layering or horizons, which lead to profile
development. The horizons and relative profile development
are an important concept of soil classification. Soil scientists
have developed two modern systematic classifications of soils
known as the Soil Taxonomy with 10 orders, of the Soil Conser-
vation Services of the United States and the World Soil Map
with 26 orders, of the Food and Agriculture Organisation of
UNESCO. These classifications are based on soil morphology,
color, physical and chemical properties of the soil profile and
are emphasized by generic terminology. They are especially
useful for agricultural purposes and related land-use planning.

The most active mineral constituents in soils are clays.
Clays have a high surface area comprised of fine particles
and special structural conditions of certain clay minerals. Most
of soils contain only a small percentage of organic matter and
much higher amounts of clays or mineral particles in the
fraction of less than 2 micrometers (im) in diameter.

Argillogenesis, or the study of the ways and conditions of
birth, development, variability and decay of clay minerals is
so complex, that as a consequence it is increasingly approached
by inter- or multi-disciplinary methods. Several methods are
currently used in the study of soil mineralogy, but the X-Ray
Diffraction (XRD) method remains the most favorable. As a
geologist, one should keep in mind that microscopy as well
as detailed field work must still be associated with the XRD
laboratory analyses, and that other instrumental methods, such

as: electron microscopy, infra-red spectroscopy, geochemistry,
isotopic analyses etc., are also extensively practiced. They have
improved the study of mineralogical and geochemical pro-
cesses within the soil horizons during soil formation as well
as understanding of soil properties.

The relation between landforms and geology has been
recognized by engineers and geologists since the first geologi-
cal map was produced in Great Britain. A change in landforms
always reflects a change in subsurface conditions. The shape of
the landform reflects the history of weathering of different rock
types and so the recording of changes in landform distinguishes
areas with different geological and geomorphological history.
The factors controlling the development of the landscape are
considered as the effects of process, geology and time. The
main processes include weathering, erosion and deposition,
and the distinction between erosional and depositional land-
forms is very significant in landform analysis. In addition to
geomorphological history, the effect of time is important in
relation to the processes that are essential in understanding
landforms and the soils with which they are covered.

Soils and life have been intimately associated almost from
the earliest periods of geological time. The paleosols are pro-
ducts of complex terrestrial ecosystems existing at that time.
For a long geological time plants and animals and surface pro-
cesses were involved in developing of the paleosoil. A great
deal of evidence has been collected concerning evolution of
factors of soil formation during the geological history, particu-
larly during the Pleistocene. Paleosols, formerly the integral
component of the landscapes, apart from characteristics of the
epoch of their formation have inherited features that correspond
to previous natural climatic conditions as well as indications
of subsequent changes. Orbitally forced Milankovitch-type
cycling can be detected in paleosol series in the Pleistocene
loess in many places across the Northern hemisphere.

Today, the application of classic geological principles to soil
mapping and modern landscape-analysis methods has been
enhanced by sophisticated methods of remote sensing, GPS
and GIS techniques. Information from detailed lithological and
soil maps could be extremely useful for land use planning
and environmental protection especially when considering land
capability for particular land use such as: agriculture, forestry,
engineering, urban practice, etc.

Nikola Kostic
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AGRONOMY

The management of land, particularly soil, in the production
of crops.
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ALBELUVISOLS

Albeluvisols have a horizon of clay illuviation within a meter
of the soil surface. This has an irregular upper boundary as a
consequence of deep tongues of bleached soil material pene-
trating the clay horizon. This article is based on the descrip-
tions in FAO (2001).

Connotation. From L. albus, white, and L. eluere, to wash out.

Synonyms. Podzoluvisols (FAO), derno-podzolic or ortho-
podzolic soils (Russia) and several suborders of the alfisols
(Soil Taxonomy).

Definition. Within a meter of the surface, ‘albeluvic tongues’
occur in which a clay illuviation horizon is deeply tongued by
bleached soil material from above so that the eluvial—illuvial
boundary is broken and irregular.

Parent material. Mostly unconsolidated glacial till, materi-
als of lacustrine or fluvial origin and of aeolian deposits (loess).

Environment. Flat to undulating plains under boreal taiga,
coniferous forest or mixed forest. The climate is temperate to
boreal with cold winters, short and cool summers, and an aver-
age annual precipitation sum of 500 to 1000 mm. Precipitation
is evenly distributed over the year or, in the continental part of
the Albeluvisol belt, has a peak in early summer.

Profile development. Mostly AEBtC profiles with a dark,
thin ochric surface horizon over an albic subsurface horizon
that tongues into an underlying brown clay illuviation horizon.
Stagnic soil properties are common in boreal Albeluvisols.
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Figure A16 Distribution of Albeluvisols.

Inclusions

Origin. Translocation of clay (argilluviation — see Luvisols)
and various cool to cold climate factors play a role in the gen-
esis of Albeluvisols. The characteristic albeluvic tonguing
results from periglacial freeze—thaw sequencing at the end of
the last glaciation. Movement of clay into a horizon of illuvia-
tion commonly causes poor drainage, such that periodic satura-
tion produces redoximorphic characteristics (mottling, nodule
formation, movement of Fe downwards and even out of the
soil, for example). A fragipan is not uncommon at the interface
between eluvial and illuvial horizons.

Use. Short growing season (frost!), acidity, low nutrient sta-
tus, tillage and drainage problems are serious limitations of
Albeluvisols. Most Albeluvisols are under forest; livestock
farming ranks second; arable cropping plays a minor role. In
Russia, the share of arable cropping increases towards the
south and west of the Albeluvisol belt, especially on relatively
nutrient-rich endoeutric Albeluvisols (see Figure A16).

Otto Spaargaren
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ALISOLS

Alisols are strongly acid, generally unproductive soils, with accu-
mulated high activity clays in their subsoils. Al dominates the
exchange complex. The following is derived from FAO (2001).

2

=i Miscellaneous lands
(Inland waterbodies, Glaciers, no data)
FAC-GIS, February 1998
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Figure A17 Distribution of Alisols.

Connotation. Strongly acid soils with subsurface accumula-
tion of high activity clays that have more than 50% AI*"
saturation; from L. aluminium, alum.

Synonyms. ‘Red yellow podzolic soils’ with high-activity
clays (Brazil), ‘ultisols’ with high-activity clays (Soil Taxonomy)
and ‘fersialsols’ and ‘sols fersiallitiques trés lessivés’ (France).

Definition. Defined by FAO (2001) as soils with

1. an argic horizon, which has a cation exchange capacity
(1 M NH4OAc at pH 7.0) of 24 cmol(+)kg ' clay or more,
either starting within 100 cm from the soil surface, or within
200 cm from the soil surface if the argic horizon is overlain
by loamy sand or coarser textures throughout, and

2. alic properties in most of the layer between 25 and 100 cm
from the soil surface, and

3. no diagnostic horizons other than an ochric, umbric, albic,
andic, ferric, nitic, plinthic or vertic horizon.

Parent material. Alisols can form in a wide variety of parent
materials having high-activity clay minerals such as vermiculite
or smectite. Most occurrences of Alisols reported so far are on
weathering products of basic rocks.

Environment. Most common in old land surfaces with a hilly
or undulating topography, in humid (sub-)tropical and monsoon
climates (see Figure A17).

Horizonation. ABtC profiles. Much of the variation among
Alisols is related to the truncation of A horizons in eroded
lands. The only diagnostic horizons present are ochric, albic,
andic, ferric, nitic, plinthic, or vertic; and the following sub-
classes are recognized:

a. Plinthic Alisols: with plinthite in the top 125 cm

b. Gleyic Alisols: water saturation produces gleyic properties
in the top 100 cm

c. Stagnic Alisols: standing water produces stagnic properties

within 50 cm of the surface

Humic Alisols: with a mollic or umbric A horizon

Ferric Alisols: showing ferric properties

Haplic Alisols: all other Alisols

oo

Origin. Alisols are found on old landscapes where weather-
ing over the long term has essentially removed virtually all pri-
mary minerals except quartz. The clay fraction is dominated by

Inclusions

Miscellaneous lands
(Inland waterbodies, Glaciers, no data)
FAO-GIS, February 1998

high activity clays, which under appropriate, humid climate
conditions, undergo hydrolysis with loss of silica, and alkaline
and alkaline-earth cations by leaching, and with the release of
Al. Three steps in the genesis of Alisols are recognized:

1. Weathering of bedrock to produce saprolite, which becomes
the soil parent material. Mos t weatherable primary minerals
are destroyed and secondary high-activity clays form. On
basic and intermediate rocks these are predominantly smec-
titic, and on acid rocks, vermiculitic.

2. Movement of clay particles in the developing soil, either
vertically (illuviation) or laterally. In the most acid soils
(pH below about 5) the movement of fine clay tends to be
impeded on account of the presence of a significant concen-
tration of AI*", which causes flocculation. Step 2 may over-
lap the next step

3. Weathering of secondary high-activity clay. These are
unstable in highly leached environments depleted in silica
and alkahne and alkaline earth cations. Their weathering lib-
erates AI*" into solution and, where primary ferromagne-
sian minerals were originally present, iron and magnesium
are released from the octahedral inner layers of (2 : 1) clay
minerals. Since the solum of an Alisol is an oxidizing envir-
onment Fe precipitates as a ferric hydroxyl phase and
imparts a reddish color to some Alisols such as the Rhodic
Alisols of the Caribbean region.

A common, further change is for a mature landscape to be
truncated by surface erosion of the ancient landscapes on which
these soils are found. Subsoil horizons then become exposed at
the surface.

Use. Alisols contain low levels of plant nutrients (except
for Mg*" in some cases) whereas soluble inorganic Al is present
in toxic quantities. If liming and full fertilization is no option,
use of these soils is generally restricted to crops, which accom-
modate with low nutrient contents and tolerate high levels of
free Al. Alisols are traditionally used in shifting cultivation
and for low volume production of undemanding crops. In the
past decades, Alisols have increasingly been planted to Al-toler-
ant estate crops such as tea and rubber, and also to oil palm.

Otto Spaargaren
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ALKALI

See Acids, Alkalis, Bases and pH.

ALKALINE SOILS

Alkaline soils are taken here to include all soils in which
soil pH is generally higher than 7 throughout the solum. Other
authors consider alkaline soils those that have pH > 8.5. This
includes Calcisols, Gypsisols, saline and sodic soils, and those
soils such as Chernozems and Kastanozems that have subsurface
calcite, and which are generally found in sub-humid to semi-arid
regions. It excludes those soils of the humid zone in which calcite
may be present in sub-surface horizons and which are treated
in the article on calcareous soils (Luvisols for example).

Ambient conditions

Alkaline soils so defined, are characteristic of the drier climates
of the world, and tend to be concentrated in deserts and adja-
cent regions (Figure A18). The significant characteristic is that
evapotranspiration exceeds precipitation for at least part of the
year. Calcisols represent the least arid part of the spectrum and
are found at the edges of the short grass prairie with a sparse
vegetation of xerophytic shrubs and ephemeral grasses. With
increasing aridity, Gypsisols, so called “desert soils”, become
dominant. Where salts are present in the parent material or in

groundwater, capillary uprise during a pronounced dry period
can bring salt to the surface or at least to the upper part of
the solum, and saline and sodic soils may form and encourage
a halophytic vegetation.

In terms of Eh (pe)—pH conditions, the general field of the
alkaline soils is shown in Figure A19.

Physico-chemical processes

Two physical processes dominate the genesis of alkaline soils.
The first is the evaporation of water from the upper part of the
solum during dry periods, and the second is the consequent capil-
lary uprise of water from depth. The resulting chemical changes
in the soil depend on the chemistry of parent materials and hydro-
logical sources, both of which are highly variable. Generally
speaking, the dominant aqueous species that accumulate in soil
waters undergoing evaporation are Na®, Ca?*, Mg?", HCO3,
SO3 ™ and H4SiOY. As a first approximation, the sequence of pre-
cipitates that might be expected, following their relative solubili-
ties, is calcium, followed by magnesium, and followed by
sodium salts, as evaporation proceeds. In detail a good deal of
variation is found in nature, and a concise way to explain this
is as a consequence of what Eugster and Hardie (1978) call
“chemical divides”.

Figure A20 demonstrates the way in which a sequence of
chemical divides may lead to the formation of the commonest
types of saline soil waters during the process of evaporation.
The critical factor is the initial composition of the water.
Specifically, this dictates the relationship between carbonate
alkalinit;z (mHCO3; + mCO3") and the concentration of Ca*"
and Mg ™" ions.

Figure A21 is a magnified section of Figure A19 showing
the usual sequence of alkaline soils found in sub-humid to arid
climates, with pH and salinity both increasing with aridity.

Ward Chesworth, Felipe Macias, and Marta Camps Arbestain

Bibliography

Eugster, H.P.,, and Hardie L.A., 1978. Saline lakes. In Lerman, A., ed.,
Lakes — Chemistry, Geology, Physics, New York: Springer-Verlag,
pp. 237-293.

FAO, 2001. Lecture notes on the major soils of the world. World Soil
Resources Reports, 94. Rome: Food and Agriculture Organization of
the United Nations. 334 pp.

Zech, W., and Hintermaier-Erhard, G., 2007. Soils of the World. Heidelberg,
Berlin: Springer-Verlag, 130 pp.

Figure A18 Major zones of occurrence of alkaline soils. These coincide essentially with regions of arid and semi-arid climate.
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Figure A19 Alkaline soils defined in terms of the parameters Eh (pe) and pH. The heavy dashed line is the approximate field of the common
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Figure A21 The alkaline soils field of Figure A19, magnified to show
the approximate ranges of precipitation of carbonates, sulfates, halides
and silicates in soils. The pH of an evaporating soil solution depends
mainly on the concentrations of carbonate species in the system. The
precipitation of neutral salts such as gypsum and halite is not pH
dependent. The lower pH limits of sulfate and halide precipitation
ranges shown in the diagram are based simply on empirical
observation. A good deal of variability is possible depending principally
on the initial composition of the soil solution.
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ALKALIZATION

Generally used for processes which increase the pH of soils
such that they become alkaline (pH greater than 7) or alkali
(pH greater than 8.5). Synonym: alkalinization. McBride
(1994, p. 274) states that mineral dissolution and the release
of ions into solution are invariably involved in the generation
of alkalinity.
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ALLITIZATION

An advanced stage of weathering in which Al and Fe accumu-
late at the expense of other ions and species such as the alkalis,
alkaline earths and silica, which are removed from the soil in
the aqueous phase (Pedro, 1983, table 1).
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ALLOGENIC

Describes components transported into the soil from some exter-
nal place of origin. Equivalent to the geological term allochtho-
nous. See Authigenic.

ALLUVIUM

Alluvial sediment deposited from flowing water; or per-
taining to a deposit formed in that way. The parent material
of alluvial soils.
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ANDOSOLS

Introduction

Andosols are soils of active volcanic areas. They exhibit unique
soil properties that place them apart from other soils. The term
‘andosol’ is derived from Japanese, ‘an’ meaning dark, and ‘do’
connotating soil (Figure A22). Andosols are also found outside
active volcanic regions when environmental conditions favor their
formation. Andosols have a limited extent (1-2%) of Earth’s land
surface, but many such areas are densely populated.

The discussion of this entry follows the terminology of the
World Reference Base for Soil Resources (WRB, FAO, 1998).
Andosols are termed slightly different, or andisols according to
the U.S. Soil Taxonomy (Soil Survey Staff, 1998). The soils dis-
cussed in this entry include tephra-rich soils, many of which are
not considered Andosols, according to the WRB or Soil Taxon-
omy, but have various notations in international soil literature,
such as vitrisols, (Iceland), vitrandosols (France), Pumice Soils
(New Zealand), and vitrons (FitzPatrick’s system).

Andosols were the subject of a book edited by Shoji et al.
(1993a), which is the most comprehensive discussion of Ando-
sols to date. Other publications devoted to Andosols include
three special issues of scientific journals (Fernandez Caldas and
Yaalon, 1985; Bartoli et al., 2003; Arnalds and Stahr, 2004),
overview chapters, for example by Wada (1985) and Kimble
et al. (2000), a monograph by Dahlgren et al. (2004), and a
compilation of benchmark papers about Andosols (Tan, 1984).

The concept of Andosols

The development of the concept of Andosols has roots in the
U.S. Soil Taxonomy, first presented as the andept suborder of
inceptisols (Smith, 1986), but from 1990 as andisols, based
on a work of international working group (ICOMAND), as
was reviewed by Parfitt and Clayden (1991). The concept of
the Andosol soil group, as used in the WRB, is similar to that
of Soil Taxonomy (see Shoji et al., 1996).
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Figure A22 Andosol in Iceland. The profile is about 190 cm thick.
Many distinct tephra layers are evident, disturbed by cryoturbation.
Basaltic and andesidic tephras are dark, but thin light colored
rhyolitic tephras are also seen near the middle and near the bottom
of the profile. The soil contains considerable carbon in most horizons,
also at depth.

The concept of andosols is tied to soils that develop in volca-
nic ejecta. The rapid weathering of volcanic tephra results in
precipitation of short-range order minerals and/or metal-humus
complexes, a process that is sometimes referred to as ‘andosoli-
zation’ (e.g., Duchaufour, 1977). These colloidal constituents
provide the soils with properties that distinguish Andosols, such
as low bulk density, variable charge characteristics, thixotropy,
and strong phosphate retention. The measure of Andosol col-
loidal constituents is used for the identification of Andosols.
However, the term not only reflects products of soil genesis,
as vitric parent materials are also used as a diagnostic criterion
for these soils according to the WRB and Soil Taxonomy.

Mineralogy and metal-humus complexes

The parent materials

The most common parent material of Andosols is tephra. It
should be noted, however, that Andosols do form in other types
of materials, as will be discussed later.

Tephra. This is a collective term for all airborne volcanic
ejecta, regardless of morphology, size, and composition. Volca-
nic ash is tephra which is <2 mm in diameter (MacDonald,
1972). The nature of tephra materials varies substantially
according to the nature of the volcanic eruption that produces
the tephra and it can be differentiated on several criteria. Volca-
nic glass is a term commonly applied to tephra but strictly
speaking it refers to the part of the tephra that has cooled rapidly.
The term vitric refers to glass (from Latin ‘vitr’ = glass) and
it is used as a diagnostic criterion for poorly developed
Andosols/Andisols (FAO, 1998; Soil Survey Staff, 1998), and
to coin the terms such as vitrisols and Vitric Andosol. It should
be noted that Andosols form in the bulk of parent materials,
not only in the Vitric component. Fisher and Schmincke (1984)
and Heiken and Wohletz (1985) provided discussion on tephra
materials.

Composition. The differentiation of tephra by silica content
is perhaps the most useful division of the tephra (basalt, ande-
site, dacite, rhyolite) and is widely used in geology. It affects
weathering rates and the genesis of Andosols as discussed
later.

Morphology and mineralogy. Many terms are applied to the
morphology of tephra, such as glass, lapilli, cinders, and
pumice. Grain size is an elusive term for tephra, as it is often
quite porous and has a large active surface area. It is also diffi-
cult to determine the mineralogy of tephra because of micro-
crystallinity and/or non-crystalline nature of the materials.
Such terms as colored glass (basaltic-andesitic and some dacite
tephra) and non-colored glass (rhyolitic) are commonly used
(e.g., Dahlgren et al., 1993).

Genetic mineral components

The dominant clay minerals in Andosols are allophane, imogo-
lite, ferrihydrite, and halloysite. Notable publications on
allophane and imogolite include those of Wada (1989), Harsh
et al. (2002), Dahlgren et al. (1993), and Dahlgren (1994).
These are not layered lattice clay minerals such as smectite
and kaolinite, but are described by terms such as ‘spherical’,
‘tubular’ and ‘gel-like’. Their crystallinity has been subject to
debate and these constituents have been described as ‘amor-
phous’, ‘X-ray amorphous’, ‘poorly crystalline’, ‘noncrystal-
line’, and ‘short-range order’ .

The tephra parent materials of Andosols weather rapidly,
resulting in high concentrations of Al, Fe, and Si. The poorly
crystalline (short-range order) morphological forms of these
minerals are the result of rapid crystallization of Al and Si
(allophane and imogolite) and Fe (ferrihydrite) from such soil
solution. However, these minerals are not exclusive to Andosols
as they are also commonly found in Podzols, but to a lesser
degree.

Allophane and imogolite

Allophane is an aluminum and silica mineral that forms hollow
spherules which are about 5 nm in diameter. The ratio between
Al and Si is somewhat variable, most commonly 1-2, but
values <1 have been recorded (Parfitt and Kimble, 1989).
These minerals have an extremely large surface area and a high
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negative charge that is pH-dependent (variable charge), which
increases rapidly with pH. In addition, allophane has consider-
able anion exchange properties.

Imogolite is tubular and often appears thread-like viewed
with a transmission electron microscope. It usually has an
Al/Si ratio close to 2, but similar properties to allophane.

Ferrihydrite

Ferrihydrite is a poorly ordered Fe mineral (Schwertmann,
1985), consisting of well aggregated spherical particles (Bigham
et al., 2002) which often appear with gel-like structure. Its struc-
ture has been debated and ideas about the nature of ferrihydrite
are still evolving. Ferrihydrite is very common in Andosols, espe-
cially where the parent materials are rich in iron, as in Iceland. It
has a large surface area and a pH dependent cation and anion
exchange capacity (Bigham et al., 2002).
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Halloysite and other clay minerals

Halloysite is a common mineral in Andosols, especially in
Si-rich environments, and is often associated with dry environ-
ments (Dahlgren et al., 1993, 2004) with distinct dry season.
Its morphology varies, but it is believed to be closely related
to kaolinite (see White and Dixon, 2002). Halloysite is often
reported as representing more weathered environment than
allophane dominated soils (e.g., Ndayiragije and Delvaux,
2004). Other minerals are found in many Andosols, especially
when Andosols become mature, with the Andosol minerals
being transformed to other minerals, such as kaolinite, smectite
and Al/Fe oxides and chloritized 2 : 1 minerals (e.g., Shoji
et al., 1985). Opalline silica is also often reported in Andosols,
especially under grassland vegetation (e.g., Shoji et al., 1993b).

Allophane-humus and metal-humus complexes

The original concept of Andosols (‘an-do’) reflects the dark
color of many andosols, which mainly results from the accu-
mulation of organic matter. Large contents of organic matter
characterize well-developed andosols. Appreciable amounts of
carbon are found at depths, and the distribution is often quite
erratic. There are two main pathways of organic accumulation
in Andosols: the formation of allophane—organic matter com-
plexes and metal-humus complexes.

Allophane and organic matter form bonds that are relatively
stable, which results in soils that commonly have >6% C in
both A and B horizons. This effect is enhanced when AI*"
and Fe’> form stable bonds with organic matter by ligand
exchange (metal-humus complexes). This means of carbon
accumulation is effective at a relatively low pH. Research
has confirmed the stability of these constituents, which can
be >100 000 yr old in Hawaii (Torn et al., 1997).

In some areas, other environmental factors can enhance the
accumulation of organic materials in Andosols, such as poor drain-
age and cold climate resulting in OC 12—-20% (Arnalds, 2004).

Genesis

The rapid weathering of tephra constituents is perhaps what
distinguishes the genesis of Andosols the most. It leads to a soil
solution oversaturated with regard to Al, Si, and frequently Fe
or organic molecules, which results in the precipitation of the col-
loidal Andosol constituents. The nature of the parent materials
(most often tephra) and climate, which influences the rate of
weathering and therefore the release of Al, Fe and Si, are the domi-
nant factors shaping the formation of Andosols. Humid climate

enhances the weathering of tephra and the majority of the world’s
Andosols are therefore found under humid conditions, but <10%
under aridic or xeric moisture conditions (Wilding, 2000).

Andosols are most commonly considered youthful soils.
Soils on slopes of volcanoes often show a trend from less
weathered vitric or andic soils at high elevations (young PM/
cold/coarse tephra) to allophanic soils, metal-humus complex
dominated soils, and finally to more weathered soils of other
types, such as Vertisols (warm, less tephra inputs, fine tephra).
A range of soils can develop from Andosols, including Podzols,
Mollisols, Vertisols, and Oxisols, (e.g., Dahlgren et al., 2004;
Yerima et al., 1987). However, if the climate is dry and espe-
cially when the parent materials are silicious, vitric characteris-
tics may dominate for a long time. Andosols also form in
tephra redistributed by wind long distances away from where
the volcanic materials were originally deposited, as in Iceland
(Arnalds et al., 1995).

The nature of Andosols implies that these soils often
become buried by new volcanic materials, both tephra and lava.

Allophanic, vitric and metal-humus complex andosols
Vitric (vitrandic), allophanic (silandic) Andosols, and Ando-
sols dominated by metal-humus complexes (al/uandic) can be
viewed as three ‘end-members’ of Andosols (Shoji et al.,
1996). The rate of cation release and the pH of the soil solu-
tion largely determine whether allophanic Andosols or soils
dominated by metal-humus complexes are formed. Allophane
formation is favored by a high pH, while it does not form
when pH is under 5 (Figure A23a). Under such acidic pH con-
ditions, the formation of metal-humus complexes becomes a
dominant process (Figure A23b). The ‘aluandic’ soils often
contain considerable amounts of phyllosilicates, such as chlor-
itized 2 : 1 minerals (Shoji et al., 1985), under a variety of
climatic conditions, which contribute to their physical and
chemical behavior (see also Ndayiragije and Delvaux, 2003).

The weathering of basaltic tephra is rapid, resulting in areas
of high chemical denudation (Stefansson and Gislason, 2001),
rapid formation of allophane and ferrihydrite. The surface
area of basaltic tephra can be quite high or >10 m? g~' (Wolff-
Boenisch, 2004). Young basaltic tephra soils, which appear to
have not been subjected to much weathering, can therefore meet
criteria for Andosols (Arnalds and Kimble, 2001).

The weathering of basaltic or andesitic tephra releases an
abundance of cations, which maintain the pH. The system can
be continuously recharged with cations by weathering of new
materials deposited by repeated volcanic eruptions. If not, the
soil pH will eventually become low with depletion of tephric
materials, and the formation of metal humus complexes becomes
a dominant process.

Weathering rates of silicious (rhyolitic) tephra are slower
than in basalt with less abundance of cations released to main-
tain the pH. Weathering often results in more acidic soils, espe-
cially in humid-wet areas. Dry climates can alternatively result
in relatively unaltered parent materials.

The formation of metal-humus complexes becomes dominant
at pH < 5, when humic substances form bonds with Al and Fe
(predominantly). Their formation is influenced by the rapid release
of Al (and Fe), as in the formation of the mineral colloids (allo-
phane, imogolite and ferrihydrite). In Iceland, both mineral col-
loids and metal humus complexes seem to form when pH is 5—6
(Agricultural Research Institute, unpublished data). Metal-humus
complexes have been shown to be quite stable against biodegrada-
tion (e.g., Nanzyo et al., 1993), and more stable than allophane—
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Figure A23 Allophane and organic carbon as a function of soil reaction in Icelandic Andosols and Histosols (surface horizons). Allophane does not
form when pH becomes lower than 4.9 (a) and reaches a maximum around pH 6. Organic content rises rapidly with decreased pH, which also
represents less tephra input in Iceland (b). With less tephra, there is less release of cations by weathering to maintain the pH. The gradient
continues into Histosols, which have >20% organic carbon (figure based on O. Arnalds, unpublished data).

humus complexes (Boudot, 1992). Metal-humus complexes can
be stable for >20 000 yr, and even >100 000 yr as exemplified
by old soils in Hawaii (Torn et al., 1997).

The effect of vegetation on Andosol formation is often
emphasized (e.g., Shoji, 1988), with darker soils rich in organic
matter (melanic horizons) forming under grassland vegetation,
but lighter colored fulvic horizons under woodlands.

Formation in redistributed volcanic rocks and other
parent materials

Andosols have been reported to form in other materials than
volcanic when environmental conditions result in a weathering
environment characteristic of andosols. Andosols have formed
in gabbros and amphibole parent materials in Galicia, Spain
(Garcia-Rodeja et al.,, 1987), in low-activity clay regolith in
India (Caner et al., 2000), in granite in Austria (Delvaux
et al., 2004), and in non-volcanic materials in Nepal (Baumler
and Zech, 1994). Old volcanic rocks, often reworked by gla-
ciers or redistributed as sediments, can also serve as parent
materials for Andosols, such as reported in Washington (Hunter
et al., 1987) and France (reviewed by Quantin, 2004).

Properties

Morphology

When considering the horizonation and morphology of Ando-
sols, it is important to bear in mind that the soil environment
is characterized by deposition of parent materials, with the
youngest materials on top, gradually or repeatedly being buried
under new fresh vitric materials. However, some Andosols also
form in volcanic bedrocks that for example have been re-
worked by Quaternary glaciers (see Quantin, 2004).

Andosols are usually dark soils rich in organic matter, but
the morphology varies considerably according to the type of
andosols. The color of Vitric Andosols is partly determined
by the nature of the tephra materials, which range from black
basaltic to light colored rhyolitic materials.

Horizonation typically follows an A—Bw—C sequence, but
often with buried sequences due to repeated deposition events.

Argillic horizon is usually not present. Clear tephra layers
result in abrupt horizon boundaries. Tephra layers are some-
times distinct and can be important markers for dating.

While the surface horizon commonly has well expressed
granular structure, the structure of the B horizon is usually
poorly developed and difficult to identify. Young or poorly
developed Andosols can contain various types of coarse frag-
ments, which are described by specific terminology such as
ashy, pumiceous, and cindery (see Shoji et al., 1993c).

Andosols tend to be very friable when lacking phyllosili-
cates, and non-plastic. Roots often extend far into the soils.
However, hard-pans are also common under moist climates,
which impede both root growth and water transport.

Physical properties

The many peculiar physical properties characterize Andosols
such as strong silt sized aggregation and thixotropic nature, as
was reviewed by Maeda et al. (1977). Vitric materials do not
show these properties as clearly as allophanic or metal-humus
Andosols, but their physical behavior depends on their type
and degree of weathering (see Warkentin and Madea, 1980).

Aggregation and bulk density

Low bulk density is one of the diagnostic criteria for Andosols.
Density of <0.9 g cm ™ is required. This low bulk density is a
result of high organic content, aggregation of soil materials,
and sometimes low density vitric materials. Icelandic research
points to two main axes of influence, with density slowly
decreasing with increased allophane content, but organic matter
having more influence on bulk density with lowest values
(0.2 g cm ™) recorded in Histic Andosols (>12% C). The
mineral colloidal fraction also forms stable silt-sized aggregates,
which greatly influence the physical properties of Andosols
(Maeda et al., 1977), and make conventional mechanical par-
ticle size determinations useless for Andosols. Drying can
cause irreversible decrease in water retention and increase in
bulk density.
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Water retention and transport
Great water retention is one of the main characteristics of
Andosols, hence the low bulk density. Common 1.5 MPa ten-
sion water contents are >60%, but the term ‘hydric’ is used
to describe Andosols when water retention is >100% at this
tension based on dry weight of the soil. While allophane, imo-
golite and ferrihydrite contribute to this strong water retention,
the effect of organic matter (metal-humus complexes, allo-
phane—humus and humus alone) is much greater, following
the two line pattern shown earlier for bulk density. Andosols
have a large proportion of both large and intermediate pores,
which allow for rapid water transport. Water infiltration, and
both saturated and unsaturated hydraulic conductivity are rapid
compared to most other soils (see Warkentin and Maeda, 1985,
Basile et al., 2003). The silty aggregate behavior of the clay
constituents and extremely high water retention leads to high
frost susceptibility of Andosols (Arnalds, 2004).

Vitric materials can also have substantial water holding
capacity, and extremely high infiltration rate and saturated
hydraulic conductivity, enhancing their use for agriculture.

Atterberg limits and thixotropy

Andosols possess a special property, which has been called
thixotropy. The soils can contain large amounts of water and
yet appear relatively dry. When disturbed, the water is released.
In other words, the soil can reach the liquid limit upon distur-
bance (Figure A24). This property is also expressed by very
high liquid limits but a low range where the soil is plastic,
resulting in very low plasticity index (often near 0). This prop-
erty explains in part why andosols are quite susceptible to slope
failures when disturbed.

Chemical properties

pH

Andosols can have a range of soil pH (H,0O). Metal-humus-
dominated soils tend to be acid (<5) with low base saturation
and they can show signs of Al toxicity. Soils dominated by
allophane often have pH 5.5-6.5 (Nanzyo et al., 1993). If fresh
basic parent materials are still present, pH is maintained by
recharge of basic cations during weathering, which in Iceland
sometimes leads to pH > 6.5 (Arnalds, 2004). Older, mature
Andosols tend to have lower pH than younger soils, and can
be quite acid. Soil reaction measured in KCI tends to be
0.5—1.5 units or more lower than the pH H,O, the greatest
difference between the two appears where metal-humus com-
plexes are present (Nanzyo et al., 1993). Soil reaction measured

in KCI provides important information about soil acidity in
acid Andosols.

Soil reaction of Andosols rises rapidly when NaF is added
to the soil solution, with F~ replacing OH™ from active sur-
faces. This is sometimes used to identify the presence of andic
soil materials, both in laboratory and in the field.

lon exchange

One of the most distinguishing features of Andosols is their
pH-dependent charge. Allophane, imogolite, ferrihydrite and
metal-humus complexes all have large reactive surface areas,
but cation exchange capacity rises rapidly with increasing pH
(see Wada, 1985). Determination of CEC is therefore very
dependent on the pH used in any particular method and care
should be taken when interpreting both CEC and base saturation
values (see Madeira et al., 2003). Common CEC values reported
for Andosols range between 10-40 cmol, kg~'. Andosols also
exhibit anion exchange properties, which can be important
for nutrient retention (e.g., Cl°, NO*, SOﬁ’).

Exchange characteristics make Andosols susceptible to
heavy metal and Cs'®’ pollution (e.g., Adamo et al., 2003)
by retaining the pollutants quite effectively, especially when
soils are not very acid (Nanzyo et al., 1993). Andosols often
sustain dense populations, and pollution problems have been
recorded in many areas, such as near Napoli, Italy (Adamo
et al., 2003).

Classification

The development of early concepts and selection of classifica-
tion criteria were reviewed by Parfitt and Clayden (1991) for
Soil Taxonomy, and the subsequent evolution of the WRB
criteria was discussed by Shoji et al. (1996). The colloidal consti-
tuents of Andosols, clays and metal-humus complexes, provide
them with their distinctive characteristics. The identification of
Andosols is therefore primarily based upon the measure of these
constituents and their accessory properties.

Diagnostic properties

Identification of Andosols is based on the identification of an
‘andic horizon’ in WRB (FAO, 1998), but ‘andic soil proper-
ties’ according to Soil Taxonomy (Soil Survey Staff, 1998).
Acid ammonium oxalate preferentially extracts the poorly
ordered colloid constituents of Andosols and can be used to
calculate the amount of allophane, imogolite and ferrihydrite
(Parfitt and Childs, 1988; Parfitt and Wilson, 1985). The treat-
ment also extracts Al and Fe associated with metal-humus

Figure A24 Thixotropy. Undisturbed clod is shown on to the left, but disturbed clod to the right. The soil reaches the liquid limit when
disturbed with gentle pressure, even though the clod appears relatively dry. The soil is hydric andosol from the Azores (Portugal).
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complexes. The primary diagnostic criteria for andic horizon is
that it has >2% oxalate extractable Al and 2Fe (Al + %4Fe),.
Additional criteria used for identifying andosols are bulk
density <0.9 g cm™>, P-retention >70%, and thickness of
>30 cm. WRB also defines a “vitric horizon’ , which is at least
30 cm thick, containing >10% volcanic glass in the fine earth
fraction and has either (Al + '4Fe), of >0.4%, or bulk density
>0.9 g cm >, or P-retention >25%. Soil Taxonomy uses similar
criteria for vitric materials, which are included with andic soil
properties, by decreasing the requirements for (Al + 2Fe), with
increasing amount of vitric materials (0.4% (Al + '4Fe), when
vitric glass >30%). In addition, tephric material (un-weathered)
is defined by the WRB.

It should be noted that the tendency of Andosols to
accumulate large amounts of organic matter is given special con-
sideration by allowing andic soil horizons to have up to 20% C,
while under other conditions >12% C (no clay) would normally
result in Histosol classification (FAO, 1998). This breakpoint is
at 25% C in Soil Taxonomy (Soil Survey Staff, 1998).

Andosols, subclasses

The WRB separates Andosols based on many criteria. Andic
horizons are divided depending on whether they are allophanic
(silandic), metal-humus complex dominated (aluandic) or
vitric. Melanic and fulvic horizons are andic horizons with
>6% C, but the melanic horizon is darker than the fulvic, but
a distinction between the two is also based on the so-called
melanic index (see FAO, 1998; Shoji, 1988). The term ‘hydric’
is used for Andosols with >100% water at 1.5 MPa tension.
Andosols also include vitric and silic (allophane rich) sub-
groups. There is a range of other subunits of Andosols based
on criteria common to other soil groups of the WRB, such as
histic, mollic and gleyic. Tephric soil material is also used by
the WRB for vitric soils.

Distribution

Andosols are found in volcanic regions, which are widespread
on Earth, in all climatic regimes but more commonly in humid
areas than dry (Wilding, 2000). Vitric soils are also widespread,
but are not recognized as Andosols according to the WRB.

B oominant

Flat polar quantic projection
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Figure A25 Andosols of the world.
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Reviews by Kimble et al. (2000), Dahlgren et al. (2004) and
FAO (2001) provided good accounts of aerial distribution of
Andosols. They are common along the Pacific coast of the
Americas, with notable areas are in Alaska (100 000 km?,
Kimble et al., 2000) the Pacific North-West USA, Mexico, Peru
and Chile. Andosols are found in volcanic areas of Africa, e.g.,
Ethiopia, Rwanda, Kenya and Tanzania (FAO, 2001). Large areas
are found in Asia, including the Kamchatka Peninsula (Russia),
Japan, Indonesia and the Philippines, and New Zealand. Andosols
are also found in active volcanic areas of mainland Europe
(e.g., Italy, France). They are major soils of the volcanic islands
in the Atlantic, including the Azores, Madeira the Canaries, and
in Iceland. FAO estimate (2001) for global distribution of andic
soils is 1.1 million km?, but recent USDA-NRCS estimates are
1.2 million km* (Kimble et al., 2000) and 0.91 million km®
(Wilding, 2000) (see Figure A25).

Areas affected by volcanic ash are much larger then the
close vicinity of volcanoes, as volcanic materials can be trans-
ported long distances during eruptions or by aeolian/fluvial
redistribution.

Andosols and land use
The low bulk density and lack of cohesion make Andosols sus-
ceptible to disturbance, such as made by heavy machinery.
The soils are susceptible to failure when disturbed on slopes,
which can cause them to reach the liquid limit (thixotropic prop-
erty). Landslides are therefore common on slopes covered by
Andosols, and this has caused many catastrophes in volcanic areas
such as near Napoli, Italy in 1998 (e.g., Basile et al., 2003). Man-
tling of harder bedrock by andic soils and the platy character aris-
ing from tephra layers can form planes of failures. Considerable
resources are spent on stabilizing Andosols (Figure A26).
Andosols are light and easy to plow, which favors their cul-
tivation. The high water holding capacity and good hydraulic
conductivites enhance their use for agriculture, but coarse
layers of tephra can, however impede unsaturated water flow.
Good quality products are often associated with Andosols, such
as of wine and coffee. However, fertility varies greatly between
Andosol types, especially between the acid metal-humus
complex Andosols and the allophanic soils. Vitric soils are

Miscellaneous lands
(Inland waterbodies, Glaciers, no data)
FAO-GIS, February 1998
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Figure A26 Road construction in Hokkaido, Japan. Much effort is made
to stabilize the slopes, but landslides are common in Andosol areas.

widespread, especially under dry temperature regimes (e.g.,
Africa, Mediterranean), and are successfully used for various
crops, depending on local conditions, such as seasonal rainfall
pattern and possible source of irrigation water.

Extreme examples of the value of Andosols and vitric mate-
rials for cultivation is the transport of andic soil materials to
the lowlands of the Canary Islands for intensive cultivation
(sorriba) (see Armas-Espinel et al., 2003) and the use of
tephra as mulch for water conservation in the Canaries (Tejedor
et al., 2003).

Hard pans commonly form in Andosols, which greatly
affect their management possibilities, such as Mexico’s fepe-
tates (Servenay and Prat, 2003) and in the Azores (Pinheiro
et al., 2004). Andosols have an especially strong tendency to
retain phosphate, hence the P-retention classification criterion,
and often require phosphorous additions for intensive crop pro-
duction. Allophanic soils in the tropics are often heavily populated
as a result of their fertility. Heavy land use can lead to pollution of
these soils, enhanced by their colloid charge characteristics.

Much of the organic carbon in global cycling is retained in
soils. The tendency of andosols to accumulate more carbon
than other mineral soils (Eswaran et al., 1993) make them
important in relation to the global carbon cycle and climate
change, in spite of their limited distribution.

Olafur Arnalds
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ANTHROPOGENIC

Used of soils, landscapes, or ecological systems generally, to
indicate modification by human activities. Recognized as the
group Anthrosols in the WRB System of Soil Classification,
in terms of diagnostic anthropogenic horizons:

A terric horizon (from L. ferra, earth) results from addition
of earthy manure, compost or mud over a long period of time.
The terric horizon has a non-uniform textural differentiation
with depth. The source material and/or underlying substrates
influence the color of the terric horizon. Base saturation (in
1 M NH4OAc at pH 7.0) is more than 50%.

An irragric horizon (from L. irrigare, to irrigate, and agrico-
lare, to cultivate) is a light colored (Munsell color value and
chroma, moist, both greater than 3), uniformly structured surface
layer, developed through long-continued irrigation with sedi-
ment-rich water. Clay and carbonates are evenly distributed
and the irragric horizon has more clay, particularly fine clay,
than the underlying soil material. The weighted average organic
carbon content exceeds 0.5%, decreasing with depth but remain-
ing at least 0.3% at the lower limit of the irragric horizon.

A plaggic horizon (from Dutch plag, sod) has a uniform tex-
ture, usually sand or loamy sand. The weighted average organic
carbon content exceeds 0.6%. The base saturation (in
1 M NH4,OAc at pH 7.0) is less than 50%. The content of
P,0j5 extractable in 1% citric acid is more than 0.25% within
20 cm of the surface (frequently more than 1%).

A hortic horizon (from L. hortus, garden) results from deep
cultivation, intensive fertilization and/or long-continued appli-
cation of organic wastes. It is a dark colored horizon with Munsell
color value and chroma (moist) of 3 or less. The hortic horizon has
a weighted average organic carbon content of 1% or more, and
more than 100 mg kg’1 (0.5 M NaHCOs; extractable) P,Os in
the fine earth fraction of the upper 25 cm layer. Base saturation
(in 1 M NH4OAc at pH 7.0) is 50% or more.

An anthraquic horizon (from Gr. anthropos, human, and
L. aqua, water) represents a puddled layer or a plow pan. Charac-
teristically, plow pans have a platy structure; they are compacted
and slowly permeable to water. Yellowish-brown, brown or
reddish-brown rust mottles occur along cracks and root holes.
The bulk density of the plow pan is at least 20% greater than
that of the puddled layer, whereas its porosity is 10 to 30% less
than that of the puddled layer. Non-capillary porosity is 2 to 5%.

A hydragric horizon (from Gr. hydros, water, and L. agrico-
lare, to cultivate) is a subsurface horizon with characteristics
associated with wet cultivation:
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e iron-manganese accumulation or coatings of illuvial Fe and
Mn; or twice as much dithionite-citrate extractable iron than
in the surface horizon(s), or more, or 4 times as much dithio-
nite-citrate extractable manganese or more; or

e redoximorphic features associated with wet cultivation; and

o thickness of more than 10 cm.

ANTHROSOLS

Anthrosols are soils that have been significantly altered by the
agricultural, horticultural, domestic and other activities of human-
kind. This article is based on the descriptions in FAO (2001).
Connotation. Soils with prominent characteristics that result
from human activities; from Gr. anthropos, man.
Definition. FAO (2001) defines Anthrosols as soils that have
been formed or modified by human activities such that

1. a hortic, irragric, plaggic or terric horizon 50 cm or more
thick is present; or

2. an anthraquic horizon and an underlying hydragric horizon
occur with a combined thickness of 50 cm or more.

Parent material. Virtually any soil material, modified
through cultivation, excavation, or by addition of material.

Environment. Plaggic Anthrosols are most common in north-
west Europe; hydragric Anthrosols in Southeast and East Asia,
and irragric Anthrosols in the Middle East.

Profile development. The influence of Homo sapiens is
normally restricted to the surface horizon(s); the horizon differ-
entiation of a buried soil can still be intact at some depth.
Qualifiers are used to indicate the type of anthropogenic
modification that has influenced soil development. Common
anthropedogenic horizons and the soils they occur in, are:

Plaggic Anthrosols — soils modified by additions of sods.
Occur for example in areas of glacial sand and loess of Europe
such as Arenosols and Podzols. The plaggic horizon (from Dutch
plag, sod), uniform in texture, commonly sand or loamy sand.

Terric Anthrosols are most noticeable in wetland areas with
Fluvisols, Gleysols and Histosols or with in regions of acid/
unfertile soils such as Albeluvisols, Arenosols or Podzols.
The terric horizon (from L. terra, earth) forms where there
has been long-term addition of earthy manure.

Irragric Anthrosols are most common in sub-humid to arid
regions, with Calcisols, Gypsisols, Solonchaks and Solonetz, as
well as with Regosols and Cambisols. The irragric horizon (from
L. irrigare, to irrigate and agricolare, to cultivate) is a light
colored, with a uniform structure, developed where irrigation
with sediment-rich water has been practiced over the long-term.

Hydragric Anthrosols are found in river systems with Gley-
sols and Fluvisols, in uplands with Alisols, Acrisols, Lixisols
and Luvisols in upland areas, and in volcanic districts with
Andosols. The hydragric horizon (from Gr. hydros, water,
and L. agricolare, to cultivate) is a subsurface horizon with
the redoximorphic features associated with wet cultivation.

Anthraquic Anthrosols occur particularly as modifications of
clay to loamy-clay soils, Mollisols and Fluvisols for example,
or of soils with a low bulk density such as Andosols. The
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Figure A27 Anthropic landscapes. Courtesy USDA-NRCS, Soil survey division.
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anthraquic horizon (from Gr. anthropos, human, and L. aqua,
water) is a puddled layer or a plow pan, with low permeability.

Hortic Anthrosols can occur alongside virtually any refer-
ence soil group. The hortic horizon (from L. hortus, garden)
is produced by deep cultivation, intensive fertilization and/or
long-term application of organic wastes.

Origin

Human activities may modify a soil simply in terms of the
activity itself (as in plowing), or by virtue of the addition of
materials to the land surface (in land fills for example). In the
latter case the material added, ‘anthropogenic soil material’,
is not itself an Anthrosol until pedogenetic change is evident.
Typical ‘anthropedogenic processes’ are

1. deep working, i.e., below the normal depth of tillage (e.g., in
terraced lands in the Mediterranean Region, the Arab Penin-
sula, the Himalayas and the Andes);

2. intensive fertilization with organic/inorganic fertilizers
without substantial additions of mineral matter (e.g., man-
ure, kitchen refuse, compost, night soil);

3. continuous application of earth (e.g., sods, beach sand,

shells, earthy manures);

irrigation adding substantial quantities of sediment;

wet cultivation involving puddling of the surface soil and

human-induced wetness.

e

Use. European Anthrosols were traditionally grown to win-
ter rye, oats, and barley but are now also planted to forage
crops, potatoes and horticultural crops; in places they are used
for tree nurseries and pasture. Irragric Anthrosols occur in irri-
gation areas where they are under cash crops and/or food
crops. Hydragric Anthrosols are associated with paddy rice cul-
tivation whereas hortic Anthrosols are (mainly) planted to
vegetables for home consumption (see Figure A27).
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ARENOSOLS

Arenosols are sandy soils, developed on quartzose (and sometimes
calcareous) sands of diverse origins, for example from residual
materials remaining after the long term weathering of acid rocks,
from aeolian deposits, or from fluviatile sediments including post
glacial deposits. The following account follows FAO (2001).

Connotation. Sandy soils; from L. arena, sand.

Synonyms. Arenosols are equivalent to ‘siliceous, earthy and
calcareous sands’ and various ‘podzolic soils’ (Australia), ‘red
and yellow sands’ (Brazil) and the Arenosols of the FAO Soil
Map of the World. In Soil Taxonomy Arenosols occur in part
as Psamments and Psammaquents, and when deep, with an argic
or spodic horizon within 200 cm from the surface, as ‘grossare-
nic’ subgroups within the alfisol, ultisol and spodosol orders. In
France Arenosols correlate with taxa within the “Classe des sols
minéraux bruts” and the “Classe des sols peu évolués”.

Definition. Essentially sandy soils developed on sandy par-
ent materials, formally defined by FAO (2001) as soils having:
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Figure A28 Distribution of Arenosols.
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1. atexture, which is loamy sand or coarser either to a depth of
at least 100 cm from the soil surface, or to a plinthic, petro-
plinthic or salic horizon between 50 and 100 cm from the
soil surface; and

2. less than 35% (by volume) of rock fragments or other coarse
fragments within 100 cm from the soil surface; and

3. no diagnostic horizons other than an ochric, yermic or albic
horizon, or a plinthic, petroplinthic or salic horizon below
50 cm from the soil surface.

Parent material. Unconsolidated, in places calcareous,
translocated sand; relatively small areas of Arenosols occur
on residual sandstone or siliceous rock weathering.

Environment. From arid to (per)humid and from extremely
cold to extremely hot; landforms vary from recent dunes, beach
ridges and sandy plains under scattered (mostly grassy) vegeta-
tion, to very old plateaus under light forest.

Profile development. A(E)C profiles. In the dry zone, an
ochric surface horizon is the only diagnostic horizon. Arenosols
in the perhumid tropics tend to develop thick albic eluviation
horizons; most Arenosols of the humid temperate zone show
signs of alteration or transport of humus, iron or clay, but too
weak to be diagnostic.

Origin. Under dry climates Arenosols have minimally
developed profiles either because the parent materials are
young, or because soil forming processes are relatively inactive
during long droughty. In humid regions, the profile will be
more mature, and in the limit achieved in the humid tropics,
a giant Podzol may form with a thick albic E-horizon.

Use. Most Arenosols in the dry zone (see Figure A28) are
used for little more than extensive grazing but they could be used
for arable cropping if irrigated. Arenosols in temperate regions
are used for mixed arable cropping and grazing; supplemental
(sprinkler) irrigation is needed during dry spells. Arenosols in
the perhumid tropics are chemically exhausted and highly sensi-
tive to erosion. They are best left untouched.
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ARGILLACEOUS

Describes geological materials rich in clay: shales for example.
Not normally applied to soils, the roughly equivalent term
in pedology being argillic, as in argillic horizon. Soils developed
on argillaceous materials tend to be heavy, with clay minerals
inherited or derived from sheet silicates in the parent rock. Where

soils have developed on so-called “black” (i.e., organic-rich)
shales, elements such as Cu, Mo, Ni, Zn, Cr, V, As and F, may
be present in toxic amounts (e.g., Fang et al., 2001).
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ARGILLAN

See Cutan.

ARID

Adjective applied to climates with a low annual precipitation in
the range 50 to 250 mm. Precipitation in the range 250 to
500 mm per year is considered to be semi-arid. In Soil Taxon-
omy an aridic moisture regime is recognized and is one of the
diagnostic features of the aridisol order.

ARRHENIUS’ EQUATION

Arrhenius’ Equation is commonly expressed in the form shown
in Figure A29. T is temperature in “°Kelvin; R is the gas constant;
E,4, is the activation energy, the minimum energy in joules per
mole needed for the reaction to take place; e is 2.71828; and A
is essentially constant over the small temperature range of typical
soil systems, and is related to such factors as stericity, and the
number of collisions between molecular particles.

The rate of a given reaction is a function of the rate constant
and the concentrations of all reactants. For reactions under
earth surface conditions, with activation energies of about
50 kJ mol ', the rate of reaction approximately doubles for a
10 °C rise in temperature.

activation energy

-
pre-exponential factor E

k —_ ‘Ae RT«— temperature in °K
¥
rJ

as constant
base of natural 9 -

logarithms

rate constant

Figure A29 Arrhenius’ Equation.
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ASSOCIATION

A loose grouping of soils that occur together on a landscape,
within a given ecological zone, or which develop on a parti-
cular parent material.
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AUGER

An instrument for boring into soil and obtaining a subsurface
sample for examination. Commonly with a handle at right
angles to the shank to facilitate penetration of the soil by manu-
ally twisting the instrument. Several varieties are used, a com-
mon one being the probe, which has a small chamber with a
cutting edge at its lower end for retrieving the soil sample.
(Tarnocai, 1993, 755-759).
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AUTHIGENIC

Used to describe soil constituents that formed within the soil.
The process is called neoformation. The equivalent term used
by geologists is autochthonous, a word used in soil science
only when referring to certain microorganisms. See Allogenic.

AZONAL SOIL

See Order.
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BARCHAN

See Horizon, Profile, Horizon Designations.

BACKGROUND

Term applied to the general chemical composition of the soils
or rocks of a region, against which the presence of anomalously
high (or low) values may be gauged. Used especially in
geochemical prospecting (Hawkes and Webb, 1962, p. 22-26).
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BADLANDS

Bare ground that has suffered extensive soil and sediment ero-
sion by rain-wash, such that the land has been carved into
an almost impassable surface of ridges, pinnacles, valleys
and other shapes (Campbell, 1997). Particularly characteristic
of arid and semi-arid regions. Contemporary erosion rates from
about 3 to more than 80 mm per year.
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BARRENS

Originally barren grounds, applied particularly though not exclu-
sively, to parts of the Canadian Shield where a combination of
thin soils, rock exposure, cold climate and permafrost, result in
a sparse vegetation. Now the newest geological source of dia-
monds (Krajick, 2001).
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BASE

See Acids, Alkalis, Bases and pH.

BASE LEVEL

The level down to which running water flows on a landscape,
and therefore the level that the landscape would be reduced
to by erosion, if no other process intervened. The ultimate
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base level is sea level, though any part of the land surface
where a stream-gradient is effectively zero, may act as a local,
temporary base level. Planar landscapes formed by base level-
ling include some of the oldest land surfaces on earth (for
example in the interiors of the Gondwanaland continents),
and may have had continuous soil forming processes since
the end of the Mesozoic (Adams, 1975).
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BASE SATURATION

Base saturation indicates the balance between acid and base
cations adsorbed by the cation exchange complex (CEC) of a
soil. The term is a partial misnomer because a base is a chemi-
cal compound that can react with an acid to form a salt; cal-
cium hydroxide, Ca(OH),, is an appropriate example. In the
present context, however, it is now understood to mean the
cation of the base, that is, Ca’", as distinct from the cations
H;0" and [A1(H,0)s]> ", which are acids.

If a neutral solution (that is, at pH 7) of a salt such as ammo-
nium chloride percolates through a neutral soil, the leachate
will contain an amount of cations equivalent to that in the
initial solution, although the composition of the leachate will
be different because of cation exchange; in particular, the lea-
chate will be enriched in Ca®". If, on the other hand, the neutral
salt solution passes through an acid soil, the leachate will be
acid, and it will contain less base cations than the added solu-
tion because the base cations have been adsorbed by the soil
to the extent that it was unsaturated.

Hissink (1925) introduced the concept of degree of base
saturation and defined it as the ratio of the quantity of adsorbed
base actually present in the soil to the total quantity the soil can
adsorb. Hissink experienced difficulty in measuring total base
adsorption because it increases almost indefinitely as a base is
added to the soil; however, he was able to at least approximate
the degree of base unsaturation from the amounts of Ba(OH),
that remained unreacted after addition to the soil.

Understanding of both cation exchange and soil acidity
(g.v.) has improved considerably in recent years, and because
these topics are intimately linked with base saturation, they will
be discussed first.

Cation exchange

The origin of cation exchange lies in the negative electric charges
on the colloidal clay and humus particles of the soil matrix. There
are two main components of negative charge: a constant, or
permanent, charge and a variable, pH-dependent charge.

The permanent charge is generated by partial isomorphous
substitution within the lattices of clay-size layer silicates, and
in particular, the substitution of AI** for Si** in the tetrahedral
sheet and of Mg®" or Fe*™ for A" in the octahedral sheet.
The consequent deficiency in positive valency results in a crys-
tal with an excess negative charge.

The variable charge is generated by the pH-dependent dis-
sociation of hydroxyl groups, which may occur in (@) silanol
groups located at the surfaces of aluminosilicate gels or the
edges of layer-silicate crystals, (b) phenols, or (c¢) in carboxylic
acids. Where appreciable amounts of organic matter are present
such as in surface soils, the major part of the variable charge
arises from proton dissociation by carboxyl and phenolic groups.
Another mechanism contributing to pH-dependent charge is the
“blocking” of negative charge by strongly adsorbed hydroxy
aluminum cations. As the pH rises, these cations precipitate as
aluminum hydroxide, and the negatively charged sites are then
free to participate in cation-exchange reactions.

The adsorption of positively charged counterions (mainly
Ca*", but also K, Na®, NHS, Mg”>", Mn**, and AI’",
depending on circumstances) by soil particles ensures their
overall electrical neutrality. When a soil is suspended in or lea-
ched by a salt solution, the cations of the salt displace the freely
diffusible counterions of the soil, producing cation-exchange
phenomenon (see Exchange phenomena).

Acid soils

The nature of soil acidity was reviewed by Coleman and
Thomas (1967). Soil acidity is a complicated field, but the main
features can be illustrated by considering the reactions that
occur when a base such as Ca(OH), reacts with an acid soil.

e Free hydrogen ions (i.e., hydrated protons, H;O") in
solution are neutralized by the base:

H;0" + OH™ — 2H,0 (1)

It is important to realize that acid soils normally contain
very little free hydrogen ion, except in very acid peat or
muck soils, and that this reaction therefore accounts for very
little of the base consumed.

e Aluminum ions, which balance in part the surface negative
charges of acid soils, are desorbed by the cations of the
base and are then precipitated as aluminum hydroxide by
hydroxyl ions:

2s0il Al + 3Ca>" — 3soil Ca + 2AP*
AP +30H™ — Al(OH), (2)

The amount of surface charge is unaffected by these reac-
tions. The components of acidity described under Equa-
tion (1) and Equation (2) are described as exchange acidity
because they are acid cations displaced when the soil is lea-
ched by an unbuffered salt solution; they can be estimated
by a direct titration of the leachate with a base.

e Acidic hydroxyl groups, which occur in a number of soil
components as mentioned above, ionize and are neutralized
by the base:

H,0+R — OH — RO~ + H;0"
H;O0" + OH™ — 2H,0 (3)

This reaction is analogous to the neutralization of a sim-
ple weak acid, but the acid groups involved occur on soil
surfaces rather than in solution. This component is described
as hydrolytic acidity.

An important effect of reaction 3 is to increase the negative
electric charge, which is then balanced by adsorption of cations
from the base. This increase is the pH-dependent charge
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referred to above, and it is of considerable magnitude in surface
soils because of the humus they contain.

The total acidity of the soil is the sum of the exchange acid-
ity and hydrolytic acidity as defined above; i.e., it is the total
base consumed in bringing the soil from its natural pH to the
final pH attained after reaction with the base. The total acidity
has also been called fitratable acidity, and some authors have
referred to it as exchange acidity (e.g., Peech, 1965).

Cation exchange capacity (CEC)

CEC measures the ability of a soil to adsorb cations in
exchangeable forms. It corresponds to the negative charge of
the soil and is expressed in milli-equivalents per unit mass of
soil (mequiv kg ™).

The negative charge, and hence the CEC, increases as pH rises.
This was explained previously and is illustrated in Figure B1.
The capacity of the soil to adsorb exchangeable cations cannot
therefore be defined unless a standard pH for its measurement
is agreed upon. Bradfield and Allison (1933) proposed that “a
soil saturated with bases is one which has reached equilibrium
with a surplus of CaCOj; at the partial pressure of CO, existing
in the atmosphere.” This corresponds to a pH of 8.2—8.3 and
provides a rational basis for the determination of both CEC and
total acidity. A buffer (see Buffers, buffering) system containing
triethanolamine and triethanolamine hydrochloride at pH 8.2, in
0.25 mol I"! BaCl, solution has frequently been used for these
determinations (Chapman, 1965; Peech, 1965).

The partial pressure of CO, in soils is generally greater than
that in the atmosphere because of the respiration of soil fauna
and flora so that the pH of a soil in equilibrium with CaCO;
is lower than 8.2. This is one reason for the more common
practice of measuring CEC at the neutral point, pH 7, using a
1.0 mol "' ammonium-acetate buffer solution.

200

150

100

CEC (mequiv kg-1)

50 -

7.0
pH

Figure B1 Effect of soil reaction (pH in 0.01 M CaCl, suspension) on

CEC, for some contrasting soils adjusted to different reactions in the

field. The effects are related mainly to the organic matter contents of
the soils: 3.1% C; 1.7% C; 0.5% C; 0.3% C (subsoil).

A third approach in determining CEC is to leach soil with
unbuffered salt solutions (1.0 mol I"' KCl or NH,CI) that
rapidly adjust to the natural reaction (pH) of the soil and dis-
place only the exchangeable cations without generating extra
pH-dependent charge. In this case CEC equals the sum of
cations displaced from the soil, including AI’* from acid soils
of pH less than 5.2, as well as the base cation suite referred to
previously.

Degree of base saturation
The degree of base saturation is defined simply as (XM)/CEC,
or when expressed as a percentage, V' = 100(XM)/CEC. Here
M refers to the sum of milli-equivalents per kilogram of
exchangeable cations Ca®*, Mg>", K*, Na*, NH;, and so
on. It is clear from the previous discussion that when defining
the degree of base saturation, the pH at which the CEC is mea-
sured must be specified. In the majority of soils literature, the
CEC measured at pH 7 in ammonium acetate (NH4OAc) solu-
tion is taken as the standard for base saturation, although the
other methods mentioned previously are perfectly valid for dif-
ferent purposes.

The components that contribute toward CEC and that
account for base saturation and unsaturation are related as
follows:

CEC = exchangeable base cations
+ exchange acidity (acid cations)

+ hydrolytic acidity 4)

The effect of different methods of expressing CEC on the
apparent degree of base saturation is illustrated diagrammati-
cally in Figure B2.

Base saturation and soil pH

Base-saturated soils are neutral in reaction while base-
unsaturated soils are acid. Some relationship would therefore
be expected between pH and the degree of base saturation.

Negative Charge pH of Degree of base
charge balanced by measurement saturation
(meg kg~') 8
| 8.2 — $s=033
Weak acid H
100 A 38 _
7.0 — % 0.40
Weak acid H:
1 ROH - RO™ + H*
] (pH-dependent
charge)
44 — B =063
50 Acid cations
H+, A|+++
38
1 Base cations
Ca++ Mg++ K+
Na*, NH;
0

Figure B2 Diagrammatic illustration of components of negative
charge and their relationship to degree of base saturation.
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Figure B3 Relationships between soil pH (measured in 0.1 M KCl
suspension) and degree of base saturation of some German soils,
showing differing effects of organic and inorganic exchange sites (from
Schachtschabel and Renger, 1966). Marsh soils ¢ parabrown earths.
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A number of workers have sought such a relationship, but all
have found that for different soils there is no simple direct rela-
tionship, although soils with more organic matter generally
give higher pH values at a given saturation (based on CEC at
pH 7) than similar soils with less organic matter. This is illu-
strated in Figure B3 by statistical regression lines for the contri-
butions of the inorganic and organic fractions of some German
soils.

Good regression lines for pH against base saturation were
obtained by Blosser and Jenny (1971) when they separated
soils from the same parent material according to vegetational
type (considered to be a function of climate) and according
to A and B horizons (reflecting differences in organic matter
content). Limiting the study to the permanent charge compo-
nents of CEC and expressing base saturation in terms of the
balance between exchangeable calcium and aluminum, still
gave considerable variation in the relationship with pH for con-
trasting soils (Turner and Clark, 1966; Bache, 1974).

Early workers in this field (Pierre and Scarseth, 1931) con-
sidered that differences between soils in this relationship origi-
nated in the amount and nature of the soil colloids and in the
strength of the soil acids. These factors are expressed in mod-
ern terminology by the amounts and the dissociation constants
of the humus acids, the amounts of clay, and the differences
between different clay minerals in their selectivity coefficients
for exchange of the cations H;O", AI** and (Ca, Mg)*™.

Base saturation and soil formation

Soil formation in a leaching environment is accompanied by a
gradual loss of base cations, especially Ca®", from the cation-
exchange complex. The soils thus become progressively unsa-
turated and increasingly acid. The hydrogen ions in solution,
which cause this, originate either from the solubility of carbon
dioxide:

2H,0 + CO, — HCO; + H;0™" (5)

or from soluble acids that form during the decomposition
of humus in the surface horizons of the soil. Soluble acids are
particularly important where the vegetation is coniferous forest,
and these acids may remove Ca’" by the formation of chelate
complexes as well as by hydrogen-ion exchange.

Cations are lost initially from the pH-dependent exchange
sites, which acquire protons, the reverse of the reactions
described previously:

(R-0),Ca + 2H;0" — 2ROH + Ca’" + 2H,0 (6)

As the pH drops below 5.2, in the more advanced stages of
development, AI>" ions begin to be released from the surfaces
of soil minerals and are strongly adsorbed onto the exchange
sites, displacing more Ca”" into solution. The cations in solu-
tion are removed from the soil by leaching, either as bicarbo-
nate or as organic-acid salts.

There appear to be few studies that relate modern concepts of
base unsaturation to soil genesis and systematics, although
Turner and Clark (1966) have done so for the Podzolic and
Brunisolic orders of the Canadian soil-classification system.
Degree of base saturation, based on CEC determined by ammo-
nium acetate at pH 7, is used in modern classification systems to
distinguish between mollic and umbric epipedons, and between
eutric and dystric B horizons; in each case the second member of
these taxonomic terms has less than 50% base saturation.

Bryon W. Bache
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BASEMENT

BED

That part of the continental crust that has been anorogenic (i.e.,
not involved in mountain building activities, and therefore con-
sidered to be stable over the long term) since at least the early
Paleozoic. Basement rocks are exposed as shields or cratons
on all continents. Granitoid rocks dominate cratonic regions
(e.g. Card and Poulsen, 1998) and constitute the parent materi-
als of many of the acid soils worldwide, both on the deeply
weathered basements of Africa, Australia and South America
(e.g. ferrallitic soils), or on the young, granite-derived glacial
deposits of the shield areas of the northern hemisphere (e.g.
podzolic soils).
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BASIC

See Acids, Alkalis, Bases and pH.

BASIN

In geomorphology, a depression in a landscape, into which water
drains from the surrounding higher ground. If the basin has
an outlet it is said to be an open basin, otherwise it is considered
closed. The geological usage relates to a circumscribed tectonic
structure filled with sedimentary strata all of which dip towards
the center of the structure. In hot, humid climates, upslope soils
tend to have a clay mineralogy dominated by 1:1 clays or gibb-
site, with smectite-bearing soils common downslope in basins
or other depressions (Birkeland, 1999, p. 241).
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BEACH

The shore of a sea, lake or large river, commonly covered by a
deposit of sand or gravel. Arenosols commonly develop on old
beaches.

Cross-reference
Soils of the Coastal Zone

In geology, a coherent layer or stratum in a stratigraphical
sequence of sedimentary rocks. In soil science a visually distinct
layer of volcanic ash or windblown sand for example, within a
profile. Tephra layers are particularly valuable in dating the soils
of volcanic regions (Newton, 1996).
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Cross-reference
Andosols

BEDROCK

A rock body underlying a soil and its parent material. It may or
may not be genetically related to the soil.

Cross-reference
Saprolite, Regolith and Soil

BENCH

A landscape feature representing a break in slope, where the
inclination of the slope becomes quasi-horizontal.

BERM

In geology a remnant surface that predates the erosional epi-
sode which removed the rest of the surface. In engineering an
artificial ridge or elongated mound of earth materials, including
soil, constructed to enclose, completely or partially, a given
area for erosion control, privacy or some other purpose.

BIODEGRADATION

The breakdown of a substance or material by the action of
living organisms. The use of such organisms (especially
bacteria and other microbial species) for that purpose. See
Bioremediation.

BIODIVERSITY

A term in ecology to represent the total number of extant spe-
cies in an ecosystem.
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BIOGEOCHEMICAL CYCLES

A biogeochemical cycle describes the transfers of materials
between an interconnected series of reservoirs, in and on the
earth, and from scales ranging from the planet as a whole, to
smaller units such as the soil. The soil itself is a critical compo-
nent of all higher scale biogeochemical cycles, not only in
the obvious case on land, but also as an important stage in
the sedimentary cycle, to the marine environment.

The context

The idea of cyclical processes pre-dates science, and is found
in Hindu, Buddhist and other ancient cosmogonies. In addition,
the circle was considered to be an ideal form by Plato and a
cyclic view of history appears in Book 8 of the Republic. Dur-
ing the Renaissance, the notion of cyclical history was devel-
oped by Vico, though in the history of science, the significant
development was the Copernican model for the Solar System,
which was confirmed and modified by Galileo and Keppler,
and triumphantly explained by the celestial mechanics of Isaac
Newton in the 17th century.

In the context of Earth science, the idea of cyclical processes
is as old as scientific geology itself, with the publication of the
Theory of the Earth by James Hutton in 1796. In effect, his
idea of a continuous alternation of destructive and constructive
events in Earth history is a perpetual motion machine that leads
to the Rock Cycle (Figure B4).

The perpetual motion aspect of the idea (“no vestige of a
beginning, no prospect of an end” in Hutton’s words) did not
survive the rise of thermodynamics, so that nowadays it is uni-
versally recognized that the cycles are not true cycles but have
in fact evolved throughout geological time. For the much shorter
time scale of the pedologist, this aspect of secular evolution may
be ignored in general, though an important qualification to this
last statement is that since the Industrial Revolution began some
250 years ago, anthropogenic effects have caused important
modifications to take place in natural cycles.
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Figure B4 The rock cycle - a modern representation derived from
James Hutton’s 18th century classic of geology Theory of the Earth.

In detail, the rock cycle is made up of two divisions: an internal
or endogenic cycle is distinguished from an external or exogenic
cycle. Energy for the endogenic cycle comes from nuclear fission
within the body of the Earth, and for the exogenic cycle, from the
sun. Neither cycle is closed, though it is common to assume at least
a high degree of closure, in determining mass balances within the
external cycle. Interchange between the two cycles is brought
about principally by the processes of plate tectonics (Figure B5).

The Exogenic Cycle contains within it, a series of nested
material cycles, the most important of which in the present con-
text is the Water Cycle (Figure B6). Water is the principal agent
of transport of particulate and dissolved matter over the Earth’s
surface, and is the major influence in the differentiation and
evolution of soils. As an absolute prerequisite to the mainte-
nance of the biosphere, it is a ubiquitous component in all
biogeochemical cycles.

Biogeochemical cycles and soil

Within, the closed (or quasi-closed) global cycles referred to
above, the soil compartment is a completely open system in the
thermodynamic sense of actively exchanging both energy and
matter with its surroundings (i.e., the rest of the exogenic cycle).
Figure B7 provides an example of the dynamics of carbon within
the soil compartment of the global cycle of that element.

Two classic views that explicitly incorporate soil into the
picture are shown in Figure B7 and BS.

Soil constitutes a reservoir of energy (in the form of organic
matter), of water and nutrient elements, and of a microbial bio-
mass that acts as the necessary intermediary in the redistribu-
tion of energy and materials throughout the terrestrial
biosphere (Figure B9). As the focus of such redistributions,
the soil is a choke point on the land surface where the terrestrial
biosphere is particularly vulnerable to natural and anthropo-
genic change (Figure B10 and B11).

The global cycles of biologically active elements are funda-
mental to any consideration of biogeochemistry in Earth sur-
face science, and are crucial in maintaining the integrity of
the biosphere. For details of individual cycles see the articles
Hydrologic Cycle, Carbon Cycle, Nitrogen Cycle, Potassium
Cycle, and Phosphorus Cycle. Other examples appear in the
companion volume in the Encyclopedia of Earth Sciences Ser-
ies: the Encyclopedia of Geochemistry.

Ward Chesworth
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Figure B7 (b) Detrital C-dynamics in the upper 20 cm of a Chernozem. Carbon in reservoirs expressed as kg C m™, annual fluxes as kg C m™ yr™'
Total content of C down to 20 cm is 10.4 kg m™
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Cross-references

Carbon Cycling and Formation of Soil Organic Matter
Computer Modeling

Earth Cycles

Field Water Cycle

Nitrogen Cycle

Phosphorus Cycle

Potassium Cycle

Soil Microbiology

Sulfur Transformations and Fluxes

BIOMASS

The total weight of organisms living in all or part of an ecosystem.
The standing biomass is that part of the total which is represented
by above ground vegetation that is rooted in the soil.

BIOME

A community of plants and animals living together in one or
other of the major types of habitat found on Earth, such as
the temperate grassland, tropical forest, or freshwater habitats.
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biome for example, tends to be dominated by chernozemic,
kastanozemic and phaeozemic soils.

BIOMES AND THEIR SOILS

The word biome was first used by Clements in 1916 (Carpenter,
1939), and is currently used to mean a community of organisms
living together and essentially typical of a particular climatic
region on land or sea. Specific soil types or associations develop
in, and are characteristic of, the terrestrial biomes. In Figure B13
these are classed into the following groups: Tundra, Forest,
Grassland, Mediterranean, and Desert biomes. Table B1 pro-
vides a summary of salient characteristics. For an excellent
recent treatment see Woodward (2003). The principal sources
used here for information on soils of the major biomes are
FAO (2001) and Zech and Hintermaier-Erhard (2007).

Soil formation has a long history (Retallack, 2000) and as
biomes have evolved so has the soil. Microbial organisms were
probably the first to colonize the land surface during the Pre-
cambrian, but it was not until the Silurian period that plants
and arthropods began to occupy the land and modify the weath-
ering surface into soils similar in a general way to modern
soils. Modern soils are not notably affected by this distant
history, but an outline of the abiotic and biotic changes in the
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Figure B12 Major biomes. Courtesy USDA-NRCS, Soil Survey Division.

soil-forming environment over the last 30 million years is ger-
mane (Figure B14). During that time, major changes of signif-
icance to the diversity of soils have been the rise and decline of
the Pleistocene glaciations, and the expansion of open, grass-
land habitats at the expense of continuous canopy forest. Dur-
ing the last 10 000 to 12 000 years, human activities have
become paramount in modifying the soils in biomes amenable
to the practice of agriculture. The clearance of forest in particu-
lar, has had a major effect not only on the modification of soil,
but by releasing stored CO, into the atmosphere has also been a
significant driver of global warming (Ruddiman, 2005).

Physical weathering is an important soil forming and soil
modifying process in all biomes. In the more humid ones,
hydrolysis is the important process of chemical weathering in
soil genesis. In soils of the desert and tundra biomes, hydroly-
sis is much subdued and physical processes predominate.

Tundra biomes

Tundra is a Sami word used originally to mean the cold, tree-
less plain bordering the Arctic Ocean in Lapland. The Tundra
biome stretches over a vast circum polar belt across northern
Eurasia and North America (Arctic tundra), and a counterpart
occurs as the highest and coldest zone of young fold mountains
(Alpine tundra).

Arctic tundra

Arctic tundra stretches from the Arctic Ocean down to the
Taiga zone. It is the coldest of the biomes (with a winter tem-
perature of minus 35 °C or lower) and has the shortest growing

season (50 to 60 days). Summer temperatures in the daytime
may get into the 30s. Annual precipitation, mostly as snow, is
low — typically less than the equivalent of 300 mm of rain. In
the Kdppen system of climate classification climate types are
mostly ET, Dfc and Dfd.

About 5 million square kilometers of the Arctic tundra is
polar desert with an annual precipitation of 250 mm or less
and a mean summer temperature below 10 °C. Topographic
relief is generally low, with bedrock and gravel plains as com-
mon landforms. Patterned ground is characteristic, and results
from cryogenic processes caused by alternate freezing and
thawing.

Biodiversity is low and population fluctuations are high.
Mosses, lichens, sedges and grass species, with low, wind-
adapted shrubs are typical. A varied fauna is supported e.g.,
polar bears, caribou, wolves, foxes, hares, migratory birds, a
large number of insects, as well as salmon, trout, char and other
fish species.

The Arctic tundra occupies a region of the globe that was
glaciated during the Pleistocene. Consequently the parent mate-
rials available for soil are those that are typical of glaciated ter-
rain: bare rock surfaces, and the materials of moraines, kames,
eskers and drumlins, together with various outwash and wind-
borne sediments derived from them. Till, gravel and sand are
common. Because of low temperatures, chemical weathering
is minimized in the Tundra biome, a fact displayed on old rock
surfaces that still appear fresh with virtually unweathered
striae, chatter marks and other stigmata of the ice that disap-
peared 10 000 or more years ago. The dominant soil-forming
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Table B1 Summary of the characteristics of the major biomes

Biome Climate Region Vegetation
Forest A, C,D
tropical Af, Am Amazon, Congo, Indonesia, Malasia. Evergreen rainforest, Deciduous in
monsoonal regions.
temperate Cfa, Dfa, (& Cfb Western Europe, Northeast & Northwest North America, Deciduous broadleaf forest.
in Europe) Northern China, Korea, Japan.
boreal (taiga) Df Northern Canada, Scandinavia & Russia, Alaska. Pine, Fir, Spruce
Grassland A, B
tropical (savannas) Aw East Africa, Sahel, Southern Brazil, Northeast Australia. Isolated trees and bush in open grassland.
temperate BSk, BSh Midwest North America, Central Asia, Argentina. Long and short grass prairies and steppes
Desert B
hot BWh Sahara, Namibia, Kalahari, Arabia, Southwest USA, Negligible vegetation.
Central Australia.
dry BWk Gobi, Central Asia, Southern Patagonia. Xerophytic and halophytic vegetation.
Mediterranean Csa, Csb, Cfb Mediterranean, California, Iran, Southwest & South Bushland
Australia, Cape region of South Africa, Central Chile.
Tundra E, ET
polar Northernmost North America, Europe and Asia; Mosses, Lichens, Bush to the south.
ice-free Antarctica.
alpine American cordilleras, Alpine-Himmalayan fold belt Similar with Bush downhill.

processes are physical. Typical are cryogenic processes, driven
by soil water as it migrates towards the frozen front from war-
mer parts of the soil. These processes include freeze-thaw,
cryoturbation, frost heave, cryogenic sorting, thermal cracking

and ice segregation. Where the cryogenic activity has been
weak, or has persisted for only a short time, gelic Leptosols
and Regosols are found, but the defining soil of the tundra pro-
duced by these processes is the Cryosol. Diagnostic for the
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Figure B14 The historical and pre-historical context. Global change
over the last 30 million years (adapted from Behrensmeyer et al., 1992).

Cryosol is a perennially frozen cryic horizon, which shows evi-
dence of cracking, heaving and sorting, and has a characteristic
platy and blocky texture.

Root systems in Cryosols are relatively shallow, since at
depth, there is a perennially frozen layer of subsoil called per-
mafrost, consisting mostly of badly sorted gravel and finer
material. As a consequence drainage is poor with water satura-
tion leading to the formation of Gleysols. Peat also accumulates
in this environment so that Histosols are common.

The generally poor fertility of Tundra soil resides principally
in the slowly decaying organic matter, with augmentation of N
by biological fixation, P from particulates and K from aerosols
in atmospheric precipitation.

Solifluxion is common in summer, when temperatures
exceed the freezing point, and drier soils are subject to erosion
by the sweeping winds that prevail in the arctic environment.
Blowouts provide dramatic evidence for this in sandy soils.

Alpine tundra

Alpine tundra in effect is the Arctic tundra in microcosm. It is
found above the tree line in the Mesozoic—Cenozoic mountain
belts of the world, such as the Alps, Himalayas and Pyrenees of
the Old World, and the Western Cordilleras of the New. The
climate is generally not as extreme as the Arctic, and the grow-
ing season may be 100 days or more. Similar plants to the
Arctic tundra are found in this biome, and the range of fauna
includes mountain goats and sheep, bears (rare in Eurasia),
grouse, partridge and insects.

Because of the prevalence of steep slopes and unstable
surfaces, soils tend to be young (Leptosols, Regosols) or non-
existent. At the foot of slopes colluvium collects and is a
common parent material of more developed mineral soils,
including Cryosols. Where rainfall is particularly high and drai-
nage restricted, Histosols are found, but unlike those of the
Arctic tundra, Histosols of the Alpine variety tend to be well
drained.

Forest biomes
There are three major types of forest biome: tropical, temperate
and boreal.

Tropical forest

Tropical forests by the strictest definition occur within the area
bounded by the tropics of Cancer and Capricorn at approxi-
mately 2 degrees 27 minutes north and south of the equator
respectively. However, climatic regimes are no respecters of
abstract lines on a map, so the tropical forest may extend into
the subtropics. In Koppen’s classification climate is of Af
and Am types. Characteristically, average temperature ranges
between 20 to 25 °C, with little variation month to month.
Annual rainfall lies between 2 000 to 10 000 mm and is evenly
distributed throughout the year in the typical tropical rainforest,
though areas of seasonality of rainfall occur. Based on this sea-
sonality and the increasing length of the dry period, the follow-
ing subdivisions of tropical forest are recognized: (@) Evergreen
rainforest: no dry season. (b) Seasonal rainforest: short dry per-
iod. (¢) Semievergreen forest: longer dry season. (d) Moist/dry
deciduous forest (monsoon). In Figure B13, this is simplified
to tropical rainforest and tropical seasonal forest.

The forest has a highly diverse flora arranged ideally into
three layers: an overstory of the largest trees, growing to heights
of 75 m or more, accompanied by woody vines. An understory
of immature trees and smaller tree species, epiphytes, vines
and ferns, tolerant of lower light intensities, grow to heights
between about 2 to 20 m. The third layer, the forest floor, is cov-
ered by fallen leaves, branches and trunks, with sparse living
vegetation on account of the diminished intensity of light at this
level. Fungi and microbial organisms however, are hyperactive
agents of decay of the forest debris and litter, and help in the
rapid and efficient recycling of plant nutrients that is a feature
of tropical rainforest ecology.

There is a diverse fauna of mammals, reptiles, amphibians
and birds, all commonly adapted to arboreal life. Raptors are
the predominant predators of the upper story.

Being hot and wet, this is an environment where weathering
is relatively rapid and leaching is intense. The resulting soils
are typically ferrallitic (for example Ferralsols, Alisols and
Plinthosols), with the bright red, orange or yellow colors charac-
teristic of oxidized Fe. They are also nutrient-poor and acidic.
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Accumulation of Fe and Al in the weathering zone (at the
expense of Si) leads ultimately to the production of laterites
and bauxites in this biome.

Soils and deposits of this type require long term weathering
on very stable surfaces, for example those provided by the
ancient granite—greenstone belts of the Precambrian Shield of
Gondwana in South America, Australia and India. The green-
stone belts (typically metamorphosed basalts) give rise to more
fertile soils (Cambisols for example) than the granites.

The two largest areas of surviving rainforest are also the
locations of two of the world’s greatest river systems, namely
the Amazon and the Congo. The river valleys are floored by
alluvium predominantly of silt and clay sized particles. Conse-
quently, Fluvisols, Vertisols and Gleysols are common in this
environment.

The most fertile soils are found where recent volcanoes
occur, for example in central Africa, Indonesia and the Philip-
pines. Here is where Andosols develop, especially on glassy
pyroclastic deposits. The most productive farmland in East
Africa is found on the Andosols developed on volcanic ash
associated with volcanic regions such as the Rungwe highlands
of southern Tanzania, a massif that was originally an area for-
merly of tropical forest.

The area of rainforest in the world has steadily diminished
throughout the late Cenozoic, a trend that has increased in
the last 10 000 years with the clearance of forest for agri-
culture. It is estimated that more than half of the pre-farming,
tropical forests have now been destroyed (Behrensmeyer
et al., 1992).

Temperate forest

The Temperate Forest covers zones either side of the tropics
where the climate is classified as Dfa, Cfa, and (in Europe,
Cfb) in the Koppen system. Temperature varies between —30
and 30 °C, and precipitation amounts to 750 to 1500 mm. In
general, rainfall is evenly distributed throughout the year,
though some seasonality occurs.

In the northern hemisphere there are three major distribu-
tions of temperate forest: western and central Europe; eastern
Asia; and eastern North America. Many genera are common
to all three and were inherited from the circum polar flora of
the Tertiary. The characteristic trees are broad leaved deciduous
(for example species of oak, maple, beach, chestnut and elm)
with an approximately six month growing season. Leaves are
shed completely in the autumn as the trees enter a period of
dormancy. In the southern hemisphere the analogous zone con-
tains vegetation developed from the relict Gondwanaland flora.
A needleleaf-broad leaf evergreen forest is characteristic.

In the northern hemisphere especially, the major areas of
temperate forest are in regions profoundly affected by glacia-
tion during the Pleistocene epoch. As a result, parent materials
are commonly ice-contact deposits, or deposits arising during
the process of deglaciation. Of particular importance is the
wind-borne loess of Western Europe and northern China,
especially in terms of wheat and rice production in current
agriculture.

Cambisols and Luvisols are typical soils of the temperate for-
ests of the northern hemisphere in the areas that were notably
affected by the Pleistocene glaciations. Because of the glacia-
tions, the soils are relatively young (10 to 20 000 years old).
Both Cambisols and Luvisols have formed on the forested loess,
and since calcite is usually present in this material, the soils gen-
erally have a pH between 7 and 8. The seasonal shedding of

leaves provides the basis for a nutrient-rich humus, and results
in soils with brown colored A and B horizons. Part of the tempe-
rate forest zone of the south east of the USA (as in Chile in the
southern hemisphere), is dominated by Acrisols, with the red
and yellow colors that are generally indicative of advanced
weathering and long term leaching. This is a region that was
not directly affected by the Pleistocene ice sheets, so that there
has been a much longer period of pedogenesis here than further
north. The resulting soils display a greater similarity to soils
of the tropics, especially in terms of the colors imparted by
ferric iron, and in the dominance of monosiallitization over
bisiallitization.

In mountainous regions such as the western cordilleras of
North and South America, temperate rainforest occurs, with
precipitation exceeding 2 000 mm per year. Coniferous vegeta-
tion is common, and Podzols are the usual accompaniment.
Where recent volcanism has produced pyroclastic parent
materials, Andosols also occur.

In the old world especially in Europe and China, the tempe-
rate forest has been increasingly cleared since Neolithic times,
and forest soils have been co-opted for agriculture. In the
northeast of North America, the Luvisols were preferred by
the early colonial farmers, as being easier to work than other
soils of the glacially affected regions.

Boreal forest (or taiga)

The Boreal zone lies to the north of the temperate forest and
extends from about 50° to 60° latitude, where it gives way to
the tundra. Pleistocene ice affected the whole area, and conifer-
ous forest dominates. This constitutes the largest of the terres-
trial biomes, with approximately 500 million ha distributed in
northern Canada, Eurasia, and Alaska. Pine, fir, and spruce spe-
cies are common, and allow little penetration of light so that the
understory is usually sparse. Temperature averages 10 °C in the
summer and varies between about —40 to 20 °C in the course
of a year. There are normally four to six frost-free months
and the average growing season is about 130 days. Precipita-
tion lies in the range 300 to 900 mm per year, though in more
temperate regions may reach 2 000 mm.

The characteristic soil of the boreal forest is the Podzol,
which has formed on various glacial materials but especially
on coarse sediments and sands related to the fluvial processes
that are important in deglaciation. Of particular importance to
the process of podzolization are the organic acids and complex-
ants formed by the microbial breakdown of pine needles. A pH
as low as 3.5 is not uncommon in the A horizons of Podzols,
and acidities at this level are sufficient to destroy (by hydroly-
sis) most ferromagnesian minerals present in the parent
materials, with cations such as Al and Fe carried down to
the B horizon as organo-metallic complexes. In the limit, the
result is that a subsurface, bleached Ae horizon is produced
overlying a darker Bs horizon where the transported organic
material and cations are deposited. In the classic idea of a Pod-
zol, the Ae horizon is composed almost entirely of quartz. In
the boreal Podzol, alkali feldspar is an almost invariably
accompanying mineral. This is a consequence of two factors.
First, the ultimate parent materials of much of the glacially
derived parent materials of the soil, are the predomi-
nantly quartzo-feldspathic rocks of the craton. Second, the
10 000 years or less during which the boreal Podzols have
formed (i.e., the time since the ice sheets melted) is not suffi-
cient to breakdown the alkali feldspars, which, next to quartz,
are the most refractory of the felsic minerals during weathering.
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Albeluvisols commonly accompany Podzols in the boreal
forest, especially where the parent materials are water or wind
deposited sands and silts. As the name suggests, Albeluvisols
share features with both Podzols and Luvisols. In Western
Europe where most Albeluvisols have been taken over for
agriculture, they have been converted to Luvisols.

Water saturated regions of the Boreal forest, as is usual in
other biomes, have resulted in the formation of Gleysols and
Histosols.

The inherent fertility of Boreal forest soils is generally poor.
This is because the granitoid materials worked and reworked
by glacial, fluvial and aeolian processes to provide soil parent
materials, are themselves low in plant nutrients; and even in
the case of potassium, a plant nutrient that is a common major
element of granites, the host alkali feldspar has not had
sufficient weathering time to release the element.

Grassland biomes
Grasses, with large shrubs or trees absent or sparsely distributed,
dominate grasslands. After the continental ice sheets withdrew at
the end of the Pleistocene the climate became warmer and drier,
and the grasslands increased to their present areas, latterly aided
by the deforestation accompanying human activities.

The two main types are divided on the basis of climate:
(a) Tropical grasslands or savannas. (b) temperate grasslands.

Tropical grassland (savanna)

Savanna is an open plain of grass, with scattered drought-resis-
tant trees, characteristic of certain tropical and subtropical
regions with distinct wet and dry seasons (Trumble et al.,
2002). The largest areas of savanna are in Africa south of the
Sahara, with significant areas also in Australia, South America,
and India. In the Koppen classification of climates, savanna
rates as Aw. The temperature range is similar to tropical forest,
which gives way to savanna as precipitation falls off and
becomes more seasonal. Annual rainfall is approximately 50
to 150 mm per year, though much drier and wetter conditions
are known. It is concentrated into a rainy season lasting about
half of the year. Grass fires occur during the dry season and
are ecologically necessary in maintaining the savanna.

In addition to the savanna controlled by the climatic condi-
tions stated above, some savanna is anthropic. It is produced by
forest clearance followed by abandonment as soil fertility is
exhausted by cropping.

The common soils of the savanna are highly weathered
and leached soils such as Lixisols and Nitisols, with relict
quartz as the dominant skeletal phase. Kaolinite and halloysite,
goethite, hematite and possibly gibbsite may be present in
the clay fraction. Graphite is usually present in A horizons, a
legacy of grass fires, both natural and anthropogenic. In poorly
drained topographic lows, Vertisols may form, otherwise the
soils are usually sandy textured, with a thin Ah, and are
well drained. Ferralsols, Arenosols, and Plinthosols are asso-
ciated. Termitaria are conspicuous elements of the savanna
landscape, and as bioturbators, termites are important agents
of soil formation.

Where recent volcanic activity is found, the soils may be of
high inherent fertility, though drought and high Al may present
problems. Otherwise most of the soils of the savanna regions
such as the Cerrado of the Brazilian Highlands, are of low fer-
tility and acid reaction and plants adapted to high Al are com-
mon. Drought is a particular problem of the sandier soils, for
example the pine savannas of Belize and Honduras.

Plinthosols are particularly characteristic of tropical forest.
Where the trees have been removed by climate change (as in
the Sahel) or by anthropic intervention (as in parts of the Cer-
rado), the surface soil may be eroded to expose the plinthic
layer. Alternate wetting and drying hardens this to produce
what was classically called a laterite. Laterite is commonly
found as an ironstone cap on tropical landscapes, and is
often an indication of an inversion of relief. The original
plinthite formed in depressions where water collects, and on
hardening became more resistant to erosion than the surround-
ing higher land. Hence the inversion as weathering and erosion
proceeds.

Overgrazing is a particular problem of the savanna, and is
partially implicated in the desertification of regions such as
the Sahel, though late Pleistocene and Holocene climate change
has undoubtedly played a greater role over the long term.

Temperate grassland

Temperate grassland is found in areas with climates rated Bsk,
Bwk and Cfa in the Kdppen system. Rainfall is generally
between a semi-arid 250 mm to as much as 900 mm, and is
seasonally distributed. An extreme temperature range (from as
low as —40 °C in winter to 40 °C in summer) is characteristic.
Various names are used locally for this biome, the two com-
monest being steppe in Eurasia, and prairie in North America.
Others are pampas in South America, veldt in South Africa,
and puszta in Hungary.

As the name suggests, grasses dominate the biome, and trees
and large shrubs are absent. Tall grasses (2 m or more) with
roots of equivalent depth grow in the wetter regions, while in
drier areas, the grasses grow to about 20 cm and have roots
extending about a meter down. As with savanna, fire and sea-
sonal drought are important edaphic agents.

The temperate grassland fauna does not display a high bio-
diversity. Herbivores include bison, antelope and rodent species
in the Old and New Worlds, and the wild horse in the steppes
of central Asia. Carnivores are represented by badgers and
weasels among others, and in North America, the coyote is a
prominent omnivore. Curlews, eagles, hawks and other raptors,
and scavangers such as ravens and vultures, are typical of the
bird population.

The most characteristic soil parent material of the temperate
grasslands is loess, which tends to be calcite bearing and inher-
ently rich in plant nutrients. It originates by the acolian erosion
of glacial deposits, reworked as in Northern China and in the
Mississippi watershed, by fluvial processes. Wind erosion car-
ries coarse particles by saltation over short distances, building
dunes and sand plains as in the Gobi desert. Silt and finer par-
ticles are carried over greater distances in suspension, and are
the raw material of the vast loess deposits of the grasslands.

Typical soils of the loess (in sequence of decreasing annual
rainfall) are Phacozems, Chernozems and Kastanozems. Unlike
savanna soils, the upper horizons of soils of the wetter areas
(Chernozems in particular) are generally dark, humus rich and
of a high inherent fertility. Phacozems are also developed under
the more humid climates and have a generally dark red color.
Kastanozems are found in drier areas and are called chestnut
soils on account of a brown solum. The soils normally have a
good texture, held together by a well-developed system of
grass roots. At the droughtier end of their range, temperate
grasslands grade into desert and in this intermediate zone, soils
typical of the desert biome make their appearance, Calcisols,
Gypsisols, Solonetz and Solonchaks among them.
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Since the invention of the steel plow, most of the major
areas of temperate grassland have now been taken over for
farming. The drier regions have become rangeland, and the
wetter soils have been co-opted for arable agriculture. In the
Mississippi watershed, 80% of the original grassland is now
range or cropland, and the tall grass prairie has been all but
obliterated. The well-established root system of the original
grasses has been replaced by the shallower and less dense sys-
tems of crops such as corn and soybeans. A major result has
been a decrease in humus content and a higher rate of wind
erosion, including catastrophic episodes such as the dust bowl
of the 1920s in midwestern USA.

Desert biome

For present purposes the desert biome will be taken to include
areas of the land surface with Koppen climates of principally
BWh and BWk types. This comprises deserts in the strict
sense, with an annual precipitation of less than 50 mm, together
with arid regions, where rainfall is normally between 50 and
250 mm per year. Most of the desert biome so defined occurs
between 10° and 35° latitude (for example the Sahara and
Kalahari Deserts), in the interior parts of continents (e.g., Aus-
tralia, Mongolia) and in the rain shadow of young fold moun-
tains as in parts of Peru and Nepal. Arid conditions also
occur in the Arctic and in Antarctica and are considered under
the tundra biome.

Hot deserts such as those of Australia have temperatures
ranging from winter lows down to 10 °C, and summer
extremes of 40 °C or more. The equivalent range in cold
deserts such as the Gobi is about —25 °C to 20 °C.

Xerophytic shrubs, tolerant of extreme drought, are charac-
teristic. Small burrowing mammals, lizards, snakes, and
insects, with hawks and such animals as coyotes as the major
predators, dominate the fauna. In the more vegetated areas of
desert, antelopes are found, and in North Africa and Asia,
two varieties of camel are native to the desert biome.

Physical characteristics and processes distinctive of the
desert biome, and significant in the soil forming process are:

1. dominance of physical weathering over chemical,

2. development of internal drainage systems (including ephem-
eral streams) leading to salt lakes,

3. erosion principally by wind, but including an important
component of water erosion during irregular, flash flooding,

4. evapotranspiration, which exceeds rainfall so that precipita-
tion of carbonates, sulfates and/or chlorides may take place
in the solum or at the soil surface.

The typical soil parent material in deserts is quartzose sand,
much of which is in continual motion as active dunes and ergs.
Where sand is sufficiently stable, Arenosols which now cover
about 900 million ha (7% of the land surface) have formed.
Since finer particles have been removed by aeolian erosion,
the general texture is sandy, grading into coarser, more
gravel-rich varieties. Because of the scarcity of soil water, hor-
izonation is generally poorly developed.

Again, because of the scarcity of water, chemical weathering
is not intense. Where it is noticeable, it leads to the precipita-
tion of salts in the solum or at the surface of the soil. Calcite
is the first and commonest precipitate, the soil forming process
being known as calcification, with Calcisols as the soils pro-
duced. A calcite hardpan, also called caliche, may form at

or near the surface. At the surface, it is also called calcareous
duricrust.

With increasing aridity, the concentration of salts in the soil
water reaches the solubility product of gypsum and a gypsifer-
ous layer may form below the solum of a Calcisol. Where gyp-
sum has precipitated in the solum, a Gypsisol may be the result.
Gypsic duricrusts are produced by precipitation of gypsum at
the surface. Sodium is one of the accumulating ionic compo-
nents of soil water in the desert biome so that Solonetz and
Solonchaks are also encountered in arid regions.

Arenosols are low in fertility, rapidly drained and have little
potential for cropping. In parts of the desert biome with rainfall
0f 200 to 250 mm, exploitation as rangeland is possible. Where
finer textured materials have accumulated, irrigation has been
introduced to allow arable farming though long term irrigation
increases the incidence of induced salinization.

Mediterranean biome

At about 3 million km?, this is the smallest of the biomes. It
occurs between 30 °N and 40 °S latitude, and has a climate
classified as Cs on the Kdppen scale. Winters are wet and sum-
mers are dry, a unique combination among climates of the
world. Summer temperatures of 30 °C are common, with tem-
peratures of 5 °C or less in winter. Rainfall is in the range 350
to 800 mm per year.

The characteristic vegetation is shrubland, which is known
variously as maquis in the Mediterranean region proper, cha-
parral in California, matorral in Chile, fynbos in South Africa
and mallee scrub in Australia. Other plant species vary in each
isolated geographical location, but a common feature is adapta-
tion to drought and fire. The plant population shows a high
degree of endemism, presumably because of the unique nature
of the climate to which they have adapted, as well as to geogra-
phical isolation brought about to some degree by marine and
desert borders. The fauna of the various regions of this biome
are also characterized by endemism.

Cambisols are common in the Mediterranean biome, and
represent an early stage of weathering. They form in a weakly
acid environment (pH about 6), where ferromagnesian minerals
begin to show incipient hydrolysis. Fe is released from the pri-
mary mineral structures and precipitates as an amorphous iron
hydroxy phase, which would normally age, to goethite or even-
tually to hematite. Sand, silt and clay particles become coated,
and it does not need a particularly high iron content for the soil
to acquire a reddish color (a process known as rubefaction).
Gibbsite and alumino-silcate clays may also form, but redden-
ing of the profile, together with an accumulation of organic
matter in the A horizon, are the only macroscopic evidences
of pedogenesis normally present. When the reddening reaches
a Munsell hue of 7.5YR and a chroma greater than 4 in moist
soil, the WRB qualifier chromic is applied. In fact chromic
soils generally, are distinctive of the biome, Chromic Luvisols
being as common as Chromic Cambisols (more common in
Chile).

In the drier parts of the Mediterranean biome, soils that
are characteristic of steppic or more arid, as well as more tor-
rid climates, make an appearance, for example: Kastanozems,
Calcisols and Solonchaks in the Mediterranean, Phaeozems
and Acrisols in California, ferralitic soils and saline soils in
Australia.

In limestone terrain karst phenomena occur. Indeed, the
term karst comes from the Mediterranean region, and is derived
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(via the German) from the Serbo-Croat Kras, the high bare
limestone region south of Ljubljana. Solution of the carbonates
in the bedrock leaves behind a rubefied residual soil, rich in
clay, to which the Latin term Terra rossa (red earth) is applied.
There is a continuing debate about how much of the clay is
autochthonous and how much allochthonous.

Much of the biome is mountainous in nature, so that soil
erosion is endemic, bedrock surfaces are continually being
exposed, and weakly developed soils such as Regosols and
Leptosols are common. In anthropic terms, the Mediterranean
region itself, is one of the most altered environments on Earth.
Three thousand years ago it was well wooded with species of
oak, cedar, pine, wild olive and carob, remnants of which
remain. But, we know from classical Greek literature that even
by 2 400 years ago, clearance of the land by fire, and grazing
by sheep and goats, had made soil erosion a considerable pro-
blem in Greece. North Africa was famous as the “breadbasket”
of the Roman Empire at its height. Now, much of its once
productive farmland is underlain by soils truncated to
the C horizon. Aridification is a further problem there, cur-
rently extending into southern Italy and Spain, as climatic
zones move northwards with the globally changing climate.

A similar ecological history, though perhaps less emphatic, has
affected the shrublands of California, where aboriginal burning
and pre-conquest arable agriculture, was followed by livestock
grazing from the time of the Spanish colonization onwards.

Other biomes

The word biome has also been used in somewhat questionable
contexts and combinations. For example, in the failed experi-
ment to construct an artificial microcosm of the biosphere in
Arizona, Biosphere 2 (BERAC, 2003), an agricultural biome
was identified. In the real world, agriculture does not constitute
a biome, but is actually a set of technical processes by which
human beings utilize a biome to produce food. So far over
one third of the soils on land biomes as defined in this article,
have been converted to this purpose.

The term mountain biome is also used (e.g., Endrody-
Younga, 1988), though mountain zones are in fact a collection
of biomes with a vertical stratification. On a volcano such as
Kilimanjaro in Tanzania the sequence is savanna, rainforest
and tundra with increasing height, each miniature biome being
an expression of the local climate at that elevation.

The term wetland biome also occurs in the literature (e.g.,
Gorham, 1979), perhaps more defendably, though again, wet-
lands are a feature of all biomes as the term has been used in
this article. Of particular interest however, is the “mangrove
biome” found in tropical salt marshes in the intertidal zone.
The dominant organisms belong to about 60 salt tolerant plant
species of the Rhizophoraceae family, mangroves in the broad
sense (Plaziat, 2001). Their stilt roots, containing air sacs, are
an adaptation to promote respiration in permanently water-
logged soils. The soils themselves are peaty Fluvisols or Histo-
sols. Authigenic pyrite may be present in the highly reduced,
water saturated part of the soil (specifically in Thionic Fluvi-
sols), and where this has been exposed by drainage, or latterly
by the careless and indiscriminate use of these soils in shrimp
culture, the pyrite has oxidized to produce jarosite and other
minerals typical of areas of high acidity and oxidization, waters
of pH 3 or less, and a major problem of Al toxicity.

Ward Chesworth

Bibliography

Behrensmeyer, A.K., Damuth, J.D., DiMichele, W., Potts, R., Sues, H-D.,
and Wing, S.L., 1992. Terrestrial Ecosystems through Time. Chicago,
London: University of Chicago Press, 568 pp.

BERAC. 2003. An Evaluation of the Biosphere 2 Center as a National
Scientific User Facility. Washington, DC: U.S. Department of Energy
Biological and Environmental Research Advisory Committee, 19 pp.

Carpenter, J.R., 1939. The biome. Am. Midl. Nat., 21: 75-91.

Endrody-Younga, S, 1988. Evidence for the low-altitude origin of the Cape
Mountain biome derived from the systematic revision of the genus Colo-
phon Gray (Coleoptera, Lucanidae). Ann. S. Afi: Museum, 96: 359-424.

FAO. 2001. Lecture notes on the major soils of the world. World Soil
Resources Reports, 94. Rome: Food and Agriculture Organization of
the United Nations. 334 pp.

Gorham, E., 1979. Shoot height, weight and standing crop in relation to
density of monospecific plant stands. Nature, 279: 148—150.

Plaziat, J.-C., Cavagnetto, C., Koeniguer, J.-C., and Baltzer, F., 2001.
History and biogeography of the mangrove ecosystem, based on a criti-
cal reassessment of the paleontological record. Wetlands Ecology and
Management: 9: 161-179.

Retallack, G.J., 2001. Soils of the Past: an introduction to paleopedology.
Oxford: Blackwell Science, 404 pp.

Woodward, S.L., 2003. Biomes of Earth: Terrestrial, Aquatic, and Human-
Dominated. Westport, CT: Greenwood Press, 435 pp.

Zech, W., and Hintermaier-Erhard, G., 2007. Soils of the World. Heidelberg,
Berlin: Springer-Verlag 130 pp.

Cross-references
Climate

Geography of Soils
Geology and Soils

BIOREMEDIATION

A set of techniques employing the properties of living organ-
isms, especially plants and bacteria, to ameliorate environmen-
tal problems caused by natural processes or human activities.
See Biodegradation.

BIOSEQUENCE

A sequence of soils related in space and time and varying among
themselves as a function of the dominant factor of the biology of
the ecosystem of which they are a part. Biosequences have been
used to study temporal changes in the standing biomass of moun-
tainous regions in California and the Alps (e.g., Tinner et al.,
1996), but whether the examples chosen are independent of other
factors such as topography and climate, is problematical.
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BIOSPHERIC ROLE OF SOIL

See Soil.
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BIOSTASIS

BLANKET

An ecological steady state characterized by relatively little
change in the quantity and quality of the biomass of a region
over a term of perhaps tens of thousands to a few million years.
The term was introduced by Erhart (1967).
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BIOTIC

Pertaining to life and living organisms. The soil constituents
and soil processes directly assignable to the influence of the
biomass and of organic processes generally. Biotic potential is
an index of the ability of a system to recover and regenerate
after disturbance (Lomolino et al., 2006, p. 153).
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BISIALLITIZATION

A general term for the mineralogical transformations that result
in the formation of clay minerals with a 2 : 1 sheet structure.
(Pedro and Sieffermann, 1979, p. 42—46).
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BLACK COTTON SOIL

Synonym: regur. Dark colored soils developed extensively
on the Deccan basalts of India. Calcareous and rich in expand-
ing clays.

A uniform covering to a landscape. Used particularly to
describe bogs that cover (or blanket) the highlands above the
tree line in regions of humid climate.

Cross-reference
Mire

BLOWOUT

A hollow in soil or sand excavated by wind erosion.

Cross-reference
Wind Erosion

BOG

Bogs are sphagnum-dominated wetlands (q.v.). They are of
low pH by virtue of the production of humic acids during the
decomposition of organic matter.

Cross-reference
Mire

BOREAL FOREST

Or taiga: the belt of coniferous forest that encircles the polar
regions of North America and Eurasia and that lies between
the tundra, or barrens, to the north, and the temperate grass-
lands and deciduous forest to the south. The characteristic soil
type is the Podzol.

Cross-reference
Biomes and their Soils

BOULDER

A weather worn mass of stone exceeding 60 cm across.

BLACK EARTH

BRUNIFICATION

Descriptive term commonly applied to chernozemic soils, on
account of their black, humus-rich A horizon.

The production of a brown color in soil. The color represents a
combination of iron in the ferric state together with darker
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organic matter. Clay-iron, and clay-iron-humic complexes are
present in Brunisols (Soil Taxonomy) - soils produced by bru-
nification (Gaucher, 1977 p 24).
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BUFFERS, BUFFERING

In the chemical sense of the word, buffers are those systems
that tend to maintain a constant pH level despite the addition
(within certain limits) of an acid or base or despite dilution.
They usually consist of mixtures of either a weak acid and a
salt formed from the acid and a strong base, or they consist
of a weak base and a salt formed from the base and a strong
acid. Many chemical reactions and all biological processes take
place only at specific pH levels. If there is no buffer action,
hydrogen-ion concentration may alter and cause the reaction
to slow down until it stops, or produce products different from
those required.

Theory

Using the case of an aqueous solution of acetic acid and
sodium acetate — i.e., a mixture of a weak acid and its salt
formed from a strong base — the dissociation equilibrium of
the acid and the relative constant can be represented by

CH;—COOH + H,0 = CH;—CO0~ + H;0*
[CH;—COO0~][H,0"]

K =""cn,—coon] M

The hydrolysis equilibrium of the salt and the relative con-
stant can be represented by

CH;—-COO™ 4+ H,O = CH3—COOH + OH™

_ [CH;—COOH][OH]

K;
[CH,—COO"]

(2)

Considering that the concentrations [CH3—COQO™] and
[CH3—COOH] indicated in Equations (1) and (2) are the same
and that the values [H;0"] and [OH ] are interdependent,
because [OH ] [H;07] = 107" at 25 °C = K,,, either Equa-
tion (1) or (2) can be rewritten in the form

[CH,;—COOH]

Hi0t] = Koot
[H;07] [CH,—COO0"]

3)

Equation (3) shows that the concentration of hydrogen ions
depends on the dissociation constant K, and the ratio of the
concentration of undissociated acetic acid to that of acetate ions.

If the value of [H30"] is expressed as pH, Equation (3)
becomes

[CH,—COOH]|

pH = —IOgKa — logm
3

(4)

When
[CH,—COOH]
[CH,—COO7]
equals 1, Equation (4) can be simplified into the form

pH = —logK, = pK, ()
Since the concentrations of undissociated acid and its anion
can be identified by the analytical concentrations of the acid Ca
and its salt Cs, the small fractions of dissociated acid and
hydrolyzed salt can be ignored; and Equation (4) becomes

C
pH = —logKk, — log—A (6)
Cs
that is,
C
pH = pK, + log —> (7)
Ca

Similar reasoning can be applied to solutions of a weak base
and its salt from a strong acid (NH4;OH + NH,4CI), whereupon
the following analogous expressions are obtained:

_ Cg
OH | = Kg— 8
[OH"] = Kp Cs (8)
C
pOH = pKp + log—> )
Cs

Equations (3), (7), (8) and (9) are the basic relations that
govern a solution buffer mechanism, and they are known as
the Henderson and Hasselbach Equations.

Mechanism and efficiency of buffer solutions

The buffer action produced by a system results from acid—base
equilibrium. If a small amount of strong acid (HC]) is added to
an equimolecular solution of acetic acid and sodium acetate,
some of the acetate ion is converted into acetic acid; if a strong
base (NaOH) is added, some of the acetic acid is converted into
acetate ion.

In other words, the strong acidity of the HCI is buffered by
being converted into weak acidity, just as the strong base
NaOH is buffered through the formation of its salt. Table B2
gives an idea of the effect obtained. The Henderson and Has-
selbach Equations show that the greatest buffering effect is
obtained when the pH of the buffer equals pK, (or pK,). In fact,
under these conditions, variations undergone by the ratio

Table B2 pH Variation when HCl or NaOH are added to a buffered and
nonbuffered system

Composition pH  Additions in  Resulting
equivalents pH with:
HCl-NaOH  HCl-NaOH
Buffered 1 000 ml 474 107321073 4.73-4.75
system CH;—COOH 0.1 N
CH;—COONa 0.1 N
Nonbuffered 1 000 ml 7.00 1073-107°  3.00-11.00
system H,0
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Cs/Cp (or Cs/Cp) are minimal when acid or base is added;
and so must be variations in pH. Further, the amounts of acid
or base that can be buffered are restricted to the limits within
which the ratio Cs/C, may be considered constant. It can be
calculated that the maximum amount of acid or base that can
be added without overcoming the buffer action varies
between 1/50 and 1/100 of the buffer components. This infor-
mation is important in practice because it means that it is neces-
sary to maintain fairly high total concentrations of acid (or
base) and its salt to ensure a good buffer efficiency.

Thus one can say that when effecting a buffered reaction, the
choice of buffer system components will be made according to
the following criteria: (1) use a weak acid whose pK is as near
as possible to the pH at which the reaction is to take place;
(2) calculate the amount of conjugate base to mix with the acid
from the opposite Henderson and Hasselbach Equation; (3) the
ratio Cs/Cx must be within 0.1 and 10 to guarantee good effi-
ciency. It follows that the pH range within which the buffer action
is manifested has the limits of pK + 1 and pK — 1.

The salts of multi-proton-donating acids as buffers
Mixtures comprising the several salts of a weak multi-proton-
donating acid likewise constitute buffer systems. For example,
consider the neutralization reaction of H3;PO,. Initially the
monosubstituted salt is formed, then the bisubstituted one,
and finally the trisubstituted

H3;PO4 + NaOH — NaH;PO,4 pKa =2 2.00
NaH,PO4 + NaOH — Na,HPO, pKa = 7.00
Na,HPO,; + NaOH — Na3; PO, pKa3 =~ 11.00

When the pH of the system equals pK,,, the bisubstituted
solution consists of an equimolecular mixture of mono and
bisubstituted phosphates. This mixture constitutes a buffer sys-
tem in which the acid—base equilibra that typify it are concep-
tually similar to those in the CH3;—COOH/CH;—COONa
system. In fact, the mono and bisubstituted salts are completely
dissociated, and the H,PO, and HPO; ™ ions are in equilibrium

H,PO, + H,0 = HPO}™ + H;0"

The H,PO, ion is the acid, and the HPO?[ ion is the conju-
gate base; thus Equation (7) can be applied
(or
pH = pKa + logﬂ
Ch,po;

(10)

Similarly, it can be shown that the mixture of bi- and trisub-
stituted phosphates is a buffer solution with maximum buffer
action when the pH equals pK,;.

Buffering in soil

Buffering in soil is defined as the resistance of the soil to varia-
tions in pH and is chiefly due to the colloidal humus and clay
fractions. In soils containing appreciable amounts of phosphates
and carbonates, buffering is also effected by these salts, as illu-
strated in the preceding section. As early as 1922 Arrhenius sus-
tained that soils with strong buffer effects were very fertile
and advised organic fertilization to increase the buffer action.
That a soil does not undergo marked fluctuations in pH following
additions of acids or bases or as a result of dilution is of consider-
able practical importance if the organisms living in it, particularly

microorganisms and the higher plants, are to continue their
various activities under those particular pedological conditions.
A large change in pH means a radical modification in soil envir-
onment, which severely affects the availability of plant nutrients
and alters the pedogenetic processes.

Compounds normally held in the soil solution (q.v.) may
precipitate out, while others normally insoluble may to dis-
solve. This whole question is of interest not only in relation
to plant mineral nutrition but also to the pedological character-
istics and evolution of the soil.

Factors causing alteration in soil pH
Factors tending to modify soil pH can be divided into two
groups:

1. those that bring about an increase in hydrogen-ion concen-
tration tending to lower the pH;

2. those that produce an increased adsorption of exchangeable
bases tending to raise the pH.

Acidity (q.v.) is principally encouraged by the decomposition
of organic matter and the application of certain fertilizers. Both
inorganic (H,CO3, HNO3, H,SO,) and organic acids are found
among the products of organic molecular decay, while nitric
and sulfuric acids are formed by microbial action on fertilizers
such as ammonium sulfate. The use of fertilizers like K,SO,4 or
KCI1 will also tend to lower the pH.

Alkalinity is usually encountered in arid regions where the
colloidal complex of the soil is generally highly saturated with
exchangeable bases, the degree of this alkalinity depending on
the proportion of sodium. In these regions the weathering pro-
cesses that liberate the alkaline cations from the soil minerals
are helped by the extremes of temperature and by the fact that
precipitation is limited to certain periods of the year. The low
rainfall, moreover, means that these exchangeable bases are not
leached away. Other factors conducive to alkalinity can be such
agricultural processes as irrigation (g.v.), liming (see Lime), or
fertilization (with superphosphates, Thomas meal, or Ca(NOs),).

In theory, soil pH should not be affected by greater or lesser
water content because variations dependent on the degree of
dissociation of the various acids should be compensated by
the variations in the degree of hydrolysis of the “salts”. In prac-
tice, however, the soil pH does vary seasonally, but this is due
not so much to dilution effects as to variations in biotic activ-
ities. In summer the fall in pH would seem to correspond to a
greater microorganic activity with the contributing factor of
an increased acid-exudate production by the plant roots; in
winter a rise in pH value is often seen, probably due to the
reduction in biotic activity.

The inorganic colloidal fraction as a buffer system
The colloidal soil complex functions as a slightly ionized acid
or a slightly ionized salt of a weak acid. The acid character
of clay was attributed to exchangeable aluminum. For a long
time this theory was disputed, but it was finally accepted when
Coleman and Harward (1953) demonstrated that hydrogen clay,
prepared for treatment with HCI, tends to be spontaneously
transformed into aluminum clay.

Acid soils are generally aluminum saturated and have the
characteristics of a weak acid resulting from the hydrolysis of
the adsorbed Al(OH,);" ion:

AI(OH,);" + H,0 = Al(OH,)s(OH )*" + H;0"
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Figure B15 Potentiometric titrations of 0.1 g H:Al-bentonite in
H,O(A) and in NaCl(B).

But there are other weaker acid groups, present in the inor-
ganic colloidal fraction, which create buffering at
pH values higher than 5.5. They belong to two different types
of “structural forms”: the first has been identified as the alumi-
num interlayer, a hydroxy aluminum polymer, postulated as
hexagon or multiple ring structure with a composition that may
range from A16(OH12)6+ to Al,(OH)3,,; the second is considered
to be of lattice origin and consists of silanol groups (—SiOH).

Figure B15 shows the potentiometric titration curves of a
H-Al-bentonite from Sardinia in the absence and presence of
electrolyte. The first buffer range (I) is due to the neutralization
of the adsorbed H;0™" ions; the second (II) to the deprotoniza-
tion of the A" ions; and the third (IIT), which appears only in
the presence of electrolyte, is due to the —OH lattice groups.

The spontaneous transformation of H-clay in Al-clay is a
chemical mechanism through which the clay structure is slowly
decomposed. This transformation also serves to increase the
buffer capacity of the system by converting a strong acidity
into a weak acidity.

The ability of soil silicates to oppose such acidification
depends on the amount of cations and anions that are released
into solution and it is related to their solubility.

The organic colloidal fraction as a buffer system
On the basis of current knowledge of humic acid structure, it
can be held that the —COOH and phenolic —OH groups are
chiefly responsible for the acidity in the organic fraction.
Figure B16 reproduces the titration curve of a humic acid
extracted from a red brown earth (Posner, 1964). Based on the
premise that “one of the major difficulties in the interpretation
of titration curves of this type is the choice of the end point”,
Posner attributes the acidity between pH values 3.0 and 7.0
(zone 1) to carboxylic groups, between 8.0 and 12.0 (zone III)
to phenolic—OH groups, and between 7.0 and 8.0 (zone II) to
the overlap of the either two groups as well as a-NH, groups.
This interpretation is justified by the fact that the carboxylic
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Figure B16 Potentiometric titration of 7.24 mg humic acid in
0.1 N KCI (adapted from Posner, 1964).

acids and phenolic—OH groups have acidity constants around
107° and 107'°, respectively. The validity of Posner’s attribution
is based “on absence of evidence to the contrary”. He also
showed that the CEC, average pK values, and range of pX values
determined from the titration curves of humic acids vary with
the method of extraction used.

This observation is perfectly understandable since it is
known that the acidity constant of a function is in strict relation
to the structure of the vicinal carbon atoms and to the steric
effect acting on them. Acid groups situated inside a “large
humic molecule” can become more superficial and thus more
active following extraction treatments.

The highly complex nature of humic materials suggests that
a large number of sites are involved in proton binding: from
titration data analyzed by bimodal Gaussian Distribution Model,
mean pK values, distribution variances and total amount
of humic acid sites can be calculated (Perdue and Lytle, 1983;
Manunza et al., 1992; Gessa et al., 1994).

These parameters prove to be useful in differentiation of
humic acids. The organic matter is the soil fraction with highest
buffer power. However its contribution to soil buffering can
vary in some extent as a consequence of partial neutralization
of acid groups in the formation of stable metal-complexes
and organo-mineral complexes (Manunza et al., 1995).

The soil solution as a buffer system
The soil liquid phase, in which gases (mainly CO,), and
organic and inorganic chemical species, acid in character are
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dissolved, constitutes a buffer system which operates over a
wide range of pH. Ions and molecules — such as organic
acids, H,COj;, metal ions — contribute buffering the
soil pH according to the following equilibria:

A—-H+H,0=A" +H;0"
M(H,0)"" + H,0 = [M(H,0),_,0H]" " 4 H;0*

The organic acids contain functional groups of different pK
and mainly work between pH 4 and 8. The weak acid H,CO; —
produced by dissolution of CO, in H,O — develops its buffer
activity above pH 5.5 (pK = 6.4). Its efficiency depends on
the partial pressure of the carbon dioxide of the soil atmo-
sphere, which is produced mainly by the microorganisms pre-
sent in the soil. In weakly acid and alkaline soils the CO,
partial pressure often reaches 1072 atm; consequently the acid-
ity of the H,O—CO, system has a considerable influence on the
buffer capacity of these soils.

Soil buffering system - mechanism

Most of the acid groups of the colloidal complex become
deprotonated between the pH values of 4.0 and 8.5. In this
pH range, the soil passes from a state of maximum nonsatura-
tion to that of maximum saturation. This situation can be
represented as follows:

—H —B* —B*
_ _ Rt 7B+
. +2B—OH +2B—OH
micelle
—H —H —B*
—H —H —B"

The acid form represented here is obviously a simplifica-
tion; however, the hydrogen atoms shown should be considered
as protons, which are released whatever the structural form
they belong to since, as Jackson (1963) has observed, “funda-
mentally, all acidity groups depend on proton dissociation, that
is exchangeable H", but differ only in the acidity strength of
the functional groups”. The weak-acid groups of the colloidal
complex liberate protons into the soil solution; the state of
equilibrium between undissociated and dissociated forms can
be illustrated by:

micelle H 4+ H,O = micelle” + H;O0"

The addition of a base neutralizes the H;O™ ions and results
in a further liberation of protons from the colloidal complex,
leaving the pH more or less unvaried. When the acid function
is partially salified, the colloidal complex can be compared to
a mixture of a weak acid and its salt formed from a strong base,
constituting exactly the form needed for acting as a buffer. In
fact, buffering with respect to bases takes place through neutra-
lization of the residual acid functions, while buffering with
respect to acids is determined by the readsorption of protons
into the colloidal micelle following a shift in the equilibrium
of dissociation of the “weak acid” toward the undissociated
form, with a consequent transfer of adsorbed exchangeable
bases into the soil solution.

Buffer capacity of soil
Just as the efficiency of a buffer solution is assured by suffi-
ciently high concentrations of acid (or base) and relative salt,

12 -
_ ee===AlKali
_-
y Sandy soil
9 -
Clay loam
pH
iy Peaty soil
3 -
Min’eral acid
0
Increasing Increasing
acidity alkalinity

Figure B17 Buffering curves of different soils.

so is the buffer capacity of a soil dependent on the percentage
of its colloidal inorganic and organic constituent and in particu-
lar on the properties of their surfaces.

In agreement with Van Breemen and Wielemaker (1974) the
buffer capacity can be defined by:

soil — dpiH

where f8 indicates the soil pH variation (eq.1”' pH ') as a func-
tion of the amount of strong acid or strong base added.

Soils rich in organic matter have the most effective buffer
capacity because their humic compounds have particularly high
CEC values. Clayey soils have good buffer capacities, which,
however, vary according to the composition of the clay frac-
tion. Sandy soils have weak buffer capacities and undergo nota-
ble variations in pH for the same additions of acid or alkali
(Figure B17).

Theoretically, the maximum buffering effect should be
found when the colloidal complex is 50% saturated, that is,
when the pH equals the apparent soil pK. It must be empha-
sized that soil pH is not directly proportional to the degree of
base saturation, so different soils having the same degree of base
saturation can have different values of pH. Therefore the pH
at which the buffer capacity of a soil is maximum varies from
soil to soil according to its apparent pK. Mehlich (1941, 1960)
showed that pH values of kaolinitic and montmorillonitic soils
at 50% neutralization were significantly different. For the
former he determined apparent pK values of 6.5 and for the lat-
ter 4.5 to 5.0.

In general, it can be said that in mineral soils where the per-
manent charge is a high proportion of the total charge, the
apparent pK values are fairly low compared to those in soils
with a highly pH-dependent charge.

Carlo Gessa
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BULK DENSITY

Brady and Weil (2002) define bulk density as the mass (weight)
of a unit volume of dry soil. Blake’s (1965) definition states
that this soil parameter is the ratio of the mass to the bulk, or
microscopic volume of soil particles plus pore spaces in the
sample. Therefore, the volume with which bulk density is con-
cerned is that of the solid particles and pore space. Bulk density
differs from particle density (g.v.) in that the latter concerns the
relationship between the mass and volume of only the solid
particles in the soil excluding the volume of pore space. Bulk
density and particle-density values are used to compute pore
space (see Soil pores) in a soil using the following relationship:

Db
% pore space = 100 — p x 100
D

where Db = bulk density, oven dry, Dp = particle density.

Bulk densitg is expressed as a ratio of grams per cubic cen-
timeter (g cm ). Since the mass of a cubic centimeter of water
is about 1 g, the bulk density of water is said to be 1 g cm
or 1. Soil usually has a bulk density greater than water. For top-
soils a value of 1.1-1.3 g cm > is about normal. For subsoils
bulk-density values are usually greater than those for topsoils
and range from 1.3-1.7 g cm . The bulk density of the sub-
stratum may be greater or less than that of the subsoil. These
figures are necessarily approximate for the bulk-density value
of a soil depends on many soil conditions such as the way the
soil is managed, or cultivated. Compaction, puddling (q.v.),
and a weakening grade of structure all relate to high bulk-density
values. Any management practice that encourages these condi-
tions to exist increases bulk density, thereby decreasing pore
space and restricting gas diffusion and water movement in
the soil. These conditions create soil zones where roots cannot
penetrate and thus cannot derive water and nutrients.

Another use of bulk-density values in computing soil para-
meters is that of determining the COLE of the soil. COLE is
the “coefficient of linear extensibility” and is therefore a mea-
sure of the potential volume change (PVC) of a soil as wetting
or drying takes place and swelling or shrinking goes on (Buol
et al., 2003). COLE is an expression of the shrink-swell ten-
dency of the soil and is directly related to the change that
occurs in bulk density as wetting or drying takes place. This
relationship is shown by the following expression:

where Db, = bulk density, dry Db,, = bulk density, moist.

Because the COLE and related PVC are significantly critical
to soil-use, soils with high COLE values have been separated
from other soils at the subgroup level of generalization in some
great groups in Soil Taxonomy (Soil Survey Staff, 1996). Soils
with a COLE of 0.09 or greater are in the vertic subgroup. Even
though these soils lack the intensity of shrink-swell necessary to
place them in the Vertisol soil order, the amount of volume
change that occurs on wetting and drying presents management
problems that are serious enough to warrant setting these soils
aside from others that lack a high shrink-swell tendency.

Bulk-density values are also often used to detect and
describe dense layers such as fragipans and to give some indi-
cation as to the degree of development of these pans. In addi-
tion, they are used to detect appreciable amounts of volcanic
ash, to determine the degree of alteration of C horizons formed
in saprolite, and to evaluate gains within and losses from var-
ious soil horizons if parent-material uniformity can be estab-
lished (Buol et al., 2003).

David T. Lewis
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BURIED SOIL

A fossil soil or paleosol preserved by being buried under sedi-
ment deposited by erosional processes.
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See Horizon, Profile.

CALCAREOUS SOILS

Calcareous soils as defined here are the soils that fall between
the near neutral soils and the alkaline soils (Figure Cl1) in
redox-pH space. They straddle the calcite fence of the pedo-
genic grid (Figure C2). The fence itself marks the
pH zone below which calcite dissolves and above which it pre-
cipitates, by the reaction

CaCO; +H' = Ca*" + HCO;

The deposition of calcium carbonate in soil takes place
when the product of the activities of Ca>" and CO3 ™ in the soil
solution is 107%® (Berner, 1976), and is commonly considered
to be an inorganic process. However, evidence for the involve-
ment of organisms (biomineralization) in the soil, especially bac-
teria, is accumulating (e.g., Goudie, 1996; Parraga et al., 2004).

Figure C3 shows a detail of Figure C2 with typical calcar-
eous soils added: Calcic Luvisols, Calcaric Phaeozems, Cherno-
zems and Kastanozems. Calcisols (considered also amongst the
alkaline soils) have carbonates extending throughout the profile,
though even in these soils, the surface pH may be too low to
allow solid calcium carbonate to persist.

Calcrete (which is also sometimes termed caliche or calcar-
eous duricrust when indurated) is in essence a variety of Calcisol.
It has been defined as ‘a near surface, terrestrial, accumulation
of predominantly calcium carbonate, which occurs in a variety
of forms from powdery to nodular to highly indurated. It results
from the cementation and displacive and replacive introduction
of calcium carbonate into soil profiles, bedrock and sediments,

in areas where vadose and shallow phreatic ground-water
become saturated with respect to calcium carbonate’ (Wright
and Tucker, 1991, p. 1). Calcretes may cover as much as 13%
of the total land surface, being a prominent surface feature in arid
and semi-arid climatic zones.

The pH range 5.5 to 7.0 in A horizons, covers a set of condi-
tions too alkaline for notable amounts of AI** to be in solution,

Eh
(volts)

08 [~ e — -10

pH ———

Figure C1 Approximate field of calcareous soil as defined in this article.
The dashed envelope encloses the field of the common mineral soils.
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and too acid for Ca>" (or Mg”") to reach saturation values with
respect to carbonate phases. Clay can disperse under these con-
ditions and be transported to the B horizon (illuviation), where
a higher concentration of divalent cations in the soil solution will
cause the clay to flocculate to form an argic horizon. Amongst
the calcareous soils of Table Cl1, this is seen predominantly
in the Luvisols (and Albeluvisols) and in luvic units of the other
calcareous soils.

At the high end of the precipitation range of Table C1, the
presence of calcite in soil is a benefit agriculturally as a
pH buffer. Natural rainwater has a pH around 5.7, and a net
addition of such precipitation to the soil system inevitably leads
to acidification over the long term (more quickly if the rain is
acidified by industrial and automobile emissions — as in the
case of acid rain) As precipitation and consequent throughflow

Table C1 Spectrum of soils that traverse the calcite fence of the pedoge
The pH indicated, is for the A horizon. In each of the soils referred to, pH

pH

Figure C3 Detail of Figure C2 showing characteristics of the soils of
Table C1 with respect to the presence or absence of calcite in their
various horizons.

diminishes, the concentration of Ca>* in the soil solution will
increase to the level of calcite saturation (Figure C4). This is
higher than the level for saturation with respect to the phos-
phate mineral apatite so that there will be a tendency for soil
P to be fixed as apatite Cas(PO4);(OH, F, Cl), or as one of its
precursors such as brushite CaHPO, - 2H,O (Tunesi et al.,
1999).

Ward Chesworth, Marta Camps Arbestain, and Felipe Macias

nic grid as climatic conditions change from cool to temperate humid.
also increases with depth (adapted from FAO, 2001)

Temp. Precipitation (mm) Vegetation Soil group/Unit pH
>550 Deciduous forest Luvisols, Albeluvisols 6.5-7
500 Prairie and forest Phaeozems
Increases 500 Tall grass prairie Luvic Chernozem Increases
l 450 Tall grass prairie Haplic Chernozem l
200-400 Short grass prairie Calcic Chernozem, Kastanozem
<200 Open vegetation Calcisols 7.5-8
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Figure C4 Calcite and apatite saturation in aqueous solution under a
partial pressure of CO, of 103* bars (the normal atmospheric value)
(adapted from Chesworth et al., 1987).
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CALCISOLS

Calcisols are soils with a significant secondary accumulation of
calcium carbonate resulting from precipitation from solution
brought about by evaporation under arid or semi-arid condi-
tions. The following summary is taken from FAO (2001).
Connotation. Soils with substantial secondary accumulation
of lime; from L. calcarius, calcareous
Synonyms. Desert soil is a common international term.
Definition. Defined by FAO (2001) as soils having

1. a calcic or petrocalcic horizon within 100 cm of the surface;
and

2. no diagnostic horizons other than an ochric or cambic hori-
zon, an argic horizon which is calcareous, a vertic horizon,
or a gypsic horizon.

Miscellaneous lands
(Inland waterbodies, Glaciers, no data)

FAO-GIS, February 1998
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Parent material. Mostly alluvial, colluvial and aeolian depos-
its of base-rich, commonly calcareous, weathering material.

Environment. Level to hilly land in arid and semi-arid regions
(see Figure C5). The natural vegetation is sparse and dominated
by xerophytic shrubs and trees and/or ephemeral grasses.

Profile development. ‘Typical’ Calcisols have ABC or AB(t)
C-profiles with a pale brown ochric surface horizon over a cambic
or argic subsurface horizon. Finely textured subsurface horizons
may develop some or all of the characteristics of a vertic horizon.
Substantial secondary accumulation of lime occurs within 100 cm
from the surface.

Origin. Solution and precipitation of calcite (CaCQ3) is the
characteristic genetic process in Calcisols. The chemistry of
this process is dealt with in the article on Carbonates. Com-
monly the surface horizon is wholly or partly de-calcified with
calcite re-precipitated in a horizon of accumulation in the sub-
soil. Erosion, or the activities of burrowing animals, may lead
to homogenization within the profile so that calcite may be
re-introduced to the surface.

Use. Dryness, and in places also stoniness and/or the presence
of a shallow petrocalcic horizon, limit the suitability of Calcisols
for agriculture. If irrigated, drained (to prevent salinization) and
fertilized, Calcisols can be highly productive under a wide variety
of crops. Hilly areas with Calcisols are predominantly used for
low volume grazing of cattle, sheep and goats.

Otto Spaargaren
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CAMBISOLS

Cambisols are soils at an early (incipient) stage of soil forma-
tion. There is generally a brownish discoloration below the
surface horizon, to mark the beginning of pedogenesis. The
subsoil has a soil rather than a geological structure. This article
is based on FAO (2001).

Connotation. Soils with beginning horizon differentiation
evident from changes in color, structure or carbonate content;
from L. cambiare, to change.

Synonyms. The name was first used in the legend to the
FAO World Soil Map. The equivalent term in Soil Taxonomy
is inceptisols. Other classifications use terms connoting brown
soil e.g., ‘Braunerde’ (Germany), ‘Sols bruns’ (France), ‘Brown
soils’/‘Brown Forest soils’ (USA pre-Soil Taxonomy), and
‘Brunizems’ (Russia).

Definition. Cambisols are defined by FAO (2001) as soils
having

1. a cambic horizon; or

2. a mollic horizon overlying subsoil with low base saturation
within 100 cm depth; or

3. one of the following:

Miscellaneous lands
(Inland waterbodies, Glaciers, no data)

FAO-GIS, February 1998
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4. an andic, vertic or vitric horizon starting between 25 and
100 cm below the surface; or

5. a plinthic, petroplinthic or salic or sulfuric horizon starting
between 50 and 100 cm below the soil surface, in the absence
of loamy sand or coarser material above these horizons.

Soils at an incipient stage in their formation with a cambic
horizon (in practice a section of the soil profile between an
A horizon and a relatively unaltered C horizon, that has soil
rather than a rock structure and that differs in color from that
the C horizon).

Parent material. Medium and fine-textured materials
derived from a wide range of rocks, mostly in colluvial, alluvial
or aeolian deposits.

Profile development. ABC profiles. Cambisols are character-
ized by slight or moderate weathering of parent material and by
absence of appreciable quantities of illuviated clay, organic
matter, aluminum and/or iron compounds.

Origin. Weathering by hydrolysis is the characteristic process
though it is not advanced and consequently appreciable quanti-
ties of weatherable minerals (feldspars and ferromagnesians for
example) persist in the soil. Signs of incipient weathering will
normally be present only in the case of primary ferromagnesian
minerals, which may release iron and allow the formation of fer-
ric hydroxides to color and coat other grains in the soil. Minor
amounts of clay and gibbsite may also form, accompanied by
minimal leaching of alkalies and alkine earths. Migration of Fe,
Al, organic matter or clay will not be evident.

Environment. Level to mountainous terrain in all climates
and under a wide range of vegetation types (see Figure C6).

Use. Used in arable farming, grazing and forestry. Cambisols
are subject to the usual restrictions due to climate and topogra-
phy, as well as to characteristics associated with early stages of
soil formation such as shallowness, stoniness, or low base status.

Otto Spaargaren
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CAPABILITY

The possibilities inherent in a soil or land in general, of being
capable of conversion to a particular use. Many classifications
of the capability of land for particular uses exist, and a large
number are ‘pedocentric’ (Rossiter,

Otto Spaargaren
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CAPILLARY PRESSURE

Two fluids are immiscible if they retain a distinct phase identity
when they are mixed. As a consequence of the different
degrees of attraction between molecules of a different nature
a tension exists at the interface, which is called surface tension.
The surface tension ¢ has the dimension of a force per unit
length of the interface edge (Figure C7).

If the interface between two fluids, e.g., water and air, in
equilibrium is flat, the pressures (in the water and in the air)
are equal. In contrast, if the interface is curved, as shown in
Figure C8, there exists a pressure difference between the two
phases. At equilibrium for a spherical bubble of air in water,
it can be shown (e.g., Morel-Seytoux, 1969, p. 472 and Sumner,
2000, p. A69) from a consideration of balance of forces on a
small element of interface (Figure C8) that

20

Pa —Pw = R (1)

Interface

Solid
Figure C7 Surface-tension forces at fluid—fluid or fluid-solid interfaces.

Water ‘

Figure C8 Capillary force equilibrium at an interface between two
immiscible fluids.
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where p, is air pressure, p,, is water pressure, and R is the
radius of the bubble. The difference in pressure between the fluid
at the higher pressure and the fluid at the lower pressure is called
the capillary pressure and is usually denoted by the symbol p.. If
the interface is not spherical in shape (see Figure C8), Equation (1)
generalizes to a form, known as Laplace’s or Plateau’s Equation:

re=o(gx) @)

where (1/R;) + (1/R,) is the total curvature of the interface at
point m, and R, and R, are the radii of the curvature of interface
lines in any two mutually orthogonal normal planes at M (see
Figure C8). The radii of curvatures R, and/or R, are algebraic
quantities, which are positive if the center of the curvature lies
within the phase at higher pressure and negative otherwise.

By definition, the capillary pressure is always a positive
(or zero) quantity. The capillary pressure is often expressed as
an equivalent water height, denoted %, and called capillary-
pressure head. The term “capillary pressure” is misleading
because the definition of capillary pressure assumes in no way
the presence of a solid wall, as introduced by a capillary. It does,
however, assume the presence of two immiscible fluids. How-
ever, the presence of a solid wall may have a bearing on the
shape of the interface and consequently a bearing on the magni-
tude of the capillary pressure.

Wettability

Just as there exists a surface tension between immiscible fluids,
there exists a surface tension between a fluid and a solid. The
surface tension between water and air, o, differs from that
between water and solid material, g,,. A water drop on a glass
plate tends to spread as shown in Figure C7. The contact angle
o between the water—air interface with the solid at equilibrium
fulfills the requirement of zero resultant force at the contact of
the three phases, and consequently,

Oas — Owa

(3)

cosa =
Gwa

Equation (3) is known as Dupré or Young’s formula.

As o is less than 7/2, water is said to be the wetting fluid
while air is the nonwetting fluid. In contrast, the contact angle
of the air—mercury interface is greater than n/2, (Figure C9),
in which case air is the wetting fluid.

Capillary rise in a tube

Consider a cylindrical capillary tube with radius R vertically
located in a water container in which the water level is at eleva-
tion z = z, (Figure C10). Because water wets the capillary, at
equilibrium the air—water interface has the shape of a spherical

Mercury

Air
o o

Solid
Figure C9 Contact angle of air-mercury interface.
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Figure C10 Capillary rise.

meniscus concave toward the air, of total curvature 2(cosa/R),
where o is the contact angle. According to Equation (1) since
air pressure is atmospheric, the water pressure is

20 cosa
R

where p, is atmospheric pressure. If atmospheric pressure is
used as a reference pressure, then the water (gauge) pressure
at the interface is negative, i.e., less than atmospheric; in other
words, the water is under suction. As a result of this imbalance,
the water rises in the capillary tube up to an equilibrium level
h. + zo. At hydrostatic equilibrium the total head of water must
be constant; thus

Pw =PA —

¢:P_w+z
Pw 8

where p,, is specific mass of water, and g is the acceleration of
gravity. As the water (gauge) pressure is zero at z = z, it fol-
lows that ¢ = z, everywhere in the water phase. Consequently,
at the meniscus level, one must have:

p—w+z:fp—c+hc+z():zo
w8 Pwg
or
2
hc:Lc:M (4)

Pwg Ry,

where 7, = pwg is the specific weight of water. Equation (4) is
usually referred to as the capillary rise equation.

Capillary head in unsaturated porous media

It is customary to view an unsaturated soil as consisting of
capillary “pores” in which menisci separate the two phases. This
viewpoint is usually valid in granular soils at sufficiently large
moisture contents where forces in the water body other than
those due to individual fluid pressure, surface tension, and
gravity can be neglected. At equilibrium it is assumed that for
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a given (macroscopically uniform) water content, the air—water
interfaces have the same constant total curvature throughout
the porous medium. Soil scientists traditionally define this state
by the capillary head, y = —P./y,, which is the negative of the
capillary pressure head defined previously. The total (hydraulic)
head is thus

d=y+z (5)

Clearly at low water contents and with soils of fine texture
such as clays, the major fraction of the water content in the
medium is distributed in thin films covering the solid matrix.
In such cases the interaction between the water—air interface
and the water—solid interface must be considered, and the simple
mechanical model for capillary pressure is no longer valid. This
latter conclusion can be understood visually from a description
of the microscopic and macroscopic geometry (Figures Cl11
and C12). Consider two wetted soil particles covered with thin,
yet observable, films of water (Figure C11). So-called pendular
(Stallman, 1964) water exists between the two soils particles.
In one region (point a of Figure Cl11), the total curvature is
positive; hence p. is positive. In another region (point b), the
overall curvature is negative, yielding a negative value of p..
At equilibrium the air pressure is constant, and based on the

Two spherical
grains with wetting
fluid at point of
contact

Pendular
water

Enlarged view of air - water interface surrounding
grain contact; shows curvature of interface.

R, and R, are radii of curvature, taken at right
angles to each other. Plateau's equation for the
capillary pressure of this system is:

Trace of plane containing
R, radius parallel to
this page

Trace of plane containing
R, radius perpendicular
to this page

Figure C11 Geometry of capillary equilibrium.
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Figure C12 Capillary pressure versus water content.

capillary geometrical mechanical model, the water pressure
would be of different signs around each soil particle. As the
water phase is continuous and in equilibrium, it is clear that other
forces must compensate for this pressure difference in the water
and maintain the equilibrium.

Figure C12 displays a profile of water content 6 above a
water-saturated medium at rest. Above the water table (phreatic
surface) at z = z,, the water content gradually decreases with
elevation. Immediately above the water table the rate of change
of water content with elevation, df/dz, is negligible. As eleva-
tion rises, d0/dz gradually decreases to an inflection point and
then increases again toward zero as the water content
approaches 0,, the residual water content. This low residual
value of water content may be observed at more than several
hundred meters above the phreatic surface. As water is in equi-
librium throughout the soil, the total head ® is also constant
and equal to z,. If Equation (2) were generally valid, then the
pressure of water at the low water contents would be less than
10 atm. Actually, suction in water cannot exceed 0.7 atm,
which shows that the mechanical model of capillary pressure
is not generally valid. It is possible, however, to apply Equa-
tion (5) for the saturated—unsaturated soil profile with i repre-
senting the cumulative effect of pressure and other unspecified
(though effective) factors. The value of y for a given equili-
brium water content is determined from the total head equation,
for @ equals constant, yielding

¥ =—(z—-2) (6)

where z is the elevation of the given water content. For conve-
nience, soil scientists continue to refer to y as the “capillary
head.”

The dependence of {y on the water content — sometimes
called the water-retention curve — is an important soil charac-
teristic because it indicates physical properties of the soil such
as texture and structure and determines the water availability
for plants under various boundary conditions. Figures C13
and C14 show (0) curves for sands and silt loam and for
heavy soils. The difference between the two extreme types is
considerable: (1) the porosity generally increases as the soil
texture gets finer. While sand particles function as independent
units, fine-texture soils tend to develop structure with different
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Figure C13 Water-retention curve for sand, fine sand, and silt loam
(after Brooks and Corey, 1966).
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Figure C14 Water-retention curves for heavy soils: Grenville silt loam
(Staple, 1965); Silt mont cenis (Vachaud, 1966); Clay loam (Bruce, 1972)
and Chino clay (Gardner, 1959).

degrees of stability. Small particles adhere together with the aid
of colloidal material to create greater particles, called aggre-
gates, with greater pore space between them. Hence the
observed water content at iy = 0 in heavy soils is greater than
in sandy soils. (2) Sands usually have a minimum critical
value of ¥ (in absolute value), which must be exceeded
before a reduction in water content can be observed. Thus for
Ve < <0, 0 remains essentially constant at the saturated
value, 0. At this value of y = ,, air starts to penetrate into
the soil, and for this reason it is also called the air-entry value.
Soils of very fine texture have no clear air-entry value because
reduction of the water content occurs first as a result of
compression of the soil while it is still saturated with water.
(3) The y(0) curve of granular soils displays an abrupt drop
in water content within a small range of decrease in . It occurs
at a relatively high value of (¥ > —100 cm of water). From
the mechanical capillary perspective, the implication is that
sands have a narrow pore-size distribution (g.v.). On the other
hand, for soils of fine texture the capillary pores represent only
a small portion of the total void volume. Even at relatively high
water contents, most of the water lies in thin films covering the
solid particles. Strong forces hold this film water to the soil, and
high energy is required to extract it. The rate of change of water
content with y is very small, and the effective range of values of
Yy may be as low or even lower than —150 m of water. The resi-
dual water content (also called the irreducible water content) at
low values of y, where dO/dy/ tends to zero, is much greater in
heavy soils (as high as 20%) than in sands (usually less than 6%).

The shape of the (0) curve is affected by both soil and
fluid properties. Beside the factors previously mentioned —
namely, soil texture, structure, and interface contact angle —
other factors play a significant role. These are: the type of soil
minerals, the composition and amount of the organic fraction,
the chemical components of the fluids considered, the tempera-
ture, and the history of the process. The process history is very
important and is thus discussed thoroughly in a succeeding
section headed “capillary hysteresis.”

The water-retention curves 6(i) are determined experimen-
tally. No theory has yet been developed that is accurate or simple
enough to derive analytically the (1) curve. There is, however,
value in fitting the observed data by analytical expressions. Such
analytical yet empirical expressions serve two purposes: (1) They
permit solutions to unsaturated-flow problems in closed form,
and (2) they eliminate the truncation errors introduced in the
estimation of Y and diy//df in numerical solutions. A variety of
expressions have been proposed in the literature. The simplest
one is the power function:

b=a0™ )

where a and n are adjustable parameters. Equation (7) can be
modified to account for air-entry value and residual water con-
tent in the form

9(1,0) = 05 for W > l//cr
Yy =5" for Y <ygq (8)
where
0 — 0,
S =520,

is called the effective saturation. For 0(}) curves with monoto-
nically decreasing slope, a similar expression is used:
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a

Two other expressions are respectively of exponential nat-
ure, namely

0 = 0 > Yy
S, — ) ,IZ - i (10)
or logarithmic, namely
0=0s [
S, = In(y — . +1) v < v, (1)

- ln(l/IIS - l//cr + 1)

Equation (11) mixes dimensional and dimensionless terms
and as a result can be used only if ¥ is expressed in centimeters
of water.

None of these analytical curves except that defined by Equa-
tion (9) has an inflection point and can be accurately adjusted
only to the experimental curves for a limited range of  or 0
values. More flexible and realistic expressions can be derived
such as

W =a0'(0,—0)"

cos h [(lL—”U)ner] —c

cos h [(ﬁ)ner} +c

(12)

Se =

(13)

where a, b, c, n, and o are adjustable parameters (King, 1964),
or any combination of the more elementary functions men-
tioned previously. These latter expressions are of limited value,
however, as the amount of work required for adjustment is
considerable, and they are too complicated to be used in the
derivation of closed analytical solutions. The most commonly
used soil water retention model was developed by van Genuchten
(1980). For a detailed review and references, see Mualem and
Dagan (1976) and Kosugi et al. (2002).

Experimental determination of capillary head

There are a variety of ways to measure the capillary head in a soil.
One method determines directly the pressure difference between
air and water and the corresponding water content in the soil. Sup-
pose a rock (or soil) sample, completely saturated with water at
atmospheric pressure, is placed in contact along a fraction of its
surface with air. Pressure in the air phase is increased and remains
constant. A certain volume of air penetrates the core and expels a
corresponding amount of water, which is measured.

The air is retained in the porous medium by a semiperme-
able membrane that transmits the displaced water but not the
air. Ultimately a no-flow condition is established. Due to the
expulsion of a certain volume of water, the remaining water
fills up only a fraction of the total pore space. (The fraction
of the total pore volume occupied by water is called the water
saturation.) Pressure in the air is increased again. When equili-
brium is reached, a new and lower equilibrium water saturation
prevails in the core. Ultimately, repeating the operation succes-
sively (and patiently), a curve of capillary head versus water
saturation or water content is obtained (Figure C15). Because
water was drained from the core in the procedure, the curve
so obtained is labeled “drainage” or “drying curve.” Because

. Capillary head

Yminf-—

Primary

wetting ™ | First drainage

Water

Ymax [
content

Figure C15 Nomenclature of capillary hysteresis.

the core was initially fully saturated (no air present at all), the
curve is labeled “first draining curve.”

It is found experimentally that a point is reached when even
a tremendous increase in capillary pressure no longer induces a
saturation change. The water saturation is said to have reached
its irreducible, or residual, value. The concept of irreducibility
is relative to the process. For example, the residual water
saturation could be reduced further by placing the core in an
oven at an elevated temperature.

Capillary hysteresis

Once residual water content has been established in the core by
displacement by air, the imbibition, or wetting, curve can be
obtained by letting the pressure drop stepwise and water
imbibe back. Imbibition (q.v.), or wetting, are the terms used
if the water content increases with time. However, a different
curve is obtained (Figure C15), which implies that given a
water content, several equilibrium states are possible depending
on previous history. The capillary-pressure curve is said to dis-
play hysteresis. By the time the capillary pressure has returned
to the zero value, all the air has not been expelled. A fraction of
it has been trapped, the residual air content. This imbibition
curve is referred to as the “main wetting curve.” If the soil is
drained again, the main drying curve is described. If the process
is reversed before the capillary head has reached the value i,
(point @ on Figure C15), a primary wetting curve is described.
But if the process is reversed only after the value 1/,,;, has been
reached, then the main wetting curve is described again. The
main drying and main wetting curves form the main hysteresis
loop. Depending on the location of the reversal point in the pro-
cess of successive wetting and drying, the described curves are
referred to as “primary,” “secondary,” “tertiary,” etc.
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The observed capillary hysteresis results from the cumula-
tive effects of several factors. Probably the most important
one is the geometry of the porous system. Let us adopt the
mechanical capillary-pressure model discussed earlier. Under
these conditions it is possible to depict different porous-matrix
geometries that lead to hysteresis. They have in common the
existence of cavities with converging and diverging walls.
The isolated pores so constructed are connected by narrow
channels, which permit different configurations of the interface
at equilibrium for the same value of . Figure C16 displays a
pore with two degrees of filling, yet with the same curvature
radius for the interface and consequently the same capillary
head. Figure C17 displays another type of geometry that causes
hysteresis (the “ink-bottle” effect), as the same curvature can exist
with various degrees of filling of the void space.

A second effect is the hysteresis of the contact angle a.
As stated previously in the discussion of the capillary rise in
a capillary tube, the capillary pressure depends on the contact
angle according to the formula

De :TGcosa (14)

Air

Air

Water

f Wetting \ r/ Drying \‘

Figure C16 Different degrees of saturation for the same capillary
pressure.

351

Figure C17 The “ink-bottle” effect.

In general, the wetting angle is not constant. It reaches its
maximum value when water (or more general a liquid) moves
toward a dry surface and takes it’s minimum value when it
recedes. This phenomenon can be observed visually in the pro-
cess of filling and emptying a capillary tube (Figure C18). As a
result of this wetting angle hysteresis, a row consisting alter-
nately of air bubbles and of water drops can maintain rest
against a significant pressure drop between the two ends of a
tube (Figure C19).

Entrapment of air during the imbibition (or wetting) process
is another important factor. The appreciable difference between

Zmin
Pmax
[~ Z— Water —=
—
Receding Advancing
meniscus meniscus

Figure C18 Hysteresis of wetting angle.
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Figure C19 Equilibrium induced by a series of wetting-angle hysteresis.
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the first drainage (or drying) curve (abbreviated F.D. curve) and
the main drying (M.D.) curve displayed on Figure C15 is the
direct result of this air entrapment. This entrapment may be
explained in a simple way by the closing of narrow entrances
of pores or groups of pores by the wetting fluid in a slow wet-
ting process. The air content in the sample varies with time as
air dissolves in water and moves away by diffusion. It is a
known fact that if i is kept constant for a long time, the water
content increases as air disappears from the soil (Bloomsburg
and Corey, 1964).

Comparisons of numerical studies of water redistribution in
soils, including or excluding the hysteretic effects, have shown
that the profiles differ substantially. In the presence of hyster-
esis higher water contents prevail in the upper part of the soil,
and wetting of the lower part is delayed. This delay in the drai-
nage rate enhances the evaporation from the soil surface. For a
detailed review and references, see Mualem and Dagan (1972).

Theory of capillary hysteresis

The fundamental theory of hysteresis based on the “indepen-
dent domains” concept was initiated by Preisach (1935) and
Néel (1942-1943) and thoroughly analyzed by Everett and
his coworkers (1952-1955) and Enderby (1955). According

Yd

Yw

Sy

Figure C20 Hysteretical behavior of the isolated pore domain.

Vmin Ymin

to this theory a porous medium is viewed as a system consist-
ing of independent elementary pore domains. Each domain is
characterized by two length scales, p and r, which can be inter-
preted geometrically as the radius of the pore and the radius of
its constricted connection with other pores, respectively. Using
the capillary law ( ~ a/R), the variables p and r can be
uniquely related to the wetting and drying capillary head ,
and 4, respectively. The pore domain has therefore only two
stable states, either empty or full (Figure C20). In a wetting
process, the pore is empty until iy reaches the value i, at
which time it flips over to a filled state. There is no change
in water content of the pore when y is increased further. In
drainage the pore remains water filled until i takes to value
of 4. At this point the pore is totally drained. The elementary
pore domain displays hysteresis. It is assumed that these prop-
erties are independent of the states of the neighboring pores.
Denoting AV as the pore volume and taking ,, and 14 as inde-
pendent variables continuously distributed between /,;, and
Wmax» it 1S possible to define a pore-water density distribution
function

F o) = 2 ) (13)

where Vs the total volume of the sample. Now f({/, ¥q)di/ dirg
represents the relative pore volume which is filled at iy, and
drained at Y4 due to differential changes di,,diy/4. Essentially,
Sy Yrq) is positive with ), > 4. Figure C21b and C21¢ show
the diagram of the filled-pore domains, “Néel diagrams,” at a
given 0 for the main wetting and the main drying processes.

Assuming that the independent-domains theory applies con-
ceptually, it is possible to relate the measurements of i and 6 to
the pore-water density function £. It is customary to operate with
finite differences and to define approximately the integral func-
tion F(lpwia l//dJ) :f(lﬁwi, lpdj)AlﬁwAwd: which permits calibra-
tion of the model on the basis of a family of either primary
wetting or primary drying scanning curves.

This model has been experimentally tested for a wide vari-
ety of soils and glass-beads samples. While the theory held
for some samples, in most cases discrepancies between the
measured and the predicted 0(i) curves were observed. Poulo-
vassilis (1962, 1970a) found a good agreement between the
predicted and the measured scanning curves for glass beads and
sand. Other investigators reported considerable discrepancies
between the theory and observations; Topp and Miller (1966),
Morrow and Harris (1965), and Bomba and Miller (1967)
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Drying
0 G A

Wetting
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C

Figure C21 (a) Schematic representation of capillary hysteresis. (b) Filled-pore diagram (shadowed region) for the main wetting process. (c) Filled-

pore diagram for the main drying process (after Mualem, 1973).
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observed discrepancies for glass-beads medium; Vachaud and
Thony (1971), Talsma (1970), and Poulovassilis and Childs
(1971) observed them for sand; Topp (1969, 1971a) observed
them for various loam soils. It seems that the measured discrepan-
cies are due partly to the method of measurement because the
poorest agreement between theory and measurements has been
observed for unsteady-flow experiments. The main problem,
however, stems from the fact that the computed pore-water dis-
tribution function derived in this method becomes negative in
part of the (., ¥q) domain, in contradiction to its basic defini-
tion. As a result, part of the predicted scanning curves are
depicted outside the main loop and sometimes indicate a process
opposite to the actual one, namely, drainage instead of wetting
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T 350 -
=
s
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>
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®

(volumetric)

and vice versa. This phenomenon is intensified when a consider-
able region of the hysteretical domain is observed within the
range (0, Y.;) and when the sample is dried to a lower water
content 0,,;,, close to 0,.

Mualem (1973), following Philip’s (1964) approach, sug-
gested a modified variant of the independent-domain theory.
This model used a similarity hypothesis, according to which the
pore-water distribution function f(/, {/4) is represented as a pro-
duct of two independent distribution functions, A(w)l(q).
This hypothesis considerably simplifies the computational proce-
dures. Only the measured boundary curves are required for the
calibration of the model, and the scanning curves are expressed
analytically. Moreover, the modified model is better adapted to
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Figure C22 Scanning curves predicted by the usual Néel-Everett model (dashed line), by model | (solid line), and the measured data for Caribou silt

loam (points) (after Mualem, 1973).
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Figure C23 (a) Schematic representation of capillary hysteresis and the filled-pore diagrams in the (unknown) rp plane (the shaded domains) for
(b) the main wetting process, (c) the main drying process, (d) the primary drying process, and (e) the primary wetting process (after Mualem, 1974).
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Figure C24 The function C(S.) for three soils measured after several cycles of imbibition and drying. The hollow symbols denote results in the
wetting process, and the solid symbols denote measurements in the drying process (after Mualem, 1974).

the independent-domain principles (Figure C22) as the computed
poredistribution function is always positive. As a result, the pre-
dicted O(1) curves are in better agreement with observations than
those derived by using the original Néel-Everett model.

A more flexible independent-domain theory, which accounts
also for a reversible contribution of the pore domains to the
wetting and drying processes, has been suggested by Mualem
(1974). This model is underlain by three basic assumptions:

e The two parameters » and p, characterizing a pore volume
of the porous medium, vary in the whole range between
Ruin and R, (which correspond to /i, and .y, TesSpec-
tively, by the capillary law R ~ 1//]). After the normaliza-
tion, that is,

r— Rmin
Rmax - Rmin

P — Rmin
Rmax - Rmin

7=

p= (16)

the pore-volume distribution function f(7,p) is defined in
the square OABC of Figure C23. ~ ~ ~

o In a wetting process under a change from y/(R) to (R + dR)
pores characterized by R < p < R+ dR are filled, while in
drainage when  diminishes from (R) to /(R — dR), only
the pores characterized by R—dR <p<Rand R<r<1
are drained. Diagrams of the filled-pore domains in the 7, p
plane (corresponding to four different processes) are given
in Figure C23.

e The simplifying similarity hypothesis

f(F.p) = h(r)t(p)
is adopted.

(17)

The effective water content 6 is subsequently defined as
0 =0 — Oy (18)

where ® and ®,,,;, are the actual and the residual water content.
Two integral distribution functions are defined as

R R
L(R):/O U(p)dp H(R) = /O h(F)dF (19)

v (cm of water)

Contained water (cm3)

Figure C25 Measured hysteretic curves outside and inside the main
loop (solid lines) and the predicted curves using model Il (dashed lines)
for glass-beads sample (after Mualem, 1974).

The effective water content in the main wetting process
0w (R) is determined by the integration of f'(7, p) over the cor-
responding region of the filled pores (Figure C23b):

0w(R) = L(R)H (1) (20)

and similarly, in the main drying process (Figure C23)

0a(R) = L(R) + [L(1) — L(R)]H (R) (21)
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v (cm of water)

S (%)

Figure C26 Two families of secondary drying scanning curves predicted with model Il (solid lines), computed with model Il (dashed lines), and
measured (dotted lines) for the glass bead sample (after Mualem and Dagan, 1975).

Choosing H(1) = 1 and realizing that there is a unique rela-
tionship between (R) and v, we may express H and L as func-
tions depending directly on s by

L(y) = 0w(¥)

_ 0 (l//) B QW(‘//)
H) = =5~ 5u00)

Once L(y) and H(y) are determined from the two measured
boundary curves of a given soil, any hysteretic path is
described afterwards in a simple way with the aid of these
two basic functions. For instance, the water content along a pri-
mary drying scanning curve (obtained by integrating f(7, p)
over the region of filled pores of Figure C23d is given by

(22)

(23)

‘ [ b ] = 0,() + HOW)LO) — D)) (24)
while the primary wetting scanning curve (Figure C23e) is
given by

l//maxl// J— —
e[ %]—ew(wﬂeu LWHW) (25)

This new model considerably facilitates the computational
work as H(}y) and L(})) are very simply related to 0(1) on the
main boundary curve. Theory has been extended further to
account for the entrapment of air. Using Cary’s (1967) experi-
ments, it was found that the entrapped air content constitutes a
constant fraction of the water content. Figure C24 shows that
the factor ¢ = 0,,/(0,, + 0,), where 0, is entrapped air content,
is approximately 0.9. On this basis it was assumed that by
rewetting a sample that was previously drained starting from
saturation, a well-defined quantity of air is trapped. Moreover,
it is assumed that subsequent drying and wetting cycles do
not cause additional entrapment. This hypothesis permits pre-
dicting the first drying curve and any other scanning curves
branching from it (Figure C25). The agreement between the

forecast 0(i) relationships and observations is quite satisfac-
tory. It should be noted that this theory permits using the first
drying curve and the main wetting curve, solely, for calibration
of the model. This way, less experimental work is required
while theory applies to the whole hysteretical domain.

In some cases, for soils having a narrow pore size distribution
with a major portion of the hysteretic loop in the range of air-
entry value or when the soil is drained to a very low water con-
tent, the independent-domain models are not really satisfactory.
In these cases the pore interaction effects are significant. Everett
(1967) and Topp (1971b) suggested a dependent-domain theory,
which accounts for pore blockage against air entry near satura-
tion and air blockage against water entry at low water content.
While this theory leads to better agreement with observations,
Topp’s procedure is laborious and requires a large amount of
measured data, comprising sets of both drying and wetting
families of scanning curves. Poulovassilis and Childs (1971)
suggested another dependent-domain model. This model, how-
ever, requires even more experimental data.

Mualem (1974, 1976) and Mualem and Dagan (1975)
generalized Mualem’s model previously discussed to incorpo-
rate the fundamental ideas of Everett and Topp. The computa-
tional procedure requires one primary drying scanning curve
and one primary wetting scanning curve in addition to the
boundary loop to determine the two functions corresponding
to water and air blockage. They concluded that in most cases
pore blockage against air entry is of lesser significance and
can be disregarded to simplify computation. The generalized
theory, however, significantly improves the prediction when
the effect of the pore blockage against air entry is considerable
(Figure C26). Thus the new models attain a high degree of
generality and capability of representing observed phenomena
more accurately.

Hysteretical phenomenon is observed also in the K(0) and
the K() relationship. The subject is discussed under the title
Permeability.

Y. Mualem and H. J. Morel-Seytoux
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CARBON CYCLING AND FORMATION OF SOIL
ORGANIC MATTER

Carbon (C) can form potentially endless hybridized atomic orbi-
tals resulting in the potential to create a vast array of complex
organic compounds. The diversity of C compounds no doubt
influenced the evolution of life and the diversity of organisms.
Carbon was not found on the primordial earth and only after
the continuous bombardment by carbonaceous comets and aster-
oids did appreciable amounts of C accumulate (Anders, 1989).
The extraterrestrial C was complex containing a vast array of
hydrocarbons and important biological compounds such as
amino acids and carboxylic acids, constituents required to assem-
ble primitive life. Early Earth’s atmosphere was thought to con-
tain primarily simple hydrocarbons that were continuously



92 CARBON CYCLING AND FORMATION OF SOIL ORGANIC MATTER

altered through ultraviolet photolysis. In addition, the atmo-
sphere contained appreciable amounts of carbon dioxide (CO,)
as a result of meteor and asteroid impacts and volcanic activity.
The CO, dissolved in water to form carbonic acid and may have
been instrumental in mineral weathering and soil development.
The respiratory activities of early microorganisms added to the
increasing levels of CO, and methane (CH,) in the atmosphere.
Early Earth contained atmospheric CO, levels in excess of
100 times of what they are today. The high concentrations of
CO; lead to the emergence of biological C fixation (photosynth-
esis), which began to reduce the atmospheric CO, level and
increase the oxygen level. The evolution of primary producers
resulted in the accumulation of complex organic compounds.
The production of organic material immobilized essential nutri-
ents, such as nitrogen (N) and phosphorus (P) that had to be
recycled by the decomposing activity of heterotrophs to main-
tain primary production. The biological processes of photo-
synthesis and decomposition are two fundamental processes
that sustain ecosystem productivity and are an integral part of
the global C cycle.

The global CO, cycle today

Increasing fossil fuel use, forest clearing, and the conversion of
land to agriculture have led to a net transfer of terrestrial C to
the atmosphere. Today’s atmosphere contains approximately
370 ppmV compared to about 260 ppmV CO, during the mid-
dle of the 19th century. Atmospheric CO, continues to increase
because of the reliance on fossil fuels and as developing countries
embrace a higher standard of living afforded through industrial
development. The increasing atmospheric CO, level has been par-
tially offset by the net uptake of C into the oceans, which contain
the largest reservoir of inorganic C at 38 000 Pg C (Figure C27).
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In the terrestrial environment, soils contain about 1 500 Pg C.
The atmosphere contains approximately 790 Pg C and land vege-
tation 650 Pg C. Both soils and vegetation have been impacted
greatly by anthropogenic activity and thus the C cycle can be
considered one of the more sensitive biological cycles subject
to human influence. Increased atmospheric CO, may lead to
higher photosynthetic rates, although elevated CO, research
has produced little corroborating evidence to suggest plants
are C limited. Plant water use efficiency will increase for plant
species that rely on the photosynthetic enzyme Ribulose bispho-
sphate carboxylase to produce a 3C (Cs) sugar during photosynth-
esis. C; plants can loose up to 50% of fixed C to photorespiration
and would benefit greatly under higher partial pressures of CO,
that reduce transpired water loss during photosynthesis. In com-
parison, plants fixing CO, to 4C sugar (C,) or those using Crassu-
lacean acid metabolism (CAM) are more efficient at fixing CO,
and show little if any change under elevated CO,.

The global C cycle is dependent on numerous processes that
operate at different spatial or temporal scales. The cycling of
the vast majority of C found on Earth is on the order of mil-
lions of years as CO, from the atmosphere and biological activ-
ity is adsorbed by oceans and sequestered into carbonates that
eventually form sedimentary rocks such as limestone and dolo-
mite. Over time these rocks release their C back to the atmo-
sphere, either through subduction into the Earth’s mantle
followed by expulsion of CO, through volcanic processes, or
as a result of tectonic plate upheaval where they are exposed
to weathering processes leading to the release of CO, through
mineral dissolution and soil development. On a smaller time
scale, measured from hours to thousands of years, biological
processes dominate the C cycle. The biological cycling of C
is dependent on the ability of primary producers such as
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Figure C27 Pool sizes and annual fluxes (Pg C) of major reservoirs (solid lines) and fluxes (Pg C/year) (dashed lines) in the global C cycle (adapted

from Houghton et al., 2001).
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plants and cyanobacteria to fix atmospheric CO, into organic
substances.

The biological fixation of CO, or photosynthesis to produce
organic compounds is termed gross primary production (GPP).
Following losses to respiration, growth and maintenance the
newly formed biomass is termed net primary production
(NPP). Net secondary production (NSP) occurs when consu-
mers such as herbivores or decomposers of NPP produce new
biomass. The decomposition of NPP leads to the selective pre-
servation of some resistant plant constituents, such as lignin. In
addition, the turnover of microorganisms produce compounds,
which are precursors to soil organic matter (SOM). These
precursors or humic substances are resistant to decay and can
persist for thousands of years.

Composition and decomposition of soil C inputs

The quantity and quality of NPP and subsequent NSP deter-
mines the outcome of decomposition processes and regulates
the accumulation of SOM. The various constituents of NPP
and NSP consist of a range of materials from simple lipids
and organic acids to complex polymers found in plant and
microbial cell walls. The constituents of cytoplasm and cell
walls require a complex scheme of enzymes to degrade into
substrates suitable to be used to produce NSP, indicating that
microbial diversity and production are significant controlling
factors of decomposition processes. The cell walls of plants
and microorganisms are resistant to decomposition and are
thought to contribute significantly to the maintenance of
SOM. A small yet nutrient rich component of plant litter found
within the cytoplasm contains sugars, amino compounds and
organic acids and comprises up to 10% of plant residue dry
weight (Table C2). The labile cytoplasm components are read-
ily leached from plant residues and provide the initial energy
and nutrients to start the decomposition process. The protein
content of plant litter and exudates ranges from about 1% in
roots to up to 4 or 5% in foliar tissue. Biological N fixers tend
to have greater overall tissue N concentrations. The meristi-
matic regions of plants can have N contents in excess of 20%
by weight. The secondary cell walls of higher plants generally
have less than 1% N. The majority of secondary cell wall is
comprised of hemicellulose and cellulose, comprising up to
70% of total plant residue. Plant lignin ranges from 5 to 30%
and is a unique compound of terrestrial plants providing a rigid
exoskeleton to counter the effects of gravity and provide a
physical defense against pathogens. Extractable phenols and
tannins are often a significant component of some plants, espe-
cially in forest and shrub systems, and comprise up to 30% of
the dry weight.

Table C2 Percentage of cytoplasm and cell wall components in plants.
(adapted from Horwath 2002)

Plant component % of total
Waxes and pigment 1

Amino acids, sugars, nucleotides etc. 5

Starch 2-20
Protein 5-7
Hemicellulose 15-20
Cellulose 4-50
Lignin 8-20
Secondary compounds 2-30

The various components of plant, microbial and faunal soil
inputs undergo decomposition at different rates. Ecologists
often relate the decomposability or quality of plant litter inputs
to C to N ratio, total N or lignin content, which have been
shown to influence decomposition and the long-term fate of
soil C. Other plant constituents such as polyphenols and tan-
nins (secondary plant metabolites) may impact decomposition
through phytotoxic interactions and chemical interactions with
both organic and inorganic N sources. The availability of exo-
genous nutrients is a major determinant of decomposition
processes through its regulation of the growth potential of
decomposers. Above all, the major factors controlling both
NPP and NSP are temperature and moisture. Temperature con-
trols metabolic activity while sufficient moisture is required to
maintain metabolic function. Following is a description of plant
and microbial components and the factors controlling their fate
during decomposition.

Cytoplasm and storage components

Lipids represent a diverse class of compounds ranging from sim-
ple fatty acids to complex sterols, phospholipids, chlorophyll,
waxes and resins (cutins and suberins). As a class of com-
pounds, the decomposability of lipids depends on their chemical
complexity. Long chain aliphatic fatty acids and phospholipids,
components of membranes, are degraded relatively quickly
depending on the degree of saturation or double bond content.
More complex waxes and resins are resistant to decomposition
and form some of the most resistant substances in soil. The
hydrophobic character of these substances allows them to sorb
into hydrophobic domains of SOM, shielding them from enzy-
matic attack. In addition to plant lipids, the accumulation of
polyaromatic hydrocarbons (PAH) from fossil fuel combustion
in soils is gaining attention. Enzymes and degradative processes
of the more recalcitrant lipid substances and PAH are not well
understood.

Starch is a polymer of glucose synthesized and stored in
plastids, such as amyloplasts of roots and tubers. Starch con-
sists of two glucose polymers, amylose and amylpectin. Amy-
lose contains long unbranched chains of o(1-4)-glucose units.
For most plants, amylose can account for up to 30% of the total
starch. Amylopectin has a similar structure linked every 20
to 30 glucose residues by a(1-6)-glucose bonds. A class of
enzymes known as amylases readily degrades starch into glu-
cose. Starch represents a significant energy source but requires
a supply of exogenous nutrients to complete microbial growth
and other NSP.

Hemicelluloses, pectins and cellulose

The majority of plant carbohydrates are found as the polysac-
charides, cellulose hemicellulose and pectin in the secondary
cell wall. All of the monsaccharides that form cell wall polysac-
charides are derived from glucose, which upon alteration
form a variety of 5C (pentoses) and 6C (hexoses) sugars. Hemi-
celluloses contain xylans (xylose polymer), an uronic acids
(i.e., sugar acid), and arabinose (another 5C sugar). Pectin is
composed of three main polysaccharide types: polygalactur-
onan (repeating galacturonic acid monosaccharide subunits),
rhamnogalacturonan I (alternating rhamnose and galacturonic
acid subunits) and rhamnogalacturonan II (highly branched poly-
saccharide). Hemicellulose/pectin because of their sugar content
are a rich energy source, but require an extensive suite of
enzymes and exogenous nutrients to complete its decomposition.
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Cellulose consists of glucose units linked by f(1-4) bonds to
form long glucose chains. The chains are cross-linked by
hydrogen bonds to form paracrystalline assemblages called
microfibrils. The cellulose microfibrils are cross-linked into a
network or scaffold with hemicellulose. Cellulose microfibrils
are decomposed by the enzyme system cellulase composed of
endoglucanase, exoglucanase and f-glucosidase (also known
as cellobiases). Cellulose degradation begins with the disrup-
tion of the crystalline structure of the microfibrils followed by
the depolymerization into short glucose chains. A wide range
of organisms degrade the energy rich cellulose, but only a
few have demonstrated the complete depolymerization and
hydrolysis of the crystalline microfibril structure in vitro. The
conversion of plant polysaccharides into sugars and fuel such
as ethanol has received much attention as a source of energy
to replace or substitute for fossil fuels.

Lignin

Lignin is a complex and dense amorphous secondary cell wall
polymer typically found in the trachea elements and sclerench-
yma of terrestrial plants. The dense hydrophobic nature of lig-
nin makes it difficult for enzymes to penetrate. The precursors of
lignin come from the shikimic and phenylpropanoid pathway
that converts the amino acids phenylalanine and tyrosine to
hydroxycinnamyl alcohol and then to monlignols —p-coumaryl,
coniferyl and synapyl alcohols. The monolignols are assembled
randomly on a protein template. The lignin polymer provides
structural rigidity and a mechanical barrier against pest and
pathogens.

The decomposition of lignin is primarily attributed to fungi,
actinomycetes, and bacteria under aerobic conditions. Fungi are
the most efficient lignin degraders in nature and for this reason
play a key role in C cycling. Fungal species that degrade lignin
are often grouped into soft rot, brown rot and white rot fungi
based on the color of the decayed substrate. The majority of
wood decay is done by brown and white rot fungi from the
Basidiomycetes. White rot fungi are the most active lignin
degraders. Several thousand species of white rots are known.
White rot fungi are often inhibited by high N levels, suggesting
that lignin degradation is a secondary metabolic response. The
interaction of cellulose and lignin to form lignocellulose pro-
duces a difficult to degrade structure compared to its’ indivi-
dual components. The recalcitrance of the plant cell wall
requires that numerous microorganisms and enzyme systems
work together to free substrates to complete growth.

Plant secondary compounds

Plants produce an array of secondary compounds or metabo-
lites that are not essential for growth and development. There
are three major groups of secondary compounds including ter-
penoids, alkaloids and phenylpropanoids. Many of these com-
pounds are thought to play a role in defending against
herbivory and microbial infection, as attractants for pollinators
and seed dispersers and as allelopathic agents. These com-
pounds affect the quality of plant litter residues and exudates
by negatively affecting organisms and/or processes controlling
decomposition processes. These compounds range in molecular
weight from 500 to 3 000 Daltons and commonly precipitate
proteins through tannin reactions (Kraus et al., 2003). The
tanning of leather is an example where a natural product is
protected from microbial attack. The ability to precipitate pro-
teins can have profound effects on N availability and microbial
succession during decomposition processes.

Microbial constituents

Microbial biomass represents NSP derived from photosyntheti-
cally fixed C. Net secondary production may be recycled to
produce more generations of microbial decomposer biomass.
The turnover of the soil microbial biomass represents a signifi-
cant source of labile and resistant C and potential substrate for
SOM formation. Bacteria have many C compounds that are
similar to plants. Protein makes up 55% of the cell dry weight
of common bacteria. Fungi have less protein than bacteria, con-
centrating their metabolic constituents at the tips of growing
hyphae. For this reason, bacteria have narrow C to N ratios that
range from 5 to 8 while fungi often have C to N ratios in excess
of 8. Differences in C to N ratio and cell wall components are
often related to the decomposability of soil organisms, as was
mentioned earlier for plant residues.

The complexity of the microbial cell walls makes them resis-
tant to decay, similar to that of plants, but the building blocks are
vastly different. Microbial cell walls contain constituents such as
amino sugars and the D-form of certain amino acids that are
resistant to decay. Most amino sugars in soil are of microbial
origin. Bacterial cell walls are composed of a rigid layer of
N-acetylglucosamine and N-acetylmuramic acid chains. They
are linked into a rigid layer called petidoglycan by peptide
bonds. The cross-linked peptidoglycan called murein is com-
posed repeating units of L-alanine, D-alanine, D-glutamic acid,
and either lysine or diaminopimelic acid. Bacterial cell walls
contain anywhere from 10 to 90% peptidoglycan with gram-
positive bacteria containing the most. A major component of
the fungal cell wall is chitin, which is composed of repeating
units of N-acetylglucosamine. Fungi also contain dark-colored
pigments called melanins that are resistant to decay and are
thought to contribute directly to SOM formation. The decompo-
sition of plant litter and microbial products normally occurs
through a succession of different organisms capable of degrad-
ing and utilizing specific chemicals, structures and substrates.

Turnover of soil inputs

The turnover of C inputs to soil is often substrate dependent
and therefore follows first order reaction kinetics. Proteins
and sugars are degraded rapidly and exhibit high turnover rates.
The turnover of polymers such as cellulose, lignin and peptido-
glycan that require extensive enzyme suites and microbial suc-
cession have longer turnover rates. The rate of turnover of a
soil C input or substrate (4) with time (7) is defined as

d4

R
dt

(1)

where the product of the decomposition rate constant k& and 4
describes the change in 4 with time. The time required to trans-
form or turnover substrate 4 is

)

The turnover time is often referred to as the mean residence
time (MRT). Upon integration Equation (1) becomes

A, =Ae™

. 1
turnover time = %

3)

where A4, is the substrate remaining at any time during the
decomposition processes. The decomposition rate constant k
is expressed as per unit of time (e.g., min~}, h™!, a7, yr_l,
etc.). The time required to turnover one half of substrate 4 is
expressed as the logarithmic function
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gl
In |:72:| =—k 11/2 (4)

where #,, is the time required to turn over one half of substrate
A (half life). Equation (4) is integrated to

0.693
tl/Z == T (5)

Figure C28 shows both a normal and log plot of a typical turn-
over response of a substrate that follows first order kinetics. Plot-
ting turnover on a log scale yields a straight line. Table C3 shows
typical turnover times of various plant and microbial inputs to soil.
The turnover times reflects the decomposability of the soil inputs.

Soil organic matter formation

Soil decomposers act as the “Waste Management” crew of an
ecosystem. The decomposition of plant and microbial inputs to
soil plays an important role in maintaining the global C budget
by cycling most of the CO, fixed through NPP back to
the atmosphere. The C fixed as NPP and converted to NSP is
decomposed at a rate very similar to the amount produced on
an annual basis. A small fraction of NPP and NSP is persevered
as stable soil C in the form of SOM through a process called
humus formation.

Humus formation is an essential process that determines
NPP and NSP by controlling the availability of essential nutri-
ents. The most efficient procedure to remove humic substances
from soil is an alkali extraction. The extraction yields fulvic
and humic acids. Fulvic acids are characterized as having low
molecular weight (1 000 to 30 000), soluble in water and are
commonly found in soil solution and aquatic environments.
Humic acids have higher molecular weight (10 000 to 100 000
and more), are insoluble in water and generally are the larger
fraction of the two acids. The higher molecular weight of humic
acids is presumably due to the condensation of smaller com-
pounds. The alkali unextractable portion of SOM is termed
humin and represents up to 30 to 50% of total SOM. Humin
is thouight to be strongly attached to soil minerals and accord-
ing to "C-dating studies is often 1 000 or more years in age.
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During the formation of SOM, nutrients such as N, P and S are
incorporated into its structure. The structure of SOM consists
of approximately 50-55% C, 5% H, 33% O, 4.5% N, and
1% S and P. In addition, other metals and micronutrients, such
as Ca, Zn and Cu are present in much smaller amounts. Besides
being a reservoir of essential plant nutrients, SOM has qualities
that contribute directly to plant and microbial growth through
its effect on the physical, chemical, and biological properties of
soil. The association of SOM with secondary minerals such as
clay and amorphous oxides create soil structure through the for-
mation of aggregates. Aggregate formation enhances soil physi-
cal structure by ordering soil mineral grains, promoting aeration
and water infiltration and storage.

The formation of humic substances has been studied for
more than 200 years because of their influence on soil proper-
ties and soil fertility. Since the 17th century, scientists have
debated whether plant materials were directly incorporated into
these humic substances or altered through microbial activity.
Modern analytical techniques have shown that SOM consists
of partially decayed plant residues, soil microorganisms, soil
fauna, and the byproducts of decomposition. Decomposition
of plant and animal residues leads to the formation of by-
products that are highly reactive. The humification process is
both biological and nonbiological or abiotic where decomposi-
tion byproducts condense randomly to form larger molecules or
aggregates of molecules that closely associate with soil miner-
als. One of the most popular theories of SOM formation is the
polyphenol theory. Amino acids are thought to react with a

Table C3 Decomposition rates and turnover of various plant and
microbial soil inputs

Soil input Decomposition Half life Turnover
rate constant (day ") (days) (days)
Sugar, amino acid 0.2 3.5 5.0
Cellulose 0.08 8.7 12.5
Lignin 0.01 69.0 100.0
Fungal cell wall 0.02 34.7 50.0
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Figure C28 The normal and log plots show the half life (t;,,) of substrate A is 0.5 h. Using Equation (5), the decomposition rate constant is
(t12 = 0.693/k or 0.5 = 0.693/k or k = 1.36) 1.36 units of A per hour. The MRT or turnover is calculated using from Equation (2) (1/k = 1/1.36 = 0.74 h).
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Table C4 The area, stocks of C, NPP and C turnover of various biomes®

Biome Area (109 ha) Global C stock NPP (Pg C yrfl) Turnover
(years)b
Plant Soil Total

Tropical forests 1.76 340 213 553 17.8 38

Temperate forests 1.04 139 153 292 7.3 29

Boreal forests 1.37 57 338 395 2.9 91

Tropical savannas & grasslands 2.51 79 247 326 16.3 10

Temperate grasslands & 1.52 23 176 199 6.15 61

shrublands

Deserts and semi deserts 3.66 10 159 169 2.45 37

Tundra 0.76 2 115 117 0.75 490

Croplands 1.48 4 165 169 5.45 21

Wetlands g 0.35 15 225 240 4.3 520

Total 15.0 669 1791 2460 63.4

? Adapted from Houghton et al. (2001).

® Adapted from Raich and Schelsinger (1992) and Paul and Clark (1996).

phenol (catechol) derived either from the alteration of lignin Table C5 Global sources and sinks for methane

or from microbial products such as pigments (melanins) to -

produce humic substances. The aminoquinone intermediates Tg CHy yr

condense to form brown, high-molecular-weight nitrogenous ¢

b . ources

humates. Though no two humic substances are presumably alike  Wwetlands 86-115

in structure they behave similarly in function. For example, Fossil fuel production/distribution 64-101

the sorption of pollutant and pesticides is best explained by total ~ Enteric fermentation/animal waste 64-94

soil C content and generally does not correlate to SOM formed ~ Rice production 44-60

in different ecosystems or environments. Aliphatic long chain E‘O’élf'i‘lsls burning 38_38

C compounds also react with the nitrogenous/aromatic matrix T:?mi;ess 20-153

and can comprise the majority of SOM. More details on humifi-  Qceans 8-10

cation are available in the publications by Aiken et al. (1985), Sinks

Haider (1992), Stevenson (1994) and Piccolo (1996). Atmospheric removal 308-560
Soil microbial oxidation 10-30
Atmospheric increase 28-32

Quantity and distribution of organic matter in soils
The importance of SOM in regulating nutrient cycling and
impacting physical properties plays a major role in sustaining
ecosystem productivity. The quantity of SOM is dependent
on the balance between NPP and the rate of decomposition as
previously described. The presence of silt and clay generally
preserves more C through organomineral interactions while anae-
robic soil (e.g., peat soils) tends to preserve C because of the lack
of oxygen to complete decomposition. The highest accumulation
of C is found in swamps and marshes (723 t ha™!) (Table C4).
Decomposition also is inhibited by cold in tundra soils and
C tends to accumulate primarily as partially decomposed litter.
Tropical lowland forests and boreal and temperate forests and
temperate grasslands all accumulate up to approximately
200 t ha~' with turnover times that range from 29 to 91 years.
In contrast to temperate grassland, where C accumulates with an
overall turnover time of about 60 years, the low levels of SOM
in tropical grassland have turnover rates of about 10 years.

Role of methane in the C cycle

Methane comprises less than 1% of the global C budget.
Methane is found as natural gas in fossil fuel deposits, as
hydrates or clathrates compounds in ice (e.g., permafrost), deep
ocean, and in the atmosphere. Soil microorganisms both produce
(methanogens) and consume (methanotrophs) CHy. Microbial
production of methane results from the decomposition of
organic materials in the absence of oxygen. Carbon dioxide is
used as an electron acceptor and a reduced organic compound
as the donor. The reduction of CO, will occur in soil under

Adapted from Paul and Clark (1996) and Houghton et al. (2003).

extended reduced conditions such as in flooded environments
or where oxygen diffusion is limited such as within soil aggre-
gates. Waterlogged soils such as rice paddies, wetlands, waste
disposal sites and the enteric fermentation are typical examples
(Table C5). The production and distribution of fossil fuels contri-
butes significantly to CH4 emissions. Most of the annual flux of
methane reacts with atmospheric hydroxyl radicals (OH®) to
form water and CO,. Soil organisms consume about 10 to
30 Tg CH4 yr™ ", far below that required to mitigate emissions
from anthropogenic sources. The difference between production
and consumption of CHy results in an increase in atmospheric
CH, of approximately 28 to 32 Tg CH, yr'. Methane is a more
potent greenhouse gas compared to CO, and its production and
release has garnered much interest from the scientific community.

Future considerations

The close link between NPP, NSP, and SOM and their influence
on the sources and sinks for greenhouse gases indicates the
importance of the global C cycle in regulating ecosystem produc-
tivity and climate. The major production and turnover of the
components of the C cycle are fairly well characterized at the
process level and microscale, for example in a gram of soil.
However, on a global scale the interaction of organismal and
metabolic diversity, sources and sinks for C, and anthropogenic
influences have yet to be fully appreciated. These interactions
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must be better understood to adequately predict ecosystem
response to perturbations such as climate change. Continued
research on the biology and physical factors affecting the
global C cycle is required to fully comprehend the global C cycle.

William R. Horwath
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CARBON SEQUESTRATION IN SOIL

Carbon sequestration is the result of a series of processes
through which carbon dioxide in the atmosphere is removed
from biogeochemical circulation and accumulated in soil and
biomass. The present article emphasizes the soil-dependent fac-
tors that have bearing on the effectiveness of C sequestration
regardless of the general climatic constraints.

In a first stage, atmospheric carbon is incorporated by
photosynthetic plants, which synthesize complex biomacromo-
lecules. When organic remains in addition to microbial bodies
decay in soil, a portion of the C stabilizes into the soil
(soil C sequestration or humification), the remainder being
released mainly as CO, and H,O (mineralization). In environ-
mental situations where the above balance shifts to humification,
a progressive increase in soil C concentration will be produced
through time. This contributes to alleviating the greenhouse effect,
global warming and hence climatic change (Batjes, 1998).

Rough estimations point to the fact that the principal C reservoir
in the Earth’s surface is not terrestrial or marine biomass, but soil
organic matter, the latter amounting about 1 500 to 2 000 Pg
(1 Pg = petagram = 1 billion t) soil organic C (Batjes, 1996;

Post et al., 1982). Assuming that soil organic matter pool represents
more than twice the C in living vegetation (around 560 Pg) or in the
atmosphere (750 Pg), it is clear that changes in soil C sequestration
rates in local sinks could have a noticeable bearing on the
global C balance (Buringh, 1984; Eswaran et al., 1995).

Despite their importance on a global scale, the major forma-
tion mechanisms of biodegradation-resistant humic substances
are understood only in very broad terms. It is clear that the
effectiveness of the whole C sequestration process varies from
one soil type to another, as well as in the different ecosystem
compartments. It is more intense when several abiotic (climatic,
geologic and so on) and biotic (vegetation type, microbial com-
munity) factors work together to strengthen the effect. For this
reason, studies of the potential of the soil as a reservoir of C, as
reported for different bioclimatic regions and in soils developed
on different geological substrates, provide a wide range of
results so that the topic remains controversial.

Side-effects of soil C sequestration

The sequestration of C in soils has both positive and negative
side-effects. Apart from alleviating the greenhouse effect,
soil C sequestration leads to additional benefits regarding soil
quality defined in terms of sustainable productivity. These
indirect benefits are mostly reflected in the improvement of soil
structural stability, water holding capacity, continuous release
of available nutrients, biological activity, and others. In addi-
tion, the stabilized organo-mineral matrix also enhances the
potential of the soil to act as an environmental filter regulating
leachability and bioavailability of organic and mineral pollu-
tants in the soil solution such could be some agrochemicals
and heavy metals (Almendros, 1995; Wershaw, 1977).

On the negative side, the stabilization and sequestration
of atmospheric C into soil is connected with the fact that, in
addition to C, other bioelements such as N, P and S, are
also sequestered in slowly bioavailable forms. Therefore (and
this is mainly in forest ecosystems) effective plant and
soil C sequestration may often be associated with the accumu-
lation of raw humus types (moder, mor), low-performance bio-
geochemical cycles, limited primary productivity and (though
this is not necessarily causally related) a low biodiversity. In such
soil systems the organic matter is weakly associated to the
mineral fraction compared to systems with active (mull) humus,
and most of the pedogenic processes do not end in the formation
of stable organo-mineral complexes. This causes the vertical
redistribution of the organic matter down the soil profile on a
macroscopic scale. It is also connected with the generation of
leachates and the exportation of plant nutrients out of the soil.
In some cases, this may have undesirable effects on water quality.

In other words, in a global soil management policy, it will
perhaps be more important to monitor the quality rather than
the fotal quantity of the organic matter sequestered in the soil.
Certain forest or brushwood sites in the semi-arid Mediterra-
nean region provide an illustration. Here, deeply transformed
soil organic matter is commonly in low concentration (e.g., less
than 20 g kg~ '). However, it is of high resilience as regards any
possible future climatic change. This is in marked contrast with
soil formations in the boreal forest for example, where there are
greater amounts of slightly transformed organic matter. With the
possible rise in ambient temperature occasioned by future global
warming, these areas could turn into active CO, sources, because
the thick layers of organic matter they contain, are of a low degree
of humification with a weak association between the organic and
mineral fraction. Peat and bog soils in temperate zones (often
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Biogeochemical mechanisms for soil
carbon sequestration

Selective preservation
of biomacromolecules

INTRINSIC FACTORS
(depending on the chemical
nature of the constituents and
organizational levels in
macromolecules)

EXTRINSIC FACTORS
(not depending on the chemical
composition of the organic
matter, but on interactions
between soilconstituents)

Synthesis in soil of humic-
type macromolecules

Condensation of low molecular
weight precursors derived either from
cleavage of biomacromolecules or
biological synthesis

Alteration of macromolecular material
not requiring previous degradation of
the starting material (inherited
organic fractions)

Resistance of the
structural units

Physical protection
in soil aggregates

Matrix interactions

Physico-chemical
diagenetic transformations
and microbial reworking
mainly of aromatic
macromolecules

Abiotic condensations
(phenols, quinones...) in the
soil solution (spontaneous
and/or catalysed by soil
minerals)

Intramolecular

between organic and
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Biosynthetic (bacterial or
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(autolysis products, plant
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microbial products)
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structure inhibitor compounds
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simple aliphatic precursors

of fires)

{Production of black ‘
carbon and humic-like | ‘
substances by the effect

Abiotic condensations
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Maillard's products of long-chain lipid

compounds

Figure C29 Hypothetical soil-dependent processes responsible for the formation of humic substances and soil C sequestration.

sapric in type, with low C/N ratio) are also at risk. Global tem-
perature rise would likely have a drying effect, and it is well
known that a drop in the phreatic level of a few centimeters is
enough to turn these local C sinks into self-burning sources of
CO; after an intense episode of microbial thermophilic activity.

Basic research on soil C sequestration - Experimental
approaches to monitor soil C stabilization mechanisms
The scientific reappraisal of humification mechanisms has
acquired renewed interest in the light of the global change sce-
nario. Progress over the last few years has taken advantage
from the development of new analytical and instrumental tools.

Clearly, different processes are involved in soil C seques-
tration (Figure C29): such as selective preservation of biomass,
diagenetic alteration of biomacromolecules and humifica-
tion by neoformation sensu stricto (microbial, enzymatic or
abiotic). All these mechanisms occur simultaneously and are
closely interrelated. In the most favorable cases, the assessment

of their variable extent, in space and time, can be carried out
by using specific techniques of isolation and analysis of free
biomarker — or signature — compounds occurring in the lipid
fractions. This is often complemented by the molecular char-
acterization of humic substances by chemical and thermal degrada-
tion followed by mass spectrometry. Alternatively, non-destructive
methods such as visible, infrared or nuclear magnetic resonance
spectroscopies are available. In some cases, there is no valid
experimental approach to identify the substances formed by
each of the above processes. Commonly, different humifica-
tion pathways lead to substances with common structures
and properties.

These and future techniques will be necessary to quantify
the processes involved in soil C sequestration, and will enable
a better assessment than was formerly possible of the potential
of soil as a repository of C in ameliorating the effects of a glo-
bal increase in temperature.

G. Almendros
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CARBONATES

The essential structural unit of the carbonates is the (CO3)*~ group.
Deer et al. (1992) state that there are about 60 known carbonates in
nature though only one, calcite, commonly forms in soil. Dolomite
is the second most common in soils, though it is always inherited
rather than neoformed. The only other carbonate likely to be
encountered in the soil environment is siderite, which forms in
hydromorphic environments. Basic properties of these three car-
bonates are shown in Table C6. All three carbonates have high
birefringence, and show the phenomenon of twinkling in thin sec-
tion. This is strongest in the case of calcite.

Calcite

CaCOj exists in several polymorphous forms. Calcite is the
only common one in soil, with aragonite occurring in high-
pressure metamorphic rocks, or in a low-pressure modification
in the tests of some invertebrate organisms. The structure of
calcite is analogous to a distorted halite, in which Ca and
(CO); ions replace Na and Cl ions respectively in the structure.
The cube of the halite structure is imagined as being com-
pressed along one of its axes of three-fold symmetry to produce
a face-centered rhomb. The distortion makes it possible to
accommodate the large planar (CO3) groups into the structure.
Most calcites in nature are close to the ideal composition,
though substitution of Mg, Fe and other metal-cations for Ca
occurs. For calcites formed in low temperature environments,
the substitutions are negligible.

Table C6 The commonest carbonates in soil

In calcareous soils calcite is invariably accompanied by sili-
cates, and in humid climates is the most reactive common mineral
there. Consequently, if calcite is present in a soil, it has the
effect of generating an alkaline pH (usually between 7 and 8).
The relevant reactions may be considered within the framework
of the system CaO—H,0—COs,.

The system CaO-H,0-CO,

An isobaric, isothermal cross section of this system is shown
schematically in Figure C30. There are two stable two-phase
assemblages and two stable three-phase assemblages. The
two-phase assemblages are:

a. calcite + aqueous solution (at higher partial pressures of CO»,).
b. portlandite + aqueous solution (at lower partial pressures
of CO»).

The three phase assemblages are:

. calcite 4+ aqueous solution + CO,

. calcite 4 portlandite + aqueous solution

c. calcite 4 portlandite + lime (in the absence of aqueous
solution).

o

Clearly, lime will not be stable in soil since the partial pres-
sure of water is never going to be close enough to zero. Neither
will portlandite be stable, since the partial pressure of CO, for
the three-phase assemblage c, is approximately 10~'> atmo-
spheres (point x in Figure C30). Calcite will be stable as the
three phase assemblage ¢ with point y lying between Pco»
values of 107> atmospheres (the average value in the Earth’s

CO,

The system
Ca0-H,0-CO,

Ca CO4
Calcite

Ca(OH),
Portlandite

H.O CaO

Figure C30 The system CaO-H,0-CO, at 1 atmosphere (100 kPa) total
pressure and 25 °C (see text for explanation). The positions of x and y
are schematic in the interests of clarity. All natural conditions in
terrestrial soils will be on the CO, side of the Calcite-x tie line.

Name Formula Crystal system Effervescence with dilute HCI1 Stain color

Calcite CaCO; Trigonal Vigorous Pink to red-brown with Alizarin Red S
Dolomite CaMg(CO;3), Trigonal Slow in the cold Very pale blue with K ferricyanide
Siderite FeCOs Trigonal Unreactive in the cold Deep blue with K ferricyanide
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atmosphere) to 10~' atmospheres (the possible maximum in
the solum — this being due to the respiration of roots, and the
microbial breakdown of organic matter).

Figure C30 does not give the complete picture since it con-
tains no direct information on the conditions of pH under
which calcite is stable at the surface of the Earth.

Table C7 presents the data for answering this question.

The calculation is in three steps:

[H,CO3*] = KHPcop = 107° (1)
[HCO3 ] = (H2COs*|/[H K, = 1071 /[HY] (2)
[Ca>"] = ([H"]K5)/[HCO3 }
= ([H"]/10™1)/ (107113 /[H"])
[Hﬂ % 101326 (3)

The last relationship can be written in the form:

log[Ca®"] = 2 log[H*] + 13.26

or

—log[Ca®"] = —2log[H"] — 13.26

or
pCeuy = 2pH — 13.26

This is plotted as a pC-pH diagram for the system H,O—CO,
(Figure C31). The point of charge balance in the presence of
calcite is achieved where the concentration of HCO3 is twice
the concentration of Ca®". The point of charge balance is calcu-
lated in the following way:

[Ca™] = [HCO5]/2 (4)

which is substituted into Equation (3) to give

[HCO; ] = 2[H"[Ks (5)
which is substituted into Equation (2) to give

[HCO; | = 1077 /[H"]? (6)

Equating (5) and (6):

2[HYJKs = 10727 /[H'] (7)

[H+]3 = 102272 x 101!

— 1072461 /2
[H'] = 0.5 x 10732 = 10783

In other words at the partial pressure of CO, (10~ atmo-
spheres) in the atmosphere, at25 °C, and 100 kPa (1 atmosphere)
total pressure, calcite becomes stable at pH 8.5. This means
that rainwater falling on a limestone-dominated landscape
would rise in pH from 5.7 to 8.5. For this reason limestone
terrain is almost always considered to be at low risk from
acid rain. Under a humid climate this high value is not likely to
be reached in a calcite-bearing soil, since Pco, may be as high
as 107" atmospheres. In the latter case a pH of 7.6 will
prevail in the presence of calcite and provided there is a

Table C7 Values for the partial pressure of CO, and for equilibrium
constants of significant reactions, used in the calculations. It is difficult
to distinguish H,CO5; and CO, in solution. H,CO3* is a hypothetical
species that represents them both

Pco, 107" atmospheres
H,O + CO, = H,COz* Ky = 10747
H,COs* = H" + HCO5 K, = 107%%
CaCO; + H" = Ca*" + HCO3 Kg = 10"
£ o T S
2 Syl
4 -
PC gL
8r HCOil,.-"‘ OH~
10
r". ¢
12 R V) I
0 2 4

Figure C31 pC pH diagram for the system CaO-H,0-CO, for
[H,CO3] = 107°. Temperature is 25 °C and pressure 100 kPa. The point
of charge baIance (and pH of the system) is 8.5.

continuous supply of rain, this will be the pH (water) of the
soil. In semi-arid or arid climates however, where atmospheric
precipitations are infrequent, the pH may rise to higher values
because there is no tendency for calcite to dissolve to give the
isobaric, isothermal value of the equilibrium pH.

Dolomite
The structure of dolomite is similar to that of calcite and can be
thought of as comprising alternating layers of calcite with mag-
nesite (MgCQO3). In the field it is distinguishable from calcite in
only reacting notably with dilute HCl, when the acid is heated.
In thin section it takes on a pale blue tinge with potassium ferri-
cyanide, which is also true for a low Fe ferroan calcite. However,
unlike the latter, it does not react with the stain alizarin red S.
Dolomite does not appear to form in weathering systems but
is inherited from soil parent materials. It weathers more slowly
than calcite in humid climatic zones, though in a mature soil
will eventually be removed from the solum, as will calcite.
Calcite may reprecipitate in the C horizon (of a Luvisol, for exam-
ple), whereas dolomite will not. A small fraction of the released
Mg however may be incorporated into the secondary calcite.

The system MgO-CaO-H,0-CO,

Dolomite is common in calcareous soils derived from dolomitic
limestones or from sediments such as tills derived from rocks
of this kind. It is invariably accompanied by calcite and the
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two carbonates together determine the pH of soils in which
they both occur. This is supported by the measurements of soil
water composition in the C horizons of Luvisols in the Blue
Springs watershed in Southern Ontario, about 100 km west of
Toronto (Figure C32; Shulman and Chesworth, 1985).

_3 -
Calcite
Dolomite
,ﬁ -
T Soil water \\r—
'
-9 { ’?“‘ Groundwater
log (Ca®*) + f/'
log (CO3) Error bars N
-12
Agueous solution
L. Magnesite
-15 O« Rainwater
-18 1 i I i |
-18 -15 -12 -9 -6 -3

Log (Mg®*) + log (CO%") —

Figure C32 The system MgO-CaO-H,0-CO, at 1 atmosphere (100 Pa)
total pressure and 25 °C. Water compositions were monitored in the
Blue Springs watershed of Southern Ontario. The soil water and
groundwater compositions fall within the uncertainty zone for the
three-phase equilibrium calcite + dolomite + aqueous solution. This
is consistent with the soil water and groundwater having compositions
in part controlled by this equilibrium (Shulman and Chesworth, 1985).

1.2

T v 20
05 Ferrihydrite 410
Eo2*
Eh . pe
(volts) Ferrihydrite
+
0 Calcite 0
- Amakinite
0.8 -10
» ‘\I\-— HFeD
1 1 1 1 1 1

pH

Figure C33 Redox-pH relationships among minerals and an aqueous
phase for the system Fe-Ca-K-S-C-H-O. Conditions: 1 atmosphere
total pressure, 25 °C, Pco, = 107> atmospheres, activities of Fe and
Ca = 107>, S activity unspecified, the sulfide field is shown at its
maximum possible extent.

Siderite

In structure siderite is similar to calcite, though unlike calcite,
the composition may depart substantially from the ideal formula
of Table C7, with Mg and Mn as common substitutes for Fe.
Tron is present in ferrous form, so that siderite is a product only
of reducing environments. Its usual occurrence in soils is in
CO,-rich hydromorphic environments such as peatlands.

Redox-pH conditions for siderite

Figure C33 shows the predominance field for siderite in terms
of Eh (pe) and pH. Clearly the conditions required are highly
reducing and might be expected to prevail in a hydric environ-
ment. In the absence of substantial concentrations of HS™ in
solution, so that pyrite does not form, siderite will be produced
provided that the requisite partial pressure of CO, develops. In
a peatland this may come about from the respiration or decay
of water plants such as sphagnum species.

Ward Chesworth
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CATCHMENT

Term applied to a natural drainage area or basin, wherein the
rainfall is caught and collected to supply the local rivers,
streams, lakes and subsurface waters. Also catchment basin.

CATENA

A chain, string, or connected series of soils, related by their
sequence in a landscape. Synonymous in part with topose-
quence chronosequence. The variability of soils in a topographic
sequence is a function of gradient and position on the slope
(Birkeland, 1999, p 235).
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CATION EXCHANGE

CATION EXCHANGE

Ion exchange involving cations. In soils the exchange takes
place on the surfaces of clay minerals, amorphous inorganic
phases and organic matter. The cation exchange capacity
(CECQ) is the quantity of cations reversibly adsorbed per unit
weight of the solid (McBride, 1994, chapter 3). The conven-
tional unit for CEC is cmoles/kg.
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CEMENT

Any substance, which binds together the discrete particles in a
soil or sediment. See Consistence and Pan.

CHELUVIATION

The downward movement of chemical species in a soil in che-
lated form. A combination of chelation and eluviation. Organic
constituents are integral to the process in providing acid to
attack the mineralogical components of a soil, and complexants
capable of holding released elements such as Al in solution, in
which form they are capable of being transported downwards
in the profile. See Table 1 in van Ranst and de Coninck (2002).
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CHEMICAL ANALYSES

Introduction

Chemical analyses of soils are important in assessing the nutri-
ent status of soils for agricultural production, and in determin-
ing the environmental hazards imposed on soils by industrial,
municipal, and agricultural wastes. Traditionally, the emphasis
of soil chemical analyses has been on evaluating soils in regard
to their agricultural productivity. Specifically, to measure plant
nutrient levels and other chemical factors (pH, organic matter
content, cation exchange capacity, etc.) which determine a soil’s
suitability as a plant growth medium. More recently, the scope of
soil chemical analyses has expanded to evaluation of a soil in

regard to environmental quality. Worldwide, concerns have been
expressed about numerous soil and water contaminants. These
include nitrates and phosphates, metalloids and metals such as
arsenic, cadmium, chromium, copper, lead, mercury, and nickel;
radionuclides, pesticides, and contaminants from municipal and
animal wastes.

Soil chemical analyses range from simple routine tests that
can be conducted with hand kits in the field or in soil testing
laboratories, to costly sophisticated analyses involving state-
of-the-art equipment. Chemicals, both inorganic and organic,
undergo sorption reactions in soil systems that often render them
insoluble. It is therefore necessary to use appropriate reagent
solutions to extract chemicals of interest prior to conducting
the actual analysis. After the pertinent extraction is complete,
chemical analysis is generally accomplished using either spec-
troscopic, chromatographic, potentiometric, gravimetric, or titri-
metric techniques. These techniques utilize instruments such as:
colorimeters, atomic absorption and inductively coupled plasma
spectrometers and gas, high-performance liquid, and ion chro-
matographs. A routine chemical characterization of a soil should
include a determination of pH, organic matter content, cation
exchange capacity, and extractable bases such as Ca, Mg, K,
and Na. These measurements provide general information con-
cerning the chemical nature of a soil.

Soil chemical extractions

Chemical components (defined as any of the minimum number
of substances required to completely specify the composition of
all phases of a chemical system) can precipitate from the soil
solution, and can be electrostatically or chemically adsorbed
to the surfaces of soil minerals. Furthermore, the soil organic
fraction can bind inorganic and organic ions, as well as parti-
tion non-polar organic molecules. These retention processes
render chemical components insoluble; therefore, it is often
necessary to treat the soil with reagent solutions to extract the
particular chemical component of interest (Peck and Soltanpour,
1990). However, prior to conducting any chemical analysis, soils
are usually air-dried, pulverized, sieved (generally through a
2 mm sieve), and mixed to obtain a homogeneous composite
sample.

Several extracting solutions, along with their functions, are
listed in Table C8. Each of these extractants was designed to
remove a distinct category of chemical constituent from a soil.
For example, the total sorbed metals procedure used by the
U.S. Environmental Protection Agency would be the recom-
mended extractant to evaluate heavy metals in soils. This extrac-
tant is comprised of concentrated HNO; and HCI acids, and
hydrogen peroxide (30%). It provides a measure of total metal
concentrations that are exchangeable or adsorbed by soil compo-
nents (Risser and Baker, 1990). To determine plant available
micronutrients, an extractant containing the chelate diethylene-
triaminepentaacetic acid (0.005 M DTPA) along with 0.01 M
CaCl, and 0.1 M triethanolamine (TEA) may be employed. This
extractant, developed by Lindsay and Norvell (1978), removes
labile pools of metals that correlate well with plant nutrient con-
centrations. Other trace metal extractants that are in common use
globally include 1 M or 0.1 M HCI or HNOs, 0.5 M CH;COOH,
1 M CH;COONH,, 0.05 M Na,-EDTA or (NH,)-EDTA, 0.01 M
CaCl,, and boiling water (Hamilton, 1980).

Extraction schemes have also been developed that frac-
tionate a soil element into different pools. Kuo (1996) cites a
fractionation method for inorganic P pools, which are based
on the ability of specific extractants to solubilize P present in
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Table C8 Common soil chemical extractants

Extractants

Elements

2 M KCl

Bray-1 (0.03 M NH4F, 0.025 M HCI)
Olsen-P (0.5 M NaHCO;, pH 8.5)
IM Ammonium Acetate (pH 7.0)

DTPA (0.005 M DTPA, 0.01 M CacCl,, 0.1 M triethanolamine (TEA), pH 7.3)

USEPA 3050 (conc. HNOs, conc. HCI, 30% H,0,)

*Mehlich 3 (0.2 M CH;COOH, 0.25 M NH4NO;, 0.15 M NH,4F, 0.13 M HNO;,

0.001 M EDTA)
AB-DTPA (1 M NH4HCO;3, 0.005 M DTPA, pH 7.6)

Exchangeable NH{, NO5, NOj3, and AP

Plant available P

Exchangeable K, Ca, Mg, Na

Plant available Zn, Fe, Mn, and Cu

Total sorbed metals

Plant available P, K, Na, Ca, Mg, Mn, Zn, and Cu

Plant available P, NO3, K, Zn, Fe, Cu, and Mn

* Mehlich, A. 1984.

References for all other extractants are given in the texts: Page et al. (1982) and Westerman (1990).

Al-, Fe- and Ca phosphates, and accounts for P that is occluded
and nonoccluded within Fe- and Al oxides. The procedure con-
sists of the following extractions: (i) 0.1 M NaOH to remove
nonoccluded Al- and Fe- bound P, (ii) 1 M NaCl and citrate-
bicarbonate (CB) to remove P sorbed by carbonates during
the preceding NaOH extraction, (iii) citrate-dithionite-bicarbo-
nate (CDB) to remove P occluded within Fe- and hydrous oxides,
and (iv) 1 M HCI to remove Ca- bound P. Similar extraction
schemes are also used for fractionation of heavy metals in soils,
such as nickel, cadmium and lead (Amacher, 1996) and
organic S (Tabatabai, 1996).

Solutions used to extract a particular element may vary
regionally due to inherent differences in the chemical, physical,
and biological properties of soils. For example, an extractant
comprised of dilute acid (0.025 M HCI) and dilute ammonium
fluoride (0.03 M NH4F) is frequently used as an index of avail-
able P in the Eastern and Midwestern states of the USA. This
extractant is appropriate for slightly acid to neutral soils. The
NH4F complexes with Fe and Al in the acidic solution, hence,
dissolving Fe- and Al-phosphates (Kuo, 1996). In contrast, a
solution consisting of 0.5 M NaHCO; at pH 8.5 is more regu-
larly used to extract available P from soils in the Western
region of the USA that are often alkaline and calcareous and
contain Ca-phosphates. This extractant prompts precipitation
of Ca as CaCQ3;, decreasing the Ca concentration and conse-
quently, increasing the P concentration in the soil solution
(Olsen and Sommers, 1982).

Many laboratories have adopted the use of “universal
extractants” that can extract several elements simultaneously.
Two of these are the Mehlich-IIT (0.2 M CH;COOH + 0.25 M
NH4NO; + 0.15 M NH4F + 0.013 M HNO3 + 0.001 M
EDTA, adjusted to pH 2.5) developed to extract plant available
P, K, Na, Ca, Mg, Mn, Zn and Cu (Mehlich, 1984) and the
ammonium bicarbonate (AB)-DTPA extractant (AB-DTPA:
1 M NH4HCO; + 0.005 M DTPA, adjusted to pH 7.6), which
removes available P, NO3, K, Zn, Fe, Cu, and Mn (Soltanpour
and Schwab, 1977; Kuo, 1996). The versatility of these “univer-
sal” extractants can be illustrated using the AB-DTPA mixture as
an example. The DTPA is used to chelate micronutrients, the
NHJ extracts K, and the HCO5 extracts P (Kuo, 1996). The
use of the universal extracts also varies regionally. For instance,
the Mehlich-III extractant is generally preferred in the Eastern
region of the U.S., while the AB-DTPA extractant is favored in
the Western states.

Soil chemists, pedologists, as well as soil microbiologists
are often interested in determining the total elemental composi-
tion of soils and/or soil constituents. A total elemental analysis

of soils and rocks, however, initially requires that these materi-
als be solubilized by acid digestion or fusion with various fluxes.
The usual dissolution procedure for total elemental analysis is
the use of hydrofluoric acid (HF) with perchloric acid (HC1O,)
for decomposition of both the inorganic and organic soil frac-
tion. Hydrofluoric acid dissolves silicates by the reaction of F
with Si to form SiF, which is volatile when heated with strong
acids. Perchloric acid becomes a strong oxidizer of organic mat-
ter when heated and also effectively removes excess HF from the
sample. Variations of the HF digestion technique are reported in
Hossner (1996).

The sodium carbonate fusion technique is used for determi-
nation of total soil Si, Al, Fe, Ti, Ca, Mg, Mn, and trace metals
and was originally designed for elemental analysis of silicate
rocks and minerals. Fusion of silicates with sodium carbonate
renders them soluble in hydrochloric acid. However, the pre-
sence of Fe- and Mn-oxides should be considered because they
form alloys with the platinum crucibles during fusion, which
can damage them. Therefore, it is recommended that samples
containing >40% Fe and >1% Mn oxides be pretreated with
aqua regia to dissolve the majority of oxides.

In summary, extracting solutions are used to solubilize che-
mical components that are “fixed” or rendered insoluble by soil
systems. They are designed to extract a particular soil fraction,
for example, the plant available fraction or perhaps all sorbed
species (electrostatically and chemically adsorbed species).
The type of extractant used depends upon the inherent nature
of a soil and therefore, extracting solutions used for a specific
element may vary regionally. Many laboratories are employing
“universal” extractants that can simultaneously remove several
elements, and efforts are now being made to standardize proce-
dures. To determine the total elemental composition of soils,
HF acid digests as well as fusion techniques are employed which
decompose the soil matrix, solubilizing soil chemical elements.

Soil chemical characterization

There are a number of routine soil chemical analyses that provide
the investigator with general information regarding the chemical
nature of a soil (Table C9). Examples of these include:
soil pH, organic matter content, and cation exchange capacity. A
brief discussion of these three important analyses will be given.

Soil pH

Soil pH is one of the most common soil chemical measurements.
It provides the investigator with information about the solubility
of various soil compounds, the adsorption behavior of ions to
soil surfaces, and the microbial activity of soil systems. Most soil
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Table C9 Routine soil chemical analyses®

pH

Lime requirement

Total alkalinity

Organic matter content

Cation exchange capacity (CEC)
Exchangeable cations

Soluble salts

Sodium adsorption ratio
Exchangeable sodium percentage
Calcite equivalent

 References for these analyses are given in the texts: Page et al. (1982) and
Westerman (1990).

laboratories measure soil pH using a combination glass indicator
electrode coupled with a calomel reference electrode connected
to a pH meter. A potentiometrically measured soil pH is essen-
tially an index of the H" ion activity in a solution that is in equi-
librium with soil particles (van Lierop, 1990).

Detailed reviews on soil pH are provided by McLean (1982)
and Thomas (1996). Both suggest using a soil to solution ratio
(weight of air- or oven-dried soil: volume of water) of 1 : 1 when
water is used as the suspension medium. However, factors such
as salt or electrolyte content and liquid junction potential can
influence soil pH measurements. Cations of salts (e.g., K' in
KCI) can displace H" and AI’" ions, decreasing soil solution
pH. Furthermore, a liquid junction potential can arise at the
interface where two dissimilar electrolyte concentrations are
in contact (e.g., soil suspensions) and is a basic limitation in
accurately making direct potentiometric measurements (Harris,
2002). When a pH electrode is placed in a soil suspension, the
mobilities of K* and Cl~ ions from the salt bridge are no
longer similar, as they would be in aqueous solution, and a liquid
junction potential develops. The differential mobilities are a
result of the attraction of K ions to negatively charged soil
particles. Therefore, soil pH is often measured ina 0.01 M CaCl,
solution (soil : solution ratio equal to 1 : 2) to mask the influ-
ence of variable salt content and minimize the liquid junction
potential (McLean, 1982; Thomas, 1996). Junction potential
can also be minimized by placing the KCl salt bridge in the clear
supernatant and the glass indicator electrode in the settled soil
suspension.

Soil organic matter
Soil organic matter is defined by Brady and Weil (2004) as the
organic fraction of the soil that includes plant and animal resi-
dues at various stages of decomposition, cells and tissues of
soil organisms, and substances synthesized by the soil popula-
tion. The active colloidal behavior of the organic fraction has a
significant influence on the chemical and physical properties of
soils. It can account for one third or more of the cation
exchange capacity (CEC) of surface soils and is the most sig-
nificant factor responsible for the stability of soil aggregates.
Soil organic matter (SOM) is usually measured by determin-
ing the organic C content of a soil, and multiplying this value
by a constant based on the percentage of organic C (48 to
58% by weight) in organic matter — published values for this
constant range from 1.7 to 2 (Nelson and Sommers, 1996).
Nelson and Sommers (1996) provide a detailed review of pro-
cedures and instrumentation used for SOM determination.
They recommend that the actual organic C content be reported

rather than the percent organic matter due to the difficulties in
accurately determining SOM.

Soil organic carbon (SOC) content is measured using dry or
wet combustion techniques. Dry combustion utilizes either
medium-temperature resistance or high-temperature induction
furnaces that provide the heat necessary for the combustion
of organic C to CO,. The CO, liberated is then quantified using
gravimetric, titrimetric, volumetric, infrared, or thermal con-
ductimetric methods. Resistance furnaces heat samples by
radiation, conduction, and convection in a sample holder sur-
rounded by high-resistance materials. Accelerators such as
CuO are often mixed with a soil sample to promote the com-
bustion of SOC. Induction furnaces use high frequency electro-
magnetic radiation as the heat source. Since soils cannot be
heated by induction, it is necessary to add susceptors (Fe or
Sn) that indirectly heat the sample by radiation, conduction,
and convection.

Wet combustion usually involves digesting a sample with
a 60 : 40 H,SO4 : H3PO4 mixture containing K,Cr,O; and
boiling the sample at 210 °C. The SOC content is determined
from the CO, evolved, which is adsorbed by a suitable adsorbent
and weighed, or it is absorbed by a standard base and titrated.
Since dry and wet combustion techniques are a measure of total
soil C content (organic plus inorganic C), it is necessary to cor-
rect for the inorganic C contribution. This is accomplished by
predigesting the sample to remove inorganic C present as carbo-
nates, or measuring inorganic C and subtracting it from the
total C content.

Alternately, soil organic matter content is frequently deter-
mined using the Walkley-Black method, described in detail
by Allison (1965). This method, which involves oxidation of
soil organic C by Cr,03, can be described by the following
reaction:

2Cr,03 +3C + 16H" = 4Cr*" +3CO, + 8H,0 (1)

where organic C is assumed to have an average valence of
zero. The excess dichromate is then titrimetrically measured
with a standard FeSO,; solution and the amount of
organic C oxidized is calculated from the amount of dichro-
mate reduced. A colorimetric determination of the amount of
Cr*" produced can also be used to quantify organic C.

Cation exchange capacity

The cation exchange capacity (CEC) of a soil is defined as the
sum total of exchangeable cations that a soil can adsorb,
expressed in moles of positive charge adsorbed per unit mass
(cmol, kg~ ") (Brady and Weil, 2004). It is the quantity of readily
exchangeable cations required to neutralize negative charge in
soils (Sumner and Miller, 1996). The negative charge of soil col-
loids is derived from isomorphous substitution within the struc-
ture of layer silicate minerals, broken bonds at mineral edges and
external surfaces, dissociation of organic acid functional groups,
and preferential adsorption of specific ions on particle surfaces.
Thus, CEC is a soil property that is often dependent upon the
conditions under which it is measured. For instance, in soils con-
taining variable charge minerals such as kaolinite, metal oxides,
and OM, CEC increases with an increase in pH.

There are numerous methods used for CEC analyses that can
be categorized as: summation, direct displacement, displacement
after washing, and radioactive tracer methods (Rhoades, 1982;
Sumner and Miller, 1996). The summation method involves dis-
placing the exchangeable cations on a soil with a saturating salt
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solution such as ammonium acetate. The CEC is equivalent to
the sum of exchangeable cations present in the leachate. The
direct displacement method consists of saturating the exchange
sites with an index cation. Then the adsorbed index cation, and
the small amount of entrained solution left in the soil after centri-
fugation, is directly displaced with another salt solution. The
saturating index cation and anion concentrations are measured
and the CEC is calculated from these values. In the displacement
after washing method, exchange sites are saturated with an index
cation. The soil is then washed free of excess saturating salt;
the index cation is displaced and then quantitatively measured.
The radioactive tracer method involves using a radioactive
isotope of the saturating cation. The CEC is then calculated by
measuring the distribution of the tracer between the soil and
soil solution.

Ammonium acetate (pH 7.0) and sodium acetate (pH 8.2)
are traditionally used as saturating solutions for CEC determi-
nations in neutral and alkaline soils. However, with these solu-
tions one must be concerned with dissolution of compounds
such as CaCO; and CaSO,, and the interaction of NHZ and
Nat with layer silicates (Chapman, 1965; Rhoades, 1982;
Sumner and Miller, 1996). Modified procedures for CEC deter-
mination of arid and acid soils are presented by Rhoades
(1982). With arid soils, a saturating solution of a 0.4 M sodium
acetate/0.1 M NaCl in 60% ethanol, pH 8.2 mixture is used,
while 0.1 M barium chloride dihydrate is recommended as
the saturating solution with acid soils.

Summary

Soil pH, organic matter content, and cation exchange capacity
provide a general description of the chemical character of a
soil. These determinations, along with physical and clay miner-
alogical data, provide the analyst with the necessary informa-
tion to assess the general usefulness of a soil as a medium for
plant growth or as a waste disposal site.

Analytical techniques

Most quantitative soil chemical analyses are conducted using
spectroscopic techniques. These primarily include molecular
(ultraviolet (UV) — visible) absorption, atomic absorption,
and inductively coupled plasma (ICP) spectrometry. Chromato-
graphic techniques, which include gas, high-performance
liquid, and ion chromatography, are also frequently utilized
for the analyses of organic compounds and ions. Other impor-
tant techniques that deserve mention include X-ray fluores-
cence spectrometry (Karathanasis and Hajek, 1996) and
neutron activation (Helmke, 1996) for sensitive elemental ana-
lysis of soils, and the use of ion selective electrodes for poten-
tiometric determination of ion activities (i.e., K*, Mg*", Ca*",
Cu*t, Pb*t, Cd**, NO3, CI7, Br, and F7) in soil solutions
(Talibudeen, 1991).

Molecular absorption spectrometry

This technique utilizes a spectrophotometer (colorimeter) for
the quantitative determination of compounds that absorb light.
The spectrophotometer measures the transmission of light at a
specific wavelength through a solution of a colored species that
absorbs strongly at that wavelength (Smith and Scott, 1983).
The basic components of a spectrophotometer are the radia-
tion source, a monochromator, a sample cell, and a detector.
Absorption of light is commonly measured by absorbance (4)
or transmittance (7), which are defined as 4 = log(/,/]) and
T = I/l,, where I, is the intensity of the incident light beam

and [ is the intensity of the transmitted light beam. The most
common analytical application of spectrophotometry utilizes
the relationship between absorbance and concentration. This
relationship is described by Beer’s law: 4 = abc, where absor-
bance (4) is proportional to the concentration (c) of the absorb-
ing species, b is the pathlength of the light through the solution,
and a is the absorptivity, a proportionality coefficient. Beer’s
law works best for dilute solutions (<0.01 M) of a light
absorbing species. At higher concentrations, deviations from
Beer’s law occur that result in changes in the absorbing species
or in the properties of the bulk solution (Harris, 2002).

A typical measurement using molecular absorption spectro-
metry would involve measuring the proportionality between the
concentration and absorbance of a set of standards. Subsequently,
an unknown quantity of the same species can be determined by
directly comparing its absorbance to the standards. Orthopho-
sphate concentrations in soil and aqueous solutions, for example,
are commonly measured using colorimetry. Phosphate reacts
with an acid molybdate solution to form a phosphomolybdate
complex (Harwood et al., 1969; Kuo, 1996). This complex turns
blue upon chemical reduction and the darkness of the color is an
indicator of phosphate concentration.

Atomic absorption and emission spectrometry

Atomic absorption and emission spectrometry have become
two of the principle analytical techniques for elemental analysis
in agricultural and environmental laboratories. They are rela-
tively easy to use and have detection limits sufficient for most
elemental analyses. They routinely measure concentrations in
the parts per million range, and in many cases concentrations
in the parts per billion range. Atomic spectrometric methods
require that a sample be atomized at high temperatures. The
concentration of chosen atoms is then determined by measuring
absorption or emission at characteristic wavelengths. The spec-
tra of atoms consist of very sharp lines and are a result of tran-
sitions between electronic states of an atom. Because each
element has its own distinct atomic spectrum, there is little
overlap between spectra of elements in the same sample. For
these techniques, standard curves are used to establish the rela-
tion between signal and concentration. For more detailed infor-
mation readers are referred to Ure (1991) and Sharp (1991),
Wright and Stuczynski (1996), Soltanpour et al. (1996).

The basic components of an atomic absorption (AA) spec-
trometer are a hollow cathode discharge lamp, a burner/
nebulizer, a monochromator, a photomultiplier detector and
an output device (Ure, 1991). The hollow cathode lamp is
made from the element being analyzed and emits a spectrum
characteristic of that element. The light generated by the hol-
low cathode lamp passes through the flame atomizer. A typical
AA spectrometer uses a flame with a temperature of about
2 400-2 700 K produced from a fuel-oxidizer combination
consisting of acetylene and air, respectively. The sample ana-
lyte is sprayed as a fine mist into the flame by a pneumatic
nebulizer. Thermal processes in the flame atomize the spray
mist and the analyte atoms absorb light from the hollow cath-
ode lamp at the wavelength of the absorbing analyte line.

For greater sensitivity and smaller sample size, an atomic
absorption spectrometer with an electrothermal furnace for
sample atomization is used. Usually 1 to 2 ml of sample solu-
tion are consumed during flame analysis, however, only 1 pl is
sufficient for use in a graphite furnace. Furthermore, since the
graphite furnace temperature is 3 000 °C and the entire sample
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is confined in the light path for a few seconds, atomization is
more complete and the analytical sensitivity much higher.
Instrument operation, however, requires greater skill. The light
passing through the flame or furnace is received by a mono-
chromator, which isolates the absorbing resonance line from
other nonabsorbing lines. The photomultiplier detector pro-
duces an output current proportional to the incident light
emitted by the monochromator. This current signal is amplified,
electronically processed and finally exhibited by a readout
device (printout or digital display).

With AA spectrometry one must be aware of spectral, chemical
and ionization interferences. For example, spectral interferences
are unwanted signals that overlap the analyte signal, while chemi-
cal interferences result from chemical reactions that decrease the
concentration of the analyte atoms (formation of oxides as they
rise through the outer core of the flame). lonization interferences
are caused by the ionization of analyte atoms decreasing the con-
centration of neutral analyte atoms in the flame.

Inductively Coupled Plasma (ICP) Atomic Emission spec-
trometry is a widely used technique for chemical analyses of
soils. ICP utilizes a high temperature plasma resulting in more
complete sample atomization and consequently, elimination of
many interferences and sources of error encountered with con-
ventional flames. It also offers the sensitivity and precision of
an AA spectrometer and has simultaneous multielement cap-
ability. The plasma is generated in a quartz torch apparatus that
is surrounded by a radio frequency induction coil. High purity
argon gas is fed into the torch inlet and is ionized by a spark
from a tesla coil. The Ar' ions are immediately accelerated
by the radio-frequency field oscillating around the load coil.
The accelerated ions transfer energy to the entire gas by
collisions between atoms. The temperature is maintained
at 6 000 to 10 000 K in the flame and the quartz burner is pro-
tected from the high temperatures by argon coolant gas.
Analyte is introduced into the plasma using a conventional
nebulizer. The ICP requires no light source; atoms in the
plasma are promoted to excited electronic states by collisions
with other atoms. The excited atoms emit their characteristic
radiation as they return to their ground state. A grating mono-
chromator selects and isolates the specific wavelength of
the analyte element. The emission intensity at a characteristic
wavelength of an element is generally proportional to the con-
centration of the element in the sample being measured.
A photomultiplier detector collects the emission light from an
element, and converts it to an electric current signal. This sig-
nal is amplified, electronically processed, and displayed on a
readout device. The coupling of ICP with mass spectrometry
(ICP-MS) enables isotopic analyses to be made (e.g., Tyler
and Olsson, 2001). An accessible description of the technique
is given in Soltanpour et al. (1996) and Kennett et al. (2001).

Chromatographic methods

Chromatography is a technique where molecules in a mobile
phase are separated because of their different affinities for a
stationary phase. The greater the affinity for the stationary
phase, the longer the molecule is retained by that phase. The
chromatographic methods most commonly used by soil science
researchers are gas (GC), high performance liquid (HPLC), and
ion chromatography (IC). Detailed reviews on chromatography
are provided by Skoog (1985), Harris (2002), Smith and Arah

(1991), Eagle et al. (1991), and Tabatabai and Frankenbuger
(1996).

In gas chromatography a volatile liquid or gaseous solute is
carried by a gaseous mobile phase over a stationary liquid that
is coated on a solid support. A compound is then identified by
its retention time on different columns. Gas chromatography is
used by soil scientists to measure gaseous constituents (perma-
nent gases and volatile compounds) in soil atmospheres. The
important features of gas chromatographs are: (1) a carrier
gas system, (2) an apparatus that introduces the sample into
the carrier gas stream, (3) a column that separates the compo-
nents of the sample (commonly used adsorbents are synthetic
zeolites, porous polymer beds, alumina, silica gel, activated
charcoal, and graphitized carbon black materials), (4) a detector
(usually measuring either thermal conductivity or flame ioniza-
tion of sample analyte) signals the elution of each constituent
and provides a quantitative measure of each component, and
(5) a recording system (Smith and Arah, 1991).

High Performance Liquid Chromatography (HPLC) is simi-
lar to GC except that the solvent is a liquid, which is forced
through a column using a high-pressure pump (Harris, 2002).
It can separate and identify an extensive variety of volatile and
nonvolatile organic compounds. The most common stationary
phase usually contains nonpolar groups, which are covalently
bound to 5 to 10 um silica particles. High performance liquid
chromatography employs isocratic elution (separation using a
single solvent of constant composition) or separation efficiency
can be enhanced using gradient elution (separation using two
or more solvents that differ in polarity). Generally, HPLC detec-
tors measure ultraviolet absorbance, refractive index, or polar-
graphic current of elution bands (Harris, 2002).

Ion chromatography is very similar to HPLC, and the col-
umns are comprised of ion exchange resins (Harris, 2002).
An IC contains a combination of separator and suppressor
columns. The former separates the analyte ions and the latter
replaces the ionic eluent with a nonionic species. Thus, it is
possible to measure analyte ions using a conductivity detector.
Ton chromatography is especially useful for measuring the soil
solution concentration of anionic species, such as nitrate, chlor-
ide, sulfate, phosphate, and bromine.

State-of-the-art research techniques

Many soil and environmental chemists are utilizing sophisti-
cated spectroscopic and microscopic techniques to obtain infor-
mation about interactions between soil surfaces and inorganic
and organic molecules. Some of these techniques include Four-
ier transform infrared (FTIR), electron paramagnetic resonance
(EPR), X-ray photoelectron (XPS), and X-ray absorption fine
structure (XAFS) spectroscopies (Fendorf and Sparks, 1996;
Johnston and Aochi, 1996; Senesi, 1996; and Vempati et al.,
1996) along with scanning electron (SEM), transmission elec-
tron (TEM), and atomic force (AFM) microscopies.

For example, FTIR is often used to characterize the solid/
liquid interface at oxide and clay mineral surfaces, and can
provide information regarding sorbed inorganic and organic
pollutants at these inferfaces. XPS is another surface sensitive
technique that has been used to provide information on the
adsorption of species on mineral surfaces, leaching and weath-
ering of mineral surfaces, atomic structure of minerals and
glass, and the oxidation state of near surface atoms. Recently,
there has been considerable interest in XAFS, a technique used
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for in-situ determination of the local chemical environment
around a specific X-ray absorbing element (Fendorf and
Sparks, 1996; Brown et al., 1999). It can probe most elements
at structural sites within crystals and glasses, as well as at
mineral/water interfaces. XAFS has provided valuable informa-
tion about the structural characteristics of heavy metals sorbed
to the surfaces of iron and aluminum oxides.

Soil biochemists also routinely use spectroscopic techniques
such as FTIR and '*C-nuclear magnetic resonance (NMR) to
characterize humic substances (Mao et al., 2000). Specifically,
these methods are used to identify and to a certain extent quan-
tify functional groups present in humic and fulvic acids. These
structures include aliphatic and aromatic C and also phenolic,
carboxyl, methoxy, and amino groups.

Summary

Chemical analyses of soil systems are necessary to understand
their highly variable and complex nature. Prior to conducting
any chemical determination, soils are treated with solution
reagents to extract the particular chemical component of inter-
est. Extracts are designed to draw from a specific soil fraction.
For example, some extracts will remove elements associated
with the plant available fraction, while others will remove all
elements sorbed to soil particles. After extraction, soil extracts
are usually chemically analyzed (quantitatively) using colori-
metric, atomic spectrometric, and chromatographic techniques.
A routine chemical characterization of a soil should include
determination of soil pH, soil organic matter, and cation
exchange capacity.

Paul R. Grossl and Donald L. Sparks
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CHEMICAL COMPOSITION

See Chemical Analyses.

CHEMISORPTION

Adsorption, usually irreversible, involving chemical action.
Adsorbed ions or molecules are held to a surface by a strong

chemical bond. The heat of adsorption is >20kcal/mole, as
opposed to physical adsorption: <10kcal/mole (McBride,
1994, p 344).
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CHERNOZEMS

Chernozems are soils with a thick black, organic-rich, surface
layer. The name was coined by Dokuchaev in 1883 for the typi-
cal soils of the tall grass steppes in continental Russia. This
article is based on FAO (2001).

Connotation. Black soils rich in organic matter; from
R. chern, black, and zemlja, earth or land.

Synonyms. Equivalent to the chernozemic Soils in Canada,
and to several sub-orders of the mollisols (Soil Taxonomy).
Black Soils is a common term used internationally.

Definition. Defined in FAO (2001) as soils having

1. a mollic horizon with a moist chroma of 2 or less if the tex-
ture is finer than sandy loam, or less than 3.5 if the texture
is sandy loam or coarser, both to a depth of at least 20 cm,
or having these chromas directly below any plow layer; and

2. concentrations of secondary carbonates starting within
200 cm from the soil surface; and

3. no petrocalcic horizon between 25 and 100 cm from the soil

surface; and

. no secondary gypsum; and

. no uncoated silt and sand grains on structural ped faces.

[ BN

Parent material. Mostly aeolian and aeolian sediments
reworked by water (loess).

Environment. Regions with a continental climate with cold
winters and hot summers; in flat to undulating plains with
tall-grass vegetation (forest in the northern transitional zone)
(see Figure C34).

Profile development. AhBC profiles with a dark brown to black
mollic surface horizon over a cambic or argic subsurface horizon,
commonly with redistribution of calcium carbonate to a calcic
horizon or pockets of secondary carbonates in the subsurface soil.

Origin. The combination of inherently very fertile loess, and
a sub-humid climate produces the typical flourishing grasslands
(prairie, steppe, pampas) under which Chernozems develop.
The important formative processes are the accumulation of
humus, bioturbation and translocation of calcite. In tall grass
prairie, the above ground biomass may be 1 to 1.5 t of dry mat-
ter per hectare, with 4 to 6 t ha~' of corresponding root mass
below ground. The formation and accumulation of humus
occurs principally in the upper 60 cm of soil where plant roots
are mainly concentrated. An active mixing is generally brought
about by earthworms, which produce the Vermic Chernozem.
Larger, animals excavate burrows and may help to homogenize
the soil by bioturbation. Calcite (ubiquitous in loess) tend to
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Associated

- Dominant

Flat Polar Quartic Projection
Figure C34 Distribution of Chernozems.

be dissolved in the upper part of the profile in wet periods,
to be precipitated at depth, while drier periods encourage the
capillary uprise of soil solutions rich in Ca®>" and cause calcite
to form higher in the profile.

Use. The high natural fertility of Chernozems and their
favorable topography permit a wide range of agricultural uses
including arable cropping (with supplemental irrigation in dry
summers) and cattle ranging.

Otto Spaargaren
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CHRONOLOGY OF SOILS

A timetable for an evolving soil on a geologic time scale, apart
from recent anthropic (man-made) modification, depends on:

a. Parent material (which may be the geological bed-rock, or
wind-blown cover such as loess or sand dunes, or littoral
accumulations such as beachridges, or alluvial deposits asso-
ciated with flood plains).

b. Zonal climate (which may be roughly stated as “latitude”,
but more precisely modified by oceanicity, or maritimicity,
continentality, altitude and aspect, i.e., exposure to insola-
tion, fetch, and prevailing wind).

Inclusions

Miscellaneous lands
- (Inland waterbodies, Glaciers, No data)

FAD-GIS, February 1998

c. Geomorphic history (which generally spans the period of
time since the latest ice ages, thus in North America and
Europe since about 12 000 years ago, but in South America,
South Africa, India and Australia, about 265 Myr. ago. Even
more for North Africa and much of Arabia, where it is
445 Myr).

Study of these three variables is integral to what constitutes
“Soil Stratigraphy”, a science that for understandable reasons
found its birthplace in Australia, a continent relatively
unscathed by the giant ice sheets that affected North America
and northern Europe. A given paleosol in Australia can often
be tracked down to a specific date in the stratigraphic timetable.
Its basic composition may be cemented in place by the wide-
spread silicification that commonly affects that continent’s 15
to 35° S latitudes (see Duricrusts and induration). Because of
these silicified paleosols, some quite remarkable examples of
ancient soil stratigraphy are preserved, such as the “Kirup Con-
glomerate” found by Finkl on some hilltops in southwestern
Australia. The paleosol in question contained glacially faceted
boulders of the Permian glaciation and occupied former stream
channels that must date from about 250 Myr (Fairbridge and
Finkl, 1978).

This sort of history is not unusual for the former soils
associated with the landscapes of the ancient continent of
Gondwanaland. For much of that history the landscapes in
question were associated with the global distribution of the dino-
saurs which required (in the case of the herbivores) a fertile soil
and nearly universal spread of vegetation.

The plate-tectonic break-up of Gondwanaland was a progres-
sive phenomenon, with one segment after another (Fairbridge,
1982). With each new rupture the isostatic response of the crust
led to rapidly rising shoulders and a topography that changed
from a flat plateau to a steep-sided escarpment such as marks
the present-day Red Sea and typically developed in Yemen or
northern Ethiopia.

With each fracture zone initiation (“taphrogenic triggering”)
with its Red-Sea-type sea-floor spreading, a new geomorphic
cycle and soil-forming cycle is set in motion. The time clock
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is re-set. Lester King, in his magisterial “Morphology of the
Earth” (1962), summarized cycles of this sort very well for
Gondwanaland. For Eurasia and North America the problem
was (and remains) a much more challenging one, because of
Cenozoic glaciation and complex tectonics. The Gondwana
cycles began soon after the end of the Permo—Carboniferous
ice ages and could be followed across the southern continents
in a succession of uplifted erosion surfaces mostly preserved
today as “etchplains”.

Each planation cycle corresponds to what Erhart (1956) called
the “biostatic phase” in his “Theory of Biorhexistasy”. And each
taphrogenic break-up triggered his brief but violent “rhexistatic
phase”. The first, the biostatic condition, was one of adjustment
of river networks to the new general base level and climatic stabi-
lity. Fairbridge and Finkl (1980) called this a “cratonic regime”,
that is, corresponding to the continental interior plateaus, and in
contrast to the continental margins (both cliffed and with coastal
plains), which are subject to the new tectonic activity, maritime
climates and multiple eustatic fluctuations.

Each of these rhexistatic cycles (e.g., mid-Mesozoic, term-
inal Cretaceous, mid-Cenozoic, etc.) is typically represented
by paleosols with massive duricrusts (usually lateritized or sili-
cified). In places these have often been buried by younger sedi-
mentary strata, but may be re-exhumed, to be preserved today
as monadnocks or plateaus. In the case of the Appalachian
Mountains in the non-glaciated part of North America, the late
Mesozoic was a biostatic phase that was progressively brought
to an end by the plate-tectonic opening of the North Atlantic
and catastrophically punctuated by the K/T asteroid event with
its major drop in sea level. During the biostatic phase the
porous sandstones of Paleozoic age became deeply silicified
(10-20 m or more), but during the early Tertiary rhexistasy there
was deep incision of major river valleys and progressive uplift,
while progressive, differential erosion occurred in the soft-shale
and calcareous sediments, leaving the silicified ridges behind.
“Water gaps” mark the successful drainage systems. During the
glacial advances, the entire region was subjected to periglacial
erosion, still preserved today by patterned ground and boulder
streams. The forest cover appears to be anchored in the “skeletal”
or “fragmental” soils that survived the periglacial erosion (largely
aeolian), but were supplemented by the small contributions from
the wind-borne loess storms that swept across the Midwest.

Techniques for working out a soil chronology in a given
region must vary with the materials available. Isotopic dating
methods have some usefulness where a given horizon has been
exposed to insolation or geochemical crusting. The role of
dew may be significant when dust is trapped and forms a thin
veneer or “desert varnish” over an exposed surface such as a peb-
ble, boulder or rocky outcrop. Less precise, but nevertheless
often very useful, are the stratigraphic “sandwich” methods, for
example, an exhumed paleosol surface at some point is often
found to plunge beneath a stratigraphic horizon that is datable
from its fossils or isotopic aspects. This date then constitutes an
upper limit of the paleosol. The archaeologists call this an “ante
quem” date. Then a “post quem” date is one where a paleosol
is found truncating that stratigraphic formation; the paleosol is
then younger.

In the use of a sequence of paleosols, one over another, this is
what Fairbridge and Finkl (1980) refer to as “stacked veneers”.
These are often to be found near the margins of cratonic units,
where repeated uplift and successive climate changes can vary
the characteristics of the individual veneers.

Climatic proxies can often serve as accurate pointers to the
former climate associated with a given paleosol. Different
types of duricrust reviewed in Fairbridge (1968), and include:
ferricrete, or lateritic duricrust, i.e., generally silicified latosols;
or calcrete, i.e., calcified duricrust, “hardpan” or “caliche”; or
silicrete, i.e., a silicified concretionary hardpan. They are all
characteristic of different parent materials but have a common-
ality in the form of a semi-arid and strongly seasonal climate.
Each is a distinctive indication of a specific climatic type:
(a) the latosol speaks only of the tropical monsoon climate;
(b) the calcrete is derived from a coastal belt fed by wave
and wind action on comminuted shells and carbonate foramini-
fera, the carbonate dust being blown inland, but exceptionally
the parent material consists of pre-existing limestones; (¢) the
silcrete is formed in swamps (with a distinctive pH range)
which dry out seasonally.

“Stone lines” are a diagnostic feature of certain soils. They
are most typical of tropical soils, in the rhexistatic belts.
Clearly, they are relics of a colluvial nature, i.e., slope deposits,
stone pavements or lag gravels. The stratification and transport
may be the result of slope wash or even a mudflow, which can
be tropical or even periglacial (“solifluction”), but certainly
limited to heavy precipitation events or brief melt-seasons.
The stones are angular to rounded, of resistant nature such as
quartzite, granite and even fragments of termitaria (termite
mounds). The pebbles may be concentrated by aeolian win-
nowing (a selection of photographs is provided in Fairbridge
and Finkl, 1984).

Another aspect of paleoclimate indicators is the widespread
development of white, podzolized sand plains and sandy
deserts in the low latitudes (Paton et al., 1995). They are
known as “siliciclastic”, being dominated by quartz and other
minerals of low solubility. It appears that they are the end pro-
ducts of either (a) tropical weathering, typically of granite or
granitoid crystalline parent material under hydrologic pro-
cesses, where the feldspars and micas revert to clays easily
removed by running water. Or (b) recycled from glacial out-
wash where the sands have been mechanically generated and
feldspatic components are well preserved; but when exposed
to post-glacial humid weathering the insoluble components
are eventually released.

The origin of the celebrated sands of the Sahara has long
been debated. Three prominent source areas contribute: (a)
Outwash from the Atlas Mts, Hoggar and other uplifts; (b)
Recycled Ordovician glacial outwash in the western and central
Sahara; (c¢) Recycled Nubian Sandstone in the east (a Cretaceous
to Cenozoic product of former tropical rivers emanating from
Central Africa. Eolian systems have changed throughout the
Quaternary, so that the present dunes are representing a “well-
stirred pot”, predominantly quartz today, but Pleistocene
dunes are often reddish in color, from the ferromagnesian miner-
als mobilized into solution during the long interglacial and
monsoon-dominated intervals.

Podzolization and laterization

These are two distinctive processes in the chronology of the
paleosols. Both are essentially “end-members” in evolving
histories.

According to Duchaufour (1978), podzolized soils are “char-
acterized by the biochemical weathering of silicates by soluble
and acid organic matter, with formation of more or less mobile
organomineral complexes which accumulate in one or two
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‘spodic’ type horizons rich in amorphous material (dark By, hor-
izon enriched with humic acids, and ocherous B, horizon
enriched with hydroxides).” The name “pod” comes from the
Russian word for “ash”, i.e., silica-enriched, with iron and alu-
minum complexes leached out. In temperate latitudes podzoli-
zation is only scattered but widespread in the boreal forests
of northern Canada and Siberia. In the hydromorphic (acid)
conditions of tropical coastal belts it is widespread, being
derived from the polymictous beach and dune sands after
extensive leaching of their carbonate content. From the paleo-
climatic point of view they reflect extended intervals of intense
pluviosity, which has led to their present status as “leached resi-
duals” (Fairbridge and Finkl, 1984).

The other “end-member” state is here referred to as “lateriza-
tion”, a process recognized by geologists, but in the U.S. Soil
Taxonomy represented by the OXISOLS, on the FAO-UNESCO
World Map Legend as FERRALSOLS, or in Bridge’s review
(1978) as “ferrallitic soils”. One of the problems associated
with the varied terminologies is that the classic “laterite” is
not found in North America or Europe. It stems from India,
where it was described by Buchanan in a paper nearly two
centuries ago. There the soft hydrous ferrallitic clay is com-
mercially formed into brick-like shapes and laid out in the
sun to dehydrate, the hydrous gel breaks down and the pro-
cess is irreversible, so that an all-weather building material
is created. The term latericius is Latin for “brick”. The same
process occurs in an environmentally catastrophic way when
tropical rainforest is cleared as in the Amazon basin. Unless
it is immediately replanted the soil becomes rock-hard and
resistant to further tillage.

Both the economically sound and the disastrous activities
serve to illustrate the term “laterization” (the Glossary of
Geology places “lateritization” in synonymy). In the U.S. Soil
Taxonomy it is called “plinthite”, a product of ferrallitic desic-
cation, leading to a hardpan, durable crust or “carapace”. It is a
typical feature of the cratonic landscapes of India, Australia,
Africa and Brazil. These landscapes have been repeatedly sub-
jected to an alternation of intense rainfall and deforestation
associated with ice-age desiccation that can be dated over about
the last three million years. Isotopic dating of certain laterites in
Australia disclose a Miocene date for their beginning. Others
have been dated by igneous dikes of known age or overlapped
by fossiliferous sedimentary formations.

In short, the process of “laterization” can hardly be regarded
as a normal contemporary soil-forming process, but it should be
borne in mind as a potential hazard in environmental review.

Rhodes W. Fairbridge

Bibliography

Bridges, E.M., 1978. World Soils, 2nd edn. Cambridge: Cambridge Univer-
sity Press, 128 pp.

Duchaufour, P., 1978. Ecological Atlas of Soils of the World. New York:
Masson, 178 pp.

Erhart, H., 1956. La Genese des Sols. Esquisse d'une Théorie Géoligique:
Biostasie et Rhexistasie. Paris: Masson, 90 pp.

Fairbridge, R.-W., 1968. The Encyclopedia of Geomorphology. New York:
Van Nostrand Reinhold, 1295 pp.

Fairbridge, R.W., and Finkl, C.W., Jr., 1978. Geomorphic analysis of the
rifted cratonic margins of Western Australia. Zeitschr. f. Geomorph.,
N.F, 22(4): 369-389.

King, L.D., 1967. The Morphology of the Earth, 2nd edn. Edinburgh:
Oliver & Boyd.

Cross-references
Classification of Soils

Crusts, Crusting

Duricrusts and Induration

Ferralsols

Ice Erosion

Tron Oxides

Podzols

Profile

Weathering Systems in Soil Science

CHRONOSEQUENCE

A sequence of soils in which the dominant variable accounting
for any physical, chemical and biological differences has been
the duration in time over which the sequence has developed.
(Birkeland, 1999, p 178).
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CLASSIFICATION OF SOILS: FAO

The FAO soil classification system is based on the Legend for
the Soil Map of the world (FAO/UNESCO, 1974).

The FAO legend was largely based on the diagnostic horizon
approach developed under Soil Taxonomy (Soil Survey Staff,
1960) by the USDA during the 1950s and 1960s. Similar hori-
zons were defined, and where definitions of the diagnostic
horizons were slightly simplified, different names were used
for comparable horizons such as the ferralic horizon equivalent
to the oxic horizon, or the argic horizon equivalent to the argillic
horizon in Soil Taxonomy. The grouping is based on measurable
as well as observable soil properties.

Certain historical soil names were retained to accommodate
some national sensitivities. Examples of these at the highest
level were rendzinas, Solonetzes, Solonchaks, and Cherno-
zems. Some of the names had a dubious scientific connotation
(such as the podzoluvisols in which no podzolization takes
place), while others were nearly identical to those developed
in Soil Taxonomy, such as the Vertisols (Nachtergaele, 2003).

In contrast with Soil Taxonomy, climatic characteristics
were not retained in the FAO Legend, although the xerosols
and yermosols largely coincided with soils developed under
an aridic moisture regime.

The FAO Legend of 1974 recognized 26 Great Soil Groups
(world classes) subdivided in 106 Soil Units (world subclasses),
which were the lowest category recognized on the world soil
map. The units are designed primarily for the legends of the Soil
Map of the World and do not correspond exactly to categories
in other systems but they are generally comparable at the “Great
Group” level. These map units are sufficiently broad to contain



112

CLASSIFICATION OF SOILS: FAO

sufficient elements to reflect as precisely as possible the soil
pattern of a large region.

In addition to the Great Soil Groups and Soil Units, twelve soil
phases were recognized: This subdivision is based on characteris-
tics, which are significant to use, or management. They are:

o stony phase: mechanized agricultural equipment impracticable.

e lithic phase: hard rock within 50 cm of surface.

e petric phase: a layer with >40% oxidic concretions >25 cm
thick, the upper part occurring within 100 cm of the surface.

e petrocalcic phase: petrocalcic horizon within 100 cm of the
surface.

e petrogypsic phase: petrogypsic horizon within 100 cm of
the surface.

e petroferric phase: petroferric horizon within 100 cm of the
surface.

e phraetic phase: ground-water table between 3 and 5 m from
the surface.

e fragipan phase: fragipan within 100 cm of the surface.

e duripan phase.: duripan within 100 cm of the surface.

e saline phase: electrical conductivity of >4 mmho cm™
within 100 cm of the surface.

e sodic phase: more than 6% exchangeable sodium saturation
within 100 cm of the surface.

e cerado phase: areas with tall grass and low contorted trees.

1

Three general texture classes:

e coarse textured: sands, loamy sands and sandy loams with
less than 18% clay and more than 65% sand.

o medium textured: sandy loams, loams, sandy clay loams, silt
loams, silt, silty clay loams and clay loams with less than
35% clay and less than 65% sand; the sand fraction may
be as high as 82% if a minimum of 18% clay is present.

e fine textured: clays, silty clays, sandy clays, clay loams and
silty clay loams with more than 35% clay.

Three general slope classes:

e level to gently undulating: dominant slopes ranging between
0 and 8%.

e rolling and hilly: dominant slope ranging between 8 and 30%.

e steeply dissected to mountainous: dominant slopes are
over 30%.

Most soil mapping units were in fact soil associations, the
composition of which was indicated at the back of each paper
map sheet (Nachtergaele, 2003). The dominant soil unit gave
its name (and appropriate color) to the mapping unit, followed
by a number unique to the associated soils and inclusions. Tex-
ture (1, 2, and 3) and slope symbols (a, b, and c¢) were included
in the mapping unit symbol.

Although initially developed as a Legend for a specific map,
not a soil classification system, the FAO Legend found quick
acceptance as an international soil correlation system, and was
used for several national soil classifications, as well as for soil
inventories as in the soil map of the European Union. With the
application as a soil classification, numerous comments and sug-
gestions were received to improve the coherence of the system.
The revision effort undertaken in the 1980s finally resulted in
the publication of the Revised Legend of the FAO/UNESCO
Soil Map of the World (FAO/UNESCO/ISRIC, 1988) (see
Table C10). This revised legend was applied to the World Soil
Resources Map at 1 :25 000 000 scale, accompanied by a
report (FAO, 1993) and presented at the Kyoto ISSS Congress.

Table C10 The revised FAO World Classes (Great Soil Groups) of soils
and their equivalents at the order, suborder and great group levels in
the USDA Soil Classification System (adapted after Fitzpatrick, 1980,
FAO, 1993)

FAO USDA

1 Acrisols Ultisols (all suborders)

2 Andosols Andepts

3 Arenosols Psamments

4 Cambisols Ochrepts, tropepts, umbrepts

5 Chernozems Borolls

6 Ferralsols Oxisols (all suborders)

7 Fluvisols Fluvents

8 Gleysols Aquents, aquepts, aquolls

9 Lixisols Oxic Alfisols

10 Alisols Vertisols with high activity clays

11 Greyzems Borolls, aquolls

12 Histosols Histosols (all suborders)

13 Kastanozems Ustolls, borolls

14 Luvisols Udalfs, xeralfs, ustalfs, aqualfs, boralfs

15 Nitosols Udalfs, ustalfs, udults, ustults,
xerults, humults

16 Phaeozems Udolls, aquolls

17 Planosols Aqualfs, xeralfs, argids, ustalfs,
aquults, albolls, borolls

18 Solonchaks Orthids, ustolls

19 Solonetz Ustalfs, xeralfs, argids

20 Podzols Orthods, ferrods, humods, aquods

21 Podzoluvisols Udalfs, boralfs, aqualfs

22 Leptosols Lithosols, lithic subgroups

23 Regosols Orthents, psamments

24 Vertisols Uderts, usterts, xererts, torrerts

25 Calcisols Calcic Aridisols

26 Gypsisols Aridisols

27 Lithosols

28 Anthrosols Various orders

In the revised legend, the number of Great Soil Groups
increased from 26 to 28: the rankers and rendzinas were grouped
with the Leptosols, the “aridic” yermosols and xerosols disap-
peared, and new Great Soil groups of Calcisols and Gypsisols
were created. The Luvisols (alfisols)—Acrisols (ultisols) division
was further divided according to the activity of the clay frac-
tion, resulting in four symmetric groups (Luvisols, high base
saturation, high-activity clays; Acrisols, low base saturation,
low-activity clays; Lixisols, high base saturation, low-activity
clays; and Alisols with low base saturation and high-activity
clays). The revised legend also created at the highest level the
Anthrosols, grouping soils strongly influenced by human activ-
ities. The number of Soil Units increased from 106 to 152. Texture
and slope classes remained unchanged, but were not represented
on the map produced. A third hierarchical level of “Soil Subunits”
was introduced to support soil inventory on larger scales. Soil sub-
units were not defined as such but guidelines for their identifica-
tion and naming were given. This converted the map legend,
with a finite number of entries, into an open-ended, globally
applicable FAO-UNESCO Soil Classification System.

In a parallel development, a working group of the ISSS had
been active in the development of an internationally acceptable
soil classification system (first meeting in Sofia, 1982). In
1992, at a meeting of the Working Group RB (Reference Base),
the strong recommendation was made that rather than develop-
ing a new soil classification system, the Working Group should
consider the FAO Revised Legend as a base and give it more
scientific depth and coherence. This principle was accepted,
and the first draft of the World Reference Base (WRB)
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appeared in 1994 (ISSS/ISRIC/FAQ, 1994), still showing large
similarities with the FAO revised legend.

In 1998, the International Union of Soil Sciences (IUSS)
officially adopted the World Reference Base for Soil Resources
(WRB) as the Union’s system for soil correlation. The struc-
ture, concepts and definitions of the WRB are strongly influ-
enced by the FAO-Unesco Soil Classification System. At the
time of its inception, the WRB proposed 30 “Soil Reference
Groups” accommodating more than 200 (“second level”) Soil
Units (FAO, 2001, World Soil Resources Reports, 94). Two
new reference groups have since been added (FAO, 2006).

Arieh Singer

References

FAO, 1993. World Soil Resources. An explanatory note on the FAO World
Soil Resources Map at 1:25.000.000 scale, 1991. Rev. 1993. World Soil
Resources Reports #66. Rome: FAO.

FAO, 2001. Lecture notes on the major soils of the world. In Driessen, P.,
Deckers, J., Nachtergaele, F., eds., World Soil Resources Reports #94,
Rome: FAO.

FAO. 2006. World reference base for soil resources, 2006: a framework for
international classification, correlation, and communication. Rome:
Food and Agriculture Organization of the United Nations. 128 pp.

FAO/UNESCO, 1974. FAO-UNESCO Soil Map of the World. Vol. 1.
Legend. Paris: UNESCO.

FAO/UNESCO/ISRIC, 1988. FAO-UNESCO Soil Map of the World.
Revised Legend. World Soil Resources Report #60, Rome: FAO.

Fitzpatrick, E.A., 1980. Soils — Their Formation, Classification and Distri-
bution. London: Longman, 353 pp.

ISSS/ISRIC/FAO, 1994. World Reference Base for Soil Resources. Draft.
0. Spaargaren. Ed. Wageningen/Rome.

Nachtergaele, F., 2003. The future of the FAO Legend and the FAO/UNESCO
soil map of the world. In Eswaran, H., Rice, T., Ahrens, R., Stewart, B.,
eds., Soil Classification. Washington, DC: CRC Press, pp. 147—156.

Soil Survey Staff, 1960. Soil classification, A comprehensive system.
Seventh Approximation, SCS, USDA. Washington, DC: U.S. Govern-
ment Printing Office.

Cross-references

Classification of Soils: Soil Taxonomy

Classification of Soils: World Reference Base (WRB) for Soil Resources
Horizon Designations in the WRB

CLASSIFICATION OF SOILS: SOIL TAXONOMY

Introduction

Most countries of the world have some kind of soil survey pro-
gram. Some programs assess soil resources at the farm level,
while others are designed for county, state, or national levels.
The United States began soil resource assessment around
1899, but it began an institutionalized, systematic detailed soil
survey only in the nineteen thirties. By the end of the nineteen
forties, about fifty million acres of land per year were being
surveyed and more than one thousand soil scientists from the
Soil Conservation Service (now called the Natural Resources
Conservation Service — NRCS) and U.S. universities were
involved. The then existing classification system did not serve
the purpose of standardization, quality control, and communica-
tion between soil scientists. It was recognized that the national soil
survey program needed a system of soil classification that could

be applied uniformly by soil scientists, could be the basis of the
soil survey program, serve the purpose of technical communica-
tion between soil scientists, and have the capability to predict
the consequence of alternative uses. Soil surveys are useful
because they have a scientific basis (which ensures their reprodu-
cibility) and because they can be employed for practical land use
purposes. The role of soil classification is to act as a bridge to
synthesize soil survey information and provide pragmatic group-
ings for the needed precise predictions. These were some of
the motivating reasons for creating Soil Taxonomy, which was
published in 1975 (Soil Survey Staff. 1975) for the purpose of
making and interpreting soil surveys. Several modifications have
been made since its publication and in 1999 the second edition of
the manual was published (Soil Survey Staff. 1999) to commem-
orate the 100th anniversary of the national soil survey program.

The system of soil classification was developed over a
period of 25 years, commencing in 1951, with Dr. Guy
D. Smith coordinating the effort (Smith, 1983). By 1960, a
working draft was already available and was tested in the field
over the next decade. Publication of the system took place in
1975. The system was developed by U.S. soil scientists with
the collaboration of scientists from around the world. Major con-
tributors to the nomenclature, for example, were Professors
Rene Tavernier and Jacque Leeman of the University of Gent,
Belgium. The system of soil classification was influenced by
similar developments in other national classification systems,
specifically those in Europe, Australia, and New Zealand and
the FAO-UNESCO legend of the Soil Map of the World (FAO-
UNESCO, 1971-1981). Many of these national systems have
undergone modifications since their inception and a recent
review (Eswaran et al., 2003) gives information on the current
structures.

Principles of the soil classification system

Classification of discrete objects such as plants or animals is in
many ways easier than a continuum with no distinct boundaries
such as soils. Every classification system attempts to group
similar things together. Though this can be achieved by an ana-
lysis of soil properties, the additional dimension in soil classifi-
cation is that ‘similar soils’ must have similar performance in
most uses. In addition, because the system is designed to support
a soil survey program, it must be able to differentiate between all
soils on a landscape and the goal was also that every soil in the
world would find a place in the system. Existing systems in the
nineteen fifties were genetic in concept and based on soil pro-
cesses, actual or perceived. To meet new requirements, a major
shift in approach was necessary. This proved to be a major chal-
lenge and some compromises had to be made.

The guiding principles of Soil Taxonomy are enunciated by
Cline (1949), Smith (1963), and Arnold and Eswaran (2003).
The major principle stresses that the classification is of soils
and not of soil-forming processes or factors. This is a major
distinction from the Russian school of classification. Soil gen-
esis is employed to guide our thinking about soils but is not
used as the basis for classification because if the genesis of a
soil is not known the soil cannot be classified. Other principles
employed to develop the system are as follows:

e Definitions are based on soil properties so that users can
apply them systematically;

e The system is multi-categorical with the information content
increasing in the lower categories; this enables ease of use of
the system and the selection of categories based on the detail
required by the purpose;
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e The defined units must be of real bodies that are known to
occur in the world;

e Although properties are precisely defined, to facilitate the
field soil scientist an initial assessment could also be made
in the field either through simple field tests or interpretation
from landscape, vegetation, and/or geology;

e The system must be modular so that with new knowledge,
changes may be made without disrupting the whole system;

e Properties selected are not markedly affected by normal
management, so that the classification is not changed by
plowing or fertilizing or other farming techniques;

e Finally the system should differentiate all soils in a land-
scape and provide a place for all known soils.

Diagnostic horizons and features

The use of diagnostic horizons and features probably distin-
guishes Soil Taxonomy from most other classification systems.
Diagnostic horizons and features are the building blocks of the
system and serve to define the different categories of the sys-
tem. The significance of each horizon or feature is a function
of the soil. Some diagnostic horizons or features are used to
define the Order category, such as the mollic epipedon of mol-
lisols. Within the mollisols, a diagnostic feature such as an
ustic soil moisture regime (SMR) defines the Suborder, a diag-
nostic subsurface horizon defines the great group (argillic hor-
izon for the argiustoll), and another diagnostic feature such as
an aquic soil water regime is used for the subgroup (aquic
argiustoll). The relative importance of the diagnostic horizons
and features differs with soils, and selection is made based on
the principles enunciated before.

Categories and nomenclature

The six categories in the classification system are Order, Subor-
der, Great Group, Subgroup, Family, and Series. There are twelve
Orders, which are differentiated by the presence or absence of
diagnostic features, or horizons which indicate differences in the
intensity and kind of dominant soil forming processes, or their
absence. These are:

¢ histosols — organic soils resulting from accumulation of organic
matter (histic materials) under very wet or cold environments;

e gelisols — are soils that freeze sometime during the year and
have a layer of frozen soils called permafrost at shallow depths;

e spodosols — soils that have a spodic horizon that formed by
the translocation and accumulation of iron, aluminum, and/or
organic carbon;

e andisols — soils that formed in volcanic materials (andic
materials) in which weathering results in dominance of
amorphous colloids;

e oxisols — soils that have an oxic horizon characterized by
low activity clays;

o vertisols — soils that have vertic properties resulting from
high amounts of clays such as montmorillionite that shrink
when dry and swell when wet;

e aridisols — soils that have an aridic soil moisture regime that
can have in horizons of accumulated carbonates, gypsum,
and soluble salts;

e ultisols — soils that have an argillic horizon and low base
saturation (low pH or acid) because of leaching;

e mollisols — soils that have a mollic epipedon characterized
by black colors and relatively high organic carbon content;

e alfisols — soils that have an argillic horizon and high base
saturation or high pH;

e inceptisols — soils that have a cambic horizon or are at a
youthful stage in soil formation;

e entisols — soils that have no diagnostic horizon (except for
an ochric epipedon) and formed in recent materials.

Each Order has four to six suborders defined on the basis of
properties that are major controls of soil formation or absence
of such controls. Soil moisture and temperature regimes are
considered as the controls and are employed at this level. The
Great Groups are defined by the arrangement of diagnostic hor-
izons in the soil and/or subordinate controls of soil-forming
processes. The Subgroups are designed to show linkages to
other categories in the system (intergrades) or to some special
properties or even non-soil features (extra grades) such as a
rock contact at shallow depth. Within each Subgroup, the
Family is defined on similar physical and chemical properties
that affect their response to management and manipulation for
use. The lowest category, the Series, is defined almost essentially
on field observable properties that are within the range of the
Family. This is partly because; the Series category is used for
detailed maps and for most farm level interpretations and recom-
mendations. The definitions and functions of these categories are
provided in Soil Taxonomy (Soil Survey Staff. 1975, 1999). Per-
iodic refinements are made to the classification system and these
are published in the monograph called “Keys to Soil Taxonomy”;
the most recent is published by Soil Survey Staff (2003).

A number of classification systems already existed at the
time of development of the U.S. system. In addition, many
terms, such as laterite, have popular meanings, the original
scientific definition being lost through popular use. A con-
certed effort was made to create new terms with each name
being short, easy to pronounce, distinctive in meaning, and
connotative. The name was also required to indicate the catego-
rical level and thereby its position in the classification.

The names of the categories are recognized as follows:

e Order — each Order name ends in ‘sol’: andisols, histosols;

e Suborder — names are two syllables with the second syllable
carrying the formative name of the Order: udox (oxisols),
aquult (ultisols), orthent (entisols);

o Great group — carries the suborder name and a prefix: haplu-
dox, kandiaquult, and forriorthent.

e Subgroup — carries the great group name and an adjective:
typic hapludox, aeric kandiaquult, vertic Torriorthent.

o Family — names are polynomial and carry the subgroup name
and adjectives that indicate one or more significant features
(usually particle size class, mineralogy, and soil temperature
regime): clayey, kaolinitic, isohyperthermic, typic hapludox.

e Series — names are abstract and usually taken from place
names where the soil was first recognized: Kluang series (a soil
in Malaysia) is a member of the clayey, kaolinitic, isohyperther-
mic Family of typic hapludoxs.

Determining the taxonomic class of a soil

The taxonomic class of a soil is determined by using the keys
and definitions to the various categories in Soil Taxonomy.
Prior to attempting to classify the soil, it is necessary to determine
if the soil has diagnostic horizons and/or diagnostic features. The
profile description, which is the field assessment of the soil, pro-
vides clues to possible diagnostic features. These are confirmed
by testing the required criteria for the horizons. An estimate of
the soil moisture regime (SMR) and soil temperature (STR) is also
made from climatic records of the closest meteorological station if
actual measurements at the site are not available.
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Armed with this information of the soil, the Order place-
ment is determined by using the ‘Keys to Soil Orders’ in the
book (Soil Survey Staff. 2003). The Keys are structured to sys-
tematically and sequentially test a class. If a soil does not meet
criteria of the eleven Orders, it is placed in the last class, enti-
sols. A soil must meet the class definition to qualify for the
class. A page number directs the user to the appropriate Subor-
der key. This process of searching and elimination or fitness is
done for each category until the Family category. For example,
a soil in Malaysia (Kluang Series) has a SMR of udic and STR
of isohyperthermic (continuously wet and continuously hot), an
ochric epipedon (surface horizon) and an oxic subsurface hori-
zon. It does not have any other features. In the “Keys to Soil
Orders”, the soil does not meet the definition of a gelisol,
histosol, andisol, or spodosol, but meets the requirements of
an oxisol. The soil is thus an oxisol. Following a similar proce-
dure of testing of class membership, the soil is placed in the
Suborder udox. The “Keys” for each category can then be fol-
lowed systematically without short cuts, and the soil is finally
determined to belong to the clayey, kaolinitic, isohyperthermic
Family of the typic hapludoxs.

Evaluating soil properties from soil name

Apart from being mnemonic, soil names also are designed to
provide information about the soils themselves. The Kluang
Series described previously is used as an example.

e Oxisol — the soil has low nutrient holding capacity; it has
few weatherable minerals and thus has low potential to pro-
vide nutrient elements through weathering; it generally has a
low water holding capacity; it has few rock fragments and
thus has few restrictions to root growth.

e Udox — the soil experiences little or no moisture stress.

e Hapludox — the soil does not have high base saturation nor is
it acid; it has no plinthite and has very little organic matter.

e Typic hapludox — the soil is well drained and has few physi-
cal root-restricting layers.

e Clayey, kaolinitic, isohyperthermic typic hapludox — soil
temperature is not a constraint; nutrient fixation is not high
though leaching losses may be high; tillage is easy.

e Kluang Series — the soil has all the above properties. It is an
ideal soil for growing rubber (Hevea braziliensis) and less
suitable for oil-palm (Elais guinensis). Annual crops require
good fertilizer management.

Global distribution of soils

Many countries have classified their soils according to Soil
Taxonomy, and it is possible to translate other classification
systems to Soil Taxonomy. However, estimates of the distribu-
tion of the soils globally, are still not possible because many
countries have yet to make detailed inventories. Table C11 pro-
vides some preliminary estimates made by the World Soil
Resources section of the Natural Resources Conservation Ser-
vice, U.S. Department of Agriculture and Figure C35 is a
map showing the distribution.

In Table C11, the estimates of the soil Orders and Suborders
occurring in the different climatic or major eco-regions are pro-
vided in addition to the global distribution; examples of each
Order is shown in Figure C36. Only the suborders that are exten-
sive enough to be shown on the world map are listed. Soil patterns
are distinct and show the role of soil moisture and temperature
regimes interacting with parent materials. In Europe, the soil
moisture regimes show a north-south trend and the consequent

effect on soil formation is illustrated by horizontal patterns of
the soils. In North America and particularly in the United States,
the soil moisture regimes show an east-west trend and the soil pat-
terns reflect this trend. On the eastern seaboard, the soils are ulti-
sols, and as one proceeds westward, they give way to mollisols,
alfisols, and aridisols. Finally, in the Rocky Mountains, the soils
are inceptisols and some andisols. Farther north in North Amer-
ica, the soils are dominantly inceptisols and spodosols, which
give way to histosols and gelisols in the northern tundra zone.

Gelisols, the most recent soil order introduced into the sys-
tem of Soil Taxonomy, occupy about 9.1% of the ice-free land
surface. Few detailed soil maps depict these soils, as previous
classification systems did not differentiate the soils based on
permafrost. The lower geographic limit of gelisols for this map
is defined by a mean annual soil temperature of less than 0 °C
and by a mean summer soil temperature of less than 10 °C.
The northern part of the gelisol zone grades to ice. Areas of soils
are indicated as a percent of the ice-free land surface.

Organic soils, or histosols, occupy about 1.2% of the land
surface. This percentage does not include the 0.8% of histels,
which are present in the gelisol region and which form the lar-
gest contiguous extent of organic soils. The next largest area of
organic soils is adjacent to the tundra soils in the boreal belt.
These organic soils are the “cryo” great groups of fibrists,
hemists, and saprists. Tropical histosols are dominantly in
Southeast Asia, mainly in Sumatra and Kalimantan. Many of
the tropical histosols are on coastal plains and have very low
pH because of the presence of acid sulfate materials. Unlike
the temperate and boreal histosols, which formed in areas of
moss and grassy vegetation, tropical histosols are woody and
frequently contain large trunks of undecomposed trees. These
woody materials make cultivation of such soils difficult.

Spodosols are dominantly in the colder regions of the world
where STR is mesic or colder and SMR is udic or perudic.
These boreal spodosols occupy about 2.2% of the land surface.
Podzolization results from release of large quantities of organic
acids in the organic-rich surface soil horizons. Characteristi-
cally, these soils form in sandy materials or in materials with
only small amounts of weatherable minerals that have the
potential to alter and release bases. In the Tropics, soils with
similar morphology are in areas of coastal beach deposits.
The largest contiguous extent of such soils is on the coastal
plains of the Amazon Basin. The soils are described and classi-
fied as spodosols but frequently are not the result of the podzo-
lization process that operates in the temperate or boreal
climates. The sandy levee deposits or stranded beach deposits
occur in association with aquepts and saprists. The dissolved
organic colloids seep up the sands (capillary effect) and preci-
pitate at the capillary fringe of the ground water table. The
resulting morphology is that of a spodic horizon.

Andisols dominate the circum-Pacific belt, or the Ring of
Fire. They are frequently associated with current or former vol-
canic activity. Depending on the intensity and periodicity of the
volcanic activity, deposits of several ages may characterize a
soil. In the colder and moister parts of the world, andisols
are characterized by dark mollic-like or umbric-like epipedon.
Buried horizons with similar organic-rich horizons may be
typical. In the Tropics, organic accumulation is not so rapid.
In addition, weathering and mineral alteration lead to the for-
mation of a clay fraction dominated by halloysite and kaolinite.
A normal toposequence in the Tropics is andisols on the upper
slopes, in association with inceptisols, which give way to ultisols
and oxisols on the gentler topography. In some andisols in which
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Soil orders

Alfiscls

I Andisols

Aridisols

Entisols

Gelisols

B Histosols

Figure C35 A generalized soil map of the world.

the content of organic matter is low and short-range-order miner-
als dominate the colloids, the soils may have a net positive
charge. These andisols are counterparts of the suborder Anionic
acrudox in terms of mineral-chemical composition.

Oxisols are confined to the intertropical regions, which by
definition have an iso STR. Most of the oxisols occur between
the Tropics of Cancer and Capricorn. The largest extent is in
Brazil, followed by the Congo Basin in Central Africa. Charac-
teristically, oxisols formed in pre-weathered and transported
deposits. Weathering may continue in the post-depositional
phase. Other pedogenic processes are slow unless there is a
fluctuating water table. On the volcanic islands of the Pacific
and in Southeast Asia, basic or ultrabasic rocks may weather
to form oxisols. Although there is always the possibility of
admixture with alluvial or colluvial products, these soils are
generally thought to have formed directly on the rocks, unlike
the oxisols of the Amazon or Congo Basins.

Vertisols occupy about 2.4% of the land surface and are
about equally distributed in tropical and temperate areas. They
are among the soils in which soil properties are a function of
the mineralogical composition of the clay fraction. For the
smectites to form and persist in the soils, one of the require-
ments is that the soil solution has a high pH, which results in
high amounts of bases and soluble silica. Thus, most of the ver-
tisols occur in semiarid or arid environments. The countries
with large areas of vertisols are Sudan, India, Australia, and
the United States. In semiarid southern Africa, large contiguous
areas of vertisols are in Zambia, Zimbabwe, and South Africa.
In other areas vertisols occur sporadically in basins adjoining
andisols.

Although about a third of the landmass of the world is
arid, aridisols occupy only about 12% of the land surface. By

Inoeptisols

I Mollisols

© Oxisols

- Rocky land

Shifting sand

| Ice/Glacier

Spodosols

Ultisols

I vertisols

definition, aridisols must have a diagnostic horizon; the remain-
ing soils in arid regions are entisols with associated unstabilized
dunes and rocky land. About 75% of the aridisols are in the
temperate parts of the world. The rest have tropical and boreal
climates. Argids are the most extensive aridisols and are fre-
quently in areas where the aridic SMR borders on the ustic or
xeric SMR. Calcids, which occupy about 3.7% of the land area,
are associated with the argids. Translocation and subsurface
accumulation of carbonates, gypsum, and salts require some
moisture. Formation of the horizons diagnostic for these sub-
orders may be a current process or may have taken place in
historic or geologic periods. Because of the current aridity of
the sites where these soils occur, it is generally assumed that
many of the diagnostic features may have a “paleo” origin.
Ultisols and alfisols occupy 8.5 and 9.7% of the land sur-
face, respectively. Ultisols are more common in the intertropi-
cal areas, while alfisols are in the temperate areas. Also, there
is greater proportion of alfisols than of ultisols in the semiarid
parts of the world. The dominant feature of both ultisols and
alfisols is the presence of an argillic horizon. Other diagnostic
horizons or properties define the subclasses. A lighter textured
surface soil, which makes tillage easy, and a heavier textured
underlying argillic horizon, which enables greater storage of
water and nutrients, favors crop production. Many of these
soils occur on flat to gently undulating landscapes and have
been used by farmers since the beginning of civilization.
Mollisols, which have a thick, organic-rich surface horizon,
are among the most productive soils in the world. Some of the
world’s record yields have been obtained on these soils. Molli-
sols occupy about 7% of the land mass and are concentrated in
the temperate and boreal regions of the world. They are impor-
tant soils in the semiarid parts of the world, particularly in the
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Andisol

Ultisol

Figure C36 Examples of the major soil orders.

Mollisol

regions with a Mediterranean climate. The cool climate permits
a slow accumulation of the humified organic matter. Because of
the excellent quality of the soils and the very favorable climate,
these soils are very productive and make up the breadbasket of
modern times. Large areas of such soils characterize the Mid-
west in the United States, the steppes of the former Soviet
Union, the northern part of Argentina, and part of Uruguay.
Inceptisols and entisols together occupy about 33% of the
land surface. Generally on young surfaces, they occur in asso-
ciation with rock outcrops and sand dunes. These soils formed
in recent coastal and riverine deposits. They formed in marine
alluvium under brackish water conditions. Entisols are potential
acid sulfate soils, and inceptisols are actual acid sulfate soils.
When drained, potential acid sulfate soils (sulfaquents) are con-
verted to actual acid sulfate soils (sulfaquepts). The process
results in release of a considerable amount of sulfuric acid,
making these soils and the soils adjacent to them extremely acid.

Concluding remarks

In the annals of Soil Science, Soil Taxonomy will remain as not
only a major scientific and conceptual innovation but also the fact
that it has withstood the test of time. In the last five decades it has
demonstrated its value specifically in the United States; around
the world, its technical merit has resulted in it being adopted for
national use or major aspects being incorporated in the advance-
ment of local systems. With the advent of advances in information

Oxisol Aridisol

A

Alfisol Inceptisol Entisol

technology, the future of Soil Taxonomy or any soil classification
systems will be debated. With the ability to process large quanti-
ties of data and to generate any kind of use-related information
from this data, soil classification systems must undergo marked
modifications or remain as historical benchmarks.

Hari Eswaran

Bibliography

Arnold, R.W., and Eswaran. H., 2003. Conceptual basis for soil classifica-
tion: lessons learnt from the past. In Eswaran, H., Rice, T., Ahrens, R., and
Stewart, B., eds., Soil Classification: A Global Desk Reference. New
York: CRC Press, pp. 27—42.

Cline, M.G., 1949. Basic principles of soil classification. Soil Sci., 67:
81-91.

Eswaran, H., Rice, T., Ahrens, R., and Stewart, B. (eds.), 2003. Soil Clas-
sification: A Global Desk Reference. New York: CRC Press, 263 pp.

FAO-UNESCO, 1971-1981. FAO/UNESCO Soil Map of the World, 1:5
million. Vols. 1-10. Rome, Italy: FAO/UNESCO.

Smith, G.D., 1963. Objectives and basic assumptions of the new classifica-
tion system. Soil Sci., 96: 6—16.

Smith, G.D., 1983. Historical developments of soil taxonomy: background.
In Wilding, L.P., Smeck, N.E., and Hall, G.F., eds., Pedogenesis and
Soil Taxonomy. 1. Concepts and Interactions. New York: Elsevier, pp.
23-49.

Soil Survey Staff, 1975. Soil taxonomy: a basic system of soil classification
for making and interpreting soil surveys, U.S. Dept. Agric. Handbook
436. Govt. Printing Office, 754 pp.



120

CLASSIFICATION OF SOILS: WORLD REFERENCE BASE (WRB) FOR SOIL RESOURCES

Soil Survey Staff, 1999. Soil taxonomy: a basic system of soil classification
for making and interpreting soil surveys. U.S. Dept. Agric. Handbook
436, 2nd edn. Govt. Printing Office. 869 pp.

Soil Survey Staff, 2003. Keys to Soil Taxonomy, 9th edn. U.S. Department
of Agriculture, Natural Resources Conservation Service. Washington
D.C. 332 pp.

Cross-references

Acid Soils

Alkaline Soils

Calcareous Soils

Classification of Soils: World Reference Base (WRB) for Soil
Resources

Horizon

Hydric Soils

Near-Neutral Soils

Soil

CLASSIFICATION OF SOILS: WORLD REFERENCE
BASE (WRB) FOR SOIL RESOURCES

In 1998, the International Union of Soil Sciences (IUSS)
adopted the World Reference Base for Soil Resources (WRB)
as the official system for international correlation of soils. In
addition, the WRB is the accepted common scheme of soil
databases and maps of the European Union (see Figure C37).

Dominant Soils

7 Acrisols, Alisols, Plinthosols (AC)
I Albeluvisols, Luvisols (AB)

Chernozems, Phaeozems (CH)
Cryosols (CR)

100 Andosols (AN) Durisols (DU)
B Anthrosols (AT) B Ferralsols, Acrisols, Nitisols (FR)
_| Arenosols (AR) I Fluvisols, Gleyscls, Cambisols (FL)

alcisols, Cambisols, Luvisols (CL)
| Calcisols, Regosols, Arenosols (CA)
~! Cambisols (CM)

e

Il Gleysols, Histosols, Fluvisols (GL)
E | Gypsisols, Calcisols (GY)
| Histosols, Cryosols (HR)

[ Watarbodies

N Limit of aridity

Figure C37 World Soil Resources global map.

=] Steep lands
™,/ Country boundaries

The structure, concepts and definitions of the WRB are
strongly influenced by the revised legend of the FAO/
UNESCO Soil Map of the World (FAO/UNESCO-ISRIC,
1988), which in turn borrowed the diagnostic horizons and
properties approach from USDA Soil Taxonomy.

The taxonomic units of the WRB are defined in terms of
measurable and observable ‘diagnostic horizons’, the basic
identifiers in soil classification. Diagnostic horizons are defined
by (combinations of) characteristic ‘soil properties’ and/or ‘soil
materials’.

WRB comprises two levels:

1. the “Reference Base”, which is limited to the first level only
having 30 reference soil groups; and

2. the second level consists of combinations of qualifiers
added to the reference soil groups providing more specific
characterization and classification of soils.

Short summary of the reference groups

Organic soils, such as peat, are brought together in one refer-
ence soil group called Histosols while all man-made soils,
which vary widely in properties and appearance but have in
common that their properties are strongly affected by human
intervention are aggregated to the Anthrosols reference soil
group. In some man altered environments non-natural materi-
als, called ‘technic materials’ dominate the unit, therefore
Technosols have now been added as a new Reference Group
of the WRB.

B Histosols, Gleysols (HS)
{0} Kastanozems, Solonetz (KS)
.| Leptosols, Regoscls (LP)

Planosols (PL)
Plinthosols (PT)
Podzols, Histosols (PZ)

Leptosols, Cryosols (LR) Regosols (RG)
______ Lixisols (LX) Solonchaks, Solonetz (SC)
¢ | Luvisols, Cambisols (LV) Umbrigols (UM}
Bl nitisols (NT) | Vertisols (VR)
I} Phaeozems (PH) | Glaciers (gl)

Projection Flat Polar Quartic
© FADIEC/ISRIC, 2003
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Mineral soil whose formation is conditioned by the particu-
lar properties of their parent material are sub-divided into the
Andosols of volcanic regions, the sandy Arenosols of desert
areas, beach ridges, inland dunes or areas with highly weath-
ered sandstone and the swelling / shrinking heavy clayey

Vertisols of back-swamps, river basins, lake bottoms and other
areas with a high clay content.

Mineral soils whose formation was influenced by their topo-
graphic setting (for example, soils associated with recurrent
floods or on steep terrain) range from the Fluvisols, which

Table C12 Simplified key to the WRB Reference Groups (modified from Deckers et al., 2002)

1 Organic matter > 40 cm deep
| no
2 Cryric horizon
| no
3 Soils with long and intensive agricultural use
| no
4 Soils containing many artefacts
Ino
5 Depth < 25 cm
| no
6 >35% clay vertic horizon
| no
7 Fluvic materials
| no
8 Salic horizon
| no
9 Gleyic properties
| no
10 Andic or vitric horizon
| no
11 Spodic horizon
| no
12 Plinthite or petroplinthite within 50 cm
| no
13 Ferralic horizon
| no
14 Natric horizon
| no
15 Abrupt textural change
| no
16 Structural or moderate textural discontinuity
Ino
17 Chernic or blackish mollic horizon
| no
18 Brownish mollic horizon and secondary CaCOj3
| no
19 Mollic horizon
| no
20 Gypsic or petrogypsic horizon
| no
21 Duric or petroduric horizon
| no
22 Calcic or petrocalcic horizon
| no
23 Argic horizon and albeluvic tonguing
| no
24 Argic horizon with CEC, > 24, Alg, > 60%
| no
25 Argic and nitic horizons
| no
26 Argic horizon with CEC, < 24, BS < 50%
| no
27 Argic horizon with CEC, > 24, BS > 50%
| no
28 Argic horizon with CEC. < 24, BS > 50%
| no
29 Umbric horizon
| no
30 Cambic horizon
| no
31 Coarse texture > 100 cm
| no

32 Other soils

Yes — HISTOSOLS
Yes — CRYOSOLS
Yes — ANTHROSOLS
Yes — TECHNOSOLS
Yes — LEPTOSOLS
Yes — VERTISOLS
Yes — FLUVISOLS
Yes — SOLONCHAKS
Yes — GLEYSOLS
Yes — ANDOSOLS
Yes — PODZOLS

Yes — PLINTHOSOLS
Yes — FERRALSOLS
Yes — SOLONETZ
Yes — PLANOSOLS
Yes— STAGNOSOLS
Yes — CHERNOZEMS
Yes — KASTANOZEMS
Yes — PHAEOZEMS
Yes — GYPSISOLS
Yes — DURISOLS
Yes — CALCISOLS
Yes — ALBELUVISOLS
Yes — ALISOLS

Yes — NITISOLS

Yes — ACRISOLS

Yes — LUVISOLS

Yes — LIXISOLS

Yes — UMBRISOLS
Yes — CAMBISOLS
Yes— ARENOSOLS
— REGOSOLS
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show stratification or other evidence of recent alluvial sedi-
mentation, non-stratified Gleysols in waterlogged areas and
shallow Leptosols over hard rock or highly calcareous material,
to the deeper Regosols, which occur in unconsolidated materi-
als that have a minimal profile development because of low soil
temperatures, prolonged dryness or erosion.

Soils that are only moderately developed on account of their
young pedogenetic age or because of rejuvenation of the soil
material are referred to as Cambisols.

The wet tropical and subtropical regions where high soil
temperatures and ample moisture promotes rock weathering,
rapid decay of soil organic matter, and a long history of disso-
lution and transport of weathering products have five types of
deep and mature soil types. Plinthosols are marked by the pre-
sence of a mixture of clay and quartz (‘plinthite’) that hardens
irreversibly upon exposure to the open air while deeply
weathered Ferralsols have a very low cation exchange capacity
and are virtually devoid of weatherable minerals. Alisols have
high cation exchange capacity and much exchangeable alumi-
num, Nitisols have deep profiles in relatively rich parent mate-
rial, Acrisols develop on acid parent rock with a clay
accumulation horizon, low cation exchange capacity and low
base saturation while Lixisols possess a low cation exchange
capacity but high base saturation percentage.

Soil in arid and semi-arid regions are differentiated to
Solonchaks with a high content of soluble salts, Solonetz with
a high percentage of adsorbed sodium ions, Gypsisols with a
horizon of secondary gypsum enrichment, Durisols with a layer
or nodules of soil material that is cemented by silica and
Calcisols with secondary carbonate enrichment.

Soils that occur in the steppe zone between dry and humid
temperate climates where vegetation consists of ephemeral
grasses and dry forest classify to three reference soil groups.
Chernozems with deep, very dark surface soil and carbonate
enrichment in the subsoil, Kastanozems with less deep, brown-
ish surface soils and carbonate and/or gypsum accumulation at
some depth and the Phaeozems, the dusky red soils of prairie
regions with high base saturation but no visible signs of sec-
ondary carbonate accumulation.

The brownish and greyish soils of humid temperate regions
show evidence of clay or organic matter redistribution. Eluvia-
tion and illuviation of metal-humus complexes produce the
greyish (bleaching) and brown to black (coating) colors of
soils. Five reference soil groups include the acid Podzols with
a bleached eluviation horizon over an accumulation horizon
of organic matter with aluminum and/or iron, Planosols with
a bleached topsoil over dense, slowly permeable subsoil,
base-poor Albeluvisols with a bleached eluviation horizon ton-
guing into a clay-enriched subsurface horizon, base-rich Luvi-
sols with a distinct clay accumulation horizon and Umbrisols
with a thick, dark, acid surface horizon that is high in organic
matter.

All soils of permafrost regions that show signs of ‘cryoturba-
tion’ (i.e., disturbance by freeze-thaw sequences and ice segre-
gation) are assembled in one reference soil group, the Cryosols.

A simplified key to the 30 reference groups is given in
Table C12. It is based on the presence, sequence or exclusion
of diagnostic horizons and additional diagnostic features.
Further characterization of soils is possible with the application
of the qualifiers. Each qualifier has a unique meaning generally
derived from the definitions of diagnostic features. The quali-
fiers are listed in table format in priority sequence for each Refer-
ence Groups. Two qualifiers may be used in soil unit names.

If additional qualifiers are needed, they follow the reference
soil group name between brackets. For example: Silti-Calcic
Chernozem (Vermic).

Erika Micheli
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CLASSIFICATION OF SOILS: WORLD REFERENCE
BASE (WRB) SOIL PROFILES

Figure C38 displays profiles of all 32 reference groups in the
WRB classification.

Otto Spaargaren

CLASTIC

A geological term applied to rocks made up of fragments. The
fragments are broken pieces of pre-existing rocks and minerals,
and may themselves be referred to as clastic.

CLAY MINERAL ALTERATION IN SOILS

Minerals, organic components, microbial organisms, soil fauna,
plants, and aqueous solutions interact in the pedosphere in bio-
geochemical reactions collectively referred to as weathering.
The full complexity of the interactions, especially important
in the rhizosphere, and how the interactions relate to important
aspects of soil science such as pedogenesis, mineral nutrition,
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DATUM LEVEL

The reference level used in defining the height of a topographic
feature on a landscape or map. The commonest datum level
used for this purpose is the mean sea level at a specified point.

DEBRIS

The material remains of any process of destruction. Applied in
the Earth sciences to anything left behind on a landscape as the
result of mass wasting. Stone lines in soil or soil parent materi-
als are examples from pedology. Debris flows are common,
especially in arid and semi-arid regions (Blatt et al., 1980,
p 186), and may become (as colluvium for example) the parent
material of soil.

Bibliography
Blatt, H., Middleton, G., and Murray, R., 1980. Origin of sedimentary
rocks, 2nd ed. Englewood Cliffs, N.J.: Prentice-Hall. 782 pp.

DEGRADATION

The reduction of a component of a rock, soil or landscape into
a more rudimentary form by decomposition, disintegration or
erosion. The wearing down of a land surface, or the progressive
modification of soil by leaching into more acid varieties. In
soil mineralogy the word is used to describe the process
by which an inherited mineral is transformed into a clay
mineral in one or more stages, each stage retaining part of the

structure of a preceding stage: for example the sequence vermicu-
lite—smectite—kaolinite (Evans, 1992, fig. 5.3).

Bibliography

Evans, L.J., 1992. Alteration products at the earth’s surface — the
clay minerals. (Chapter 5) In Martini, I.P., and Chesworth, W., ed.,
Weathering, soils & paleosols. Amsterdam; New York: Elsevier,
pp 107-125.

Cross-reference
Clay Mineral Formation

DELTA

The roughly triangular tract of land enclosed and traversed by
the diverging distributaries of a river emptying into the sea or
other large body of water. So-called from its resemblance in
shape to the fourth letter of the Greek alphabet, and first
applied as a geographical term to the Nile delta. Figure D1
shows the Lena Delta in Arctic Russia.

Bibliography
Wagner, D., Lipski, A., Embacher, A., and Gattinger, A., 2005. Methane
fluxes in permafrost habitats of the Lena Delta: effects of microbial

community structure and organic matter quality. Environmental Micro-
biology 7: 1582-1592.

DENITRIFICATION

See Nitrogen Cycle.
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Figure D1 The Lena Delta is the largest delta in the Siberian arctic.
It is a region of permafrost and patterned ground, with Crysols
(accompanied by Histosols and Gleysols) as the dominant soil type.
The region is highly sensitive to global change, particularly in terms
of the genesis of methane, which is anticipated to have a significant
positive feedback on global warming (Wagner et al., 2005). Image
courtesy of the European Space Agency.

DESALINIZATION

The removal of salt from saline soils. Saline soils can only be used
for growing crops, if salts in the soil are leached away. This is nor-
mally achieved by using an excess of irrigation water (Beek et al.,
1980). In turn this may lead to the salinization of groundwater so
that a good drainage system is required to keep the groundwater
table below the rooting zone. Worldwide there are almost 200 mil-
lion hectares of saline soil, and as the human population increases,
there will be increased pressure to desalinize more of these soils
for agriculture. Scarcity of salt-free irrigation and leaching water
is, and will increasingly become, a major problem, making the
sustainable use of such soils questionable.

Bibliography

Beek, K.J., Blokhuis, N.A., Driessen, P., Van Breeman, N., Brinkman, R.,
and Pons, L.J., 1980. Problem soils: their reclamation and management.
ILRI Pub. No. 27, Wageningen. pp. 47-72.

Cross-reference
Alkaline Soils

Salt Leaching
Solonchaks

DESERT

Originally an uninhabited and uncultivated wilderness. Now
technically defined as an arid region with sparse vegetation

and less than 250 mm annual rainfall. In the form “edaphic”
desert, the term may be applied to regions of higher rainfall,
which because of excessive drainage, have a droughty character.
Desert soils are commonly alkaline and usually contain soluble
salts within the solum (e.g., Calcisols, Gypsisols, Solonchaks).

Cross-reference
Biomes and their Soils

DESERTIFICATION

The transformation, or degradation by natural processes,
human intervention or a combination of the two, human inter-
vention, of fertile land into desert (see Figure D2 and Arnalds
and Archer, 2000).

Bibliography
Arnalds, O., and Archer, S., 2000. Rangeland desertification. Dordrecht:
Kluwer Academic Publishers. 209 pp.

DESICCATION

The removal of moisture, or the drying out, of a substance.
Alternating episodes of dessication and rehydration cause
expanding clays such as smectites to shrink and swell. Soils
with notable amounts of these minerals acquire deep desicca-
tion cracks with slickensides, in the dry season (Ahmad and
Mermut, 1996).

Bibliography
Ahmad, N., and Mermut, A., 1996. Vertisols and technologies for their
management. Amsterdam: Elsevier, 549 pp.

Cross-reference
Vertisols

DESILICATION

Desilication (or desilicification) is the removal of silicon from a
soil or soil horizon, relative to some less mobile component or
components. Characteristic of pedogenesis in the humid tropics
where silicon tends to be more mobile than iron and aluminum
in well drained soils. The process is active in the formation of
ferrallitic soils, laterites and bauxites. Because silicate parent
materials contain a large reservoir of Si, and because the ele-
ment is commonly present as sparingly soluble quartz, desilica-
tion requires a long period of time to produce laterites and
bauxites. This would be favored by periods of biostasis on
the land surface (Erhart, 1967).
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Figure D2 Global desertification vulnerability. Courtesy USDA-NRCS, Soil Survey Division.
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Cross-reference
Tropical Soils

DETRITUS

Matter produced by the wearing down of exposed surfaces of
rock and soil, and eroded away as gravel, sand, or clay. Clay
minerals that are produced in this way and then inherited by
soil parent material, are called detrital clays.

DIFFUSION

The movement of chemical species in gas or liquid, as a
response to a chemical gradient, resulting in the limit, to the
leveling out of that gradient. Diffusion in the solid state also
occurs, but is not significant at the low temperatures of pedo-
genic processes.

DIFFUSION PROCESSES

Diffusion, an important process in soil, is the name given to the
process whereby matter is transported under a gradient of che-
mical potential, activity or concentration. The chemical compo-
sition of a soil is never uniform and static; concentration
gradients are formed and modified, particularly around plant
roots, fertilizer granules, microorganisms and at the soil surface.
Solutes are also transported by mass flow, however for those
solutes, which have a low concentration in the soil solution, such
as K" and phosphate, diffusive flux, dominates transport.

The diffusion coefficient (defined in Equation (1)) of
any substance is much greater in the gaseous phase (typlcally
10> m? s™!) than in the liquid phase (circa 10° m* s ') and
lowest in the adsorbed or solid phase (D = 10 '°-1072" m* s~ !,
see Surface Diffusion, below). When a diffusing substance exists
in more than one form in soil, its overall, or effective diffusion
coefficient will reflect the mobilities it has in each phase or form.
In soils, typical diffusion coefficients are 107® m? s~' for anions
or cations Wthh are not strongly adsorbed such as CI™, NO5, or
Na® and 107" for strongly adsorbed anions or cations
such as phosphate (HPO4 and H,PO; ) and Cs*.

Theoretical considerations
The diffusion coefficient, D, is defined by the following
empirical relationship (Fick’s First Law):
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dc
F D o (1)
where F is the flux through unit area in unit time, C the con-
centration at a given point and x (or  for spherical coordinates)
the ordinate in the direction of diffusion. When the flux
changes with time it is more appropriate to use the differential
equation, Fick’s Second Law:
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Since diffusion arises from random thermal motion it is to
be expected that the diffusion coefficient depends on the tem-
perature. They are related by the Nernst-Einstein relation:

D=ukT (3)
where u is the absolute mobility of the diffusing
molecule, k the Boltzman constant and 7 the temperature (K).

Furthermore the diffusion coefficient of an ion, i, is related
by the Nernst Equation to its molar conductance /;:

Di=Rt); / (F’z) (4)
where R is the gas constant, F’ the Faraday constant and z; the
valence of the ion.

lon diffusion

When an ion diffuses electroneutrality must be maintained.
Either an ion of opposite charge diffuses in the same direction
(salt diffusion) or an ion of the same charge diffuses in the
opposite direction (counter diffusion). In these cases the flux
will depend on the individual diffusion coefficients, the con-
centration gradients and the gradient of potential, which arises
from the tendency of one ion to diffuse faster than another. It
is necessary to apply the Nernst-Planck Equation,

dCi Zi Ci F/ dl//

_D. | s

' [dx * ( R7T ) dx

where  is the potential. Combining Equation (4) and the elec-

troneutrality principle, Xz;F; = 0 yields, in the case of the dif-

fusion of a monovalent cation and a monovalent anion,
Dey — DD, (Cy + Cy)
2= A

CiD; + C,D,

Fi =

(5)

(6)

In order to avoid the difficulty in interpreting the results of
diffusion experiments, either the diffusing species are chosen
so that D; ~ D, and hence D;, ~ D; ~ D,. The diffusion of
an isotope in what is essentially a zero concentration gradient
of the element is the best example of this. This process is
known as self-diffusion.

Diffusion with chemical reaction

Few substances which diffuse in soil are completely inert. The
extent of their reaction modifies their diffusive properties.
Assuming that the diffusant exists in two phases, one mobile (1)
and the other immobile (2),

¢ _ dzcl,@ (7)
dr — 7 dx? dt

If the reaction is instantaneous, an equilibrium always exists
between phases 1 and 2, thus

dc dcy\ &*c
dr D(dC) dx? ®)

When C, is a linear function of C;, C, = KC,, then
the effective diffusion coefficient is a constant given by
Do = D/(I + K). When C, is not a linear function of C; the
effective diffusion coefficient is also a function of concentra-
tion and not constant. In the case of self-diffusion the exchange
isotherm is linear, and so the effective diffusion coefficient
constant.

If the diffusant is mobile in both phases, again assuming that
there is always an equilibrium distribution between the two
phases,

dc _d¢  dG
dr dr de
d’c &G,
=Dige TPrga
dc, dG)\ d*c
—(p, L4+ p =2 =
( dc T dC) dx? 9)

The effective diffusion coefficient thus depends on the diffu-
sion coefficients in the two phases, weighted by the relative
concentration in these phases. The same analysis may be made
for the diffusion of an element, which exists as two chemical
species at equilibrium in solution, for example a hydrated
cation and another complex of that cation, or a redox couple.

Diffusion and water flow

Solutes are transported through soil both by diffusion and by
mass flow. It is often important to assess the relative impor-
tance of mass flow and diffusive flux for the transport of nutri-
ents to plant roots. Mass flow supply is the product of average
liquid phase concentration and average water flux arising from
root water absorption; the diffusive flux may be estimated
using the approximate relation between the diffusion coeffi-
cient and the average distance diffused in time ¢, x=+/(D?).
Solute movement and nutrient availability are discussed in
greater detail by Barber (1995), Tinker and Nye (2000) and
Kirk (2002a,b).

When the concentration of an ion in solution is relatively
high with respect to the requirements of the plant, then mass
flow dominates, and the effect of diffusion may be ignored.
However when the concentration is low, then the root absor-
bance may exceed the supply by mass flow and a concentration
gradient will be set up. When the soil solution concentration is
very low, as for phosphate, potassium and many pollutants,
then although the diffusion coefficient is often low, uptake is
limited by diffusive flux.

Molecular diffusion plays an important role in the hydrody-
namic dispersion of species dissolved in water flowing through
soil. A solute applied as a pulse to a solution flowing through soil
will disperse increasingly as it moves down. This arises from
both convection and from molecular diffusion and the relative
importance of each depends on the flow rate and packing charac-
teristics of the soil.

The diffusion-dispersion coefficient, D*, may be given
as the sum of the diffusion coefficient and the dispersion
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coefficient Dy, itself found to be an approximately linear func-
tion of the average water flow velocity, U, (Hillel, 1998). Thus,

D*=D+ Dy=D+kU (10)
where k is a constant.

Measurement of diffusion coefficients

The diffusion coefficient cannot be measured directly. It may
be obtained from electrical conductivity data (Palmer and
Blanchar, 1980) using the Nernst Equation (Equation (4)), but
it is usually calculated by fitting experimental data to a solution
to either Fick’s First or Second Law. Figure D3 summarizes
some of the experimental techniques often used to obtain diffu-
sion coefficients. These methods are applicable only when
the diffusion coefficient is constant. Although it is possible to
obtain analytical solutions to diffusion equations with time or
concentration dependent diffusion coefficients or complex
boundary conditions (Crank, 1975), these are now usually
solved numerically (for example, Smith, 1985; Barber and
Cushman, 1981), see Modeling Diffusion Systems below.

The methods used may be divided into two classes: steady
state and transient state systems. In the former a concentration
gradient is set up across a soil block and a steady state concen-
tration gradient allowed to establish, D is calculated from the
measured flux and the average concentration gradient using
Fick’s First Law. In the latter the concentration gradient
changes with time, boundary conditions are chosen to facilitate

the analytical solution of Fick’s Second Law. Either the rate of
change of concentration of the diffusant at some point, usually
at a source or a sink, is followed, or else a concentration-
distance profile obtained. For the diffusion of gases or diffusion
in spherical geometry it is more convenient to monitor the
change of concentration. Concentration profiles are usually
obtained by slicing a block of soil and analyzing chemically
or radiochemically each slice, but have been obtained using
ion selective electrodes (Wang and Yu, 1989).

Errors arise because of nonhomogeneity of the soil, poor
contact at the source-soil or soil-sink interfaces, leading to a
barrier (this is increasingly likely as soil moisture content
decreases). The protocol adopted for a given system should
minimize experimental error and facilitate the detection of
errors and artifacts within the constraints of geometry, time
scale and detection limits. For example the unsliced half-cell
technique is simple and convenient, especially for slowly dif-
fusing species, but the diffusion coefficient is calculated from
a single concentration and it is impossible to detect an interface
barrier.

Many of the boundary conditions require that the soil
approximates to an infinitely long medium, it is useful to
note that this assumption is valid only if x/V(4Df) is <2 and
in the case of the half-cell technique, if the fraction,
f (Figure D3, D = nf 2L*/f) of diffusant having crossed the
interface after time, ¢, with respect to that at equilibrium, does
not exceed 0.15.

Boundary Conditions Solution
STEADY STATE x F=D &_C
Ax
TRANSIENT STATE
t=0 t>0
Eu By C(x,t) = Cgerfc(x/2V/Dt)
Half-cell C(o)=1%Cq
C=0 D=nxf2L2/t
Cl0)=Cy C(x,t) = Cgerfc(x/2vDt)
Constant source 7
My 6 ( Dt )f’z 3Dt
M, =%\ a2 a2
t=0 t>0
Pulse label x Cix,t) =C(0,t)exp(x/2v'Dt)
Cix)=0 C(0) #const

Figure D3 Schema of methods used to obtain diffusion coefficients in soil.
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Diffusion in soil

Soil is a complex porous medium consisting of air-filled and
water-filled pores and a solid matrix, which has a complex
chemistry. As we have seen above, it is possible to calculate
the diffusion coefficient of a species, which exists in more than
one form. In this section we shall discuss the effect of soil para-
meters on the effective diffusion coefficient and introduce the
various symbols, which have been used in soil science.

Gas diffusion

The diffusion coefficient in the gaseous phase is about 4 orders
of magnitude greater than in the liquid phase, therefore the dif-
fusion coefficient of a gas, even a soluble gas, is largely deter-
mined by its diffusion in the air-filled porosity of the soil, ¢.
Thus the diffusion coefficient of a gas in soil, Dy, is related
to that in ideal conditions, Dy, by an impedance parameter, fg,

Dgas:DOfG (11)

Although it is not possible to predict f for a given soil, it is
known to be a function of ¢. Various empirical functions have
been used to describe the relationship (Hillel, 1980). The sim-
plest is the linear relation found by Penman (1940) but a range
of constants have been reported. Currie (1984) found no single
relationship between fg and ¢ for one soil at a range of compac-
tions. Figure D4 (redrawn from Collin and Ramuson, 1988)
illustrates the complexity of the variation of f5 with gas filled
porosity as a fraction of total porosity over a wide range of
the latter. The gas filled porosity almost invariably decreases
as the moisture content increases. The corresponding decrease
in fg has serious consequences on soil aeration in wet soils.
The supply of O, to plant roots and microorganisms and the
dispersion of respiratory CO, may be severely restricted.

Liquid diffusion
The diffusion coefficient of a molecule in the liquid phase, in
equilibrium with an immobile adsorbed phase is given by,

1
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Figure D4 Variation of gas phase impedance factor, f”, calculated
from the ratio of the measured diffusion coefficient and that in an
ideal system, with the gas filled porosity as a fraction of total porosity,
e/(e + 0p)... (redrawn from Collin and Rasmuson, 1988).

dc
Dhquld - DLﬁGL dCI:
_Dufif _Dufiby
0.+b b

(12)

where Dy (m? s7!) is the diffusion coefficient of the species in

ideal solution, f; the dimensionless 11qu1d phase impedance factor,
0. the Volumetrlc moisture content (m* m™ ), b (or pK, where K,
(dm® kg ™), is the ratio of concentrations in the adsorbed and
liquid phases, known as the partition coefficient and p, kg dm >,
the bulk density) the buffer capacity defined as C/Cy with Cg
(or pS) the amount adsorbed per unit volume of soil, Cy (or L)
the amount in solution per unit volume of solution and C the
overall concentration. The ratio 6y /(0 + b) represents the frac-
tion of time spent in the liquid phase. The first three terms have
been combined to give an effective porous diffusion coefficient,
D, = Dy f10y - f1.01 is analogous to f; in the gaseous phase.

The liquid phase impedance factor is an average term that
combines the geometric tortuosity of the liquid phase pathway
and the deviation from ideality of the soil solution. It is calcu-
lated from the value of the diffusion coefficient of a non-
adsorbed i ion such as chloride, fi = D/Dy. It may be expressed
as ay(L/L.)* where a is a viscosity factor, 7 an interaction fac-
tor and L/L. reflects the effective path length (Olsen et al.,
1965). Anions may be subject to exclusion from the negatively
charged surfaces of soil and clay minerals. In principal this
could lead to apparent impedance factors that depend on the
anion, the degree of compaction (in addition to changes in tor-
tuosity of the liquid filled pore space) and to both pH and ionic
strength. However such variation is too small to be detected
experimentally in soils. However it is likely to have a greater
impact in compacted media where the pore space is proportion-
ally much smaller (Bourg et al., 2003).

Dy depends only on the temperature and on the ion or mole-
cule diffusing, particularly on its size and charge; it can often
be obtained from standard tables.

Surface diffusion

The mobility of adsorbed ions is linked to their degree of
hydration. It is thus reasonable to assume that the mobility of
anions such as phosphate that are covalently bound to the surface
is negligible with respect to liquid phase diffusion. However
adsorbed phase diffusion may be responsible for the slow pro-
cess of fixation of phosphate by clay minerals (Barrow, 1991;
Pavlatou and Polyzopoulos, 1988). Similarly the adsorbed phase
diffusion of unhydrated cations may be a rate-limiting step in
the weathering of minerals (K" in mica) and the adsorption
and desorption of Cs™.

Studies in clay systems have clearly established that adsorbed
cations contribute significantly to diffusive flux and electrical
conductivity, however in soils systems the evidence was less
clear-cut. Mobility of cations in the adsorbed phase is often
ignored or introduced as an excess term, however recent work
has indicated that the mobility of adsorbed hydrated cations
should be included in the diffusion coefficient. Thus, from Equa-
tion (9), and using symbols analogous to those in Equation (12),

hle} c (13)

D= DLﬁeL +DLfé

The surface phase impedance factor, like its liquid or gas-
eous phase equivalent is a global factor, which reflects both
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geometric, and interaction factors, however in the adsorbed
state a range of chemical forms (bonding with the surface)
may exist, each with differing mobilities. f; is always less than
fi, often by orders of magnitude, even though a considerable
proportion of the flux may be associated with the surface.
The variation of f; for a range of contrasting soils is much less
than the difference between cations as is illustrated in
Figure DS. For a range of soils and cations, Staunton (1990)
has found f; to be indirectly proportional to the partition coeffi-
cient, S/L(Cs/pCy) This suggests that the value of f; is largely
determined by the average energy barrier between the ground
state of the cation and the energy level in the diffuse double
layer in which they are mobile. It seems unlikely that soil
texture, packing density or moisture content will directly affect
that value of f; but this remains to be verified. In compact
media, such as clays in geological formations or in the form
of engineered barriers, the liquid filled pore space is much less
than in soil and the contribution of surface phase mobility to
overall diffusion is consequently greater (Bourg et al., 2003).

The second term in the right hand side of Equation (13),
which accounts for surface mobility in the diffusion coefficient,
is not a constant, nor is the product Dy f;. This implied assump-
tion may explain why surface mobility may have been underes-
timated by some authors (e.g., Rowell et al., 1967).

It is generally assumed that strongly adsorbed macromole-
cules, including proteins, are immobilized on adsorption. How-
ever, it should be noted that current methods of measurement
probably do not allow surface diffusion to be distinguished
from other factors including microbial degradation, time
dependent adsorption, conformational changes of sorbed species
and complex sorption that depends on both concentration and
pH. Despite the experimental difficulties of working with soils,
recent techniques such as NMR (Nuclear magnetic Resonance)
and FRAP (Fluorescence Recovery After Photobleaching) may
soon provide new possibilities. For example, FRAP was initially
developed to study the mobility of molecules in living cells
and on biological membranes (Pawley, 1995), but it is being
increasingly applied to other surfaces such as polystyrene,
porous glass and silica.
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Figure D5 Relation between fs (calculated from the self diffusion
coefficients of Na, Rb, Cs and Ca) and the partition coefficient for a
range of soils with contrasting mineralogy and clay content (redrawn
from Staunton, 1990).

Important soil parameters

Volumetric moisture content

The soil volumetric moisture content appears directly in Equa-
tions (12) and (13), however it may also affect the value of D
indirectly. In both the liquid and gas phase the impedance fac-
tors are functions of 0 as illustrated by Figures D6a and D7.
As 0y, is decreased the larger pores are drained. This facilitates
gas diffusion, but restricts liquid phase diffusion since an
increasing proportion of the water-filled pores are narrow or
consist of liquid films between air-filled pores and the solid
matrix, in which the geometric tortuosity is greater. A lesser
effect may arise from changes in the composition of the soil
solution on drying and the consequence on the factors a
and y. The value of /| decreases with decreasing moisture con-
tent to a threshold value. The threshold value of 6, depends on
the texture of the soil and to some extent on the size of the dif-
fusing molecule. Barraclough and Nye (1984) have found that

1. decreases more rapidly with decreasing 6; as molecular

weight is increased from 40 (chloride) to 4 000 (polyethylene
glycol) to 40 000 (polyvinyl pyrrolidone). In addition, the pos-
sibility of slow equilibration with dead-end pores increases,
however no experimental evidence of this has been found.
It should be added that it is experimentally difficult to obtain
diffusion coefficients in dry soil.

Bulk density

The liquid phase impedance factor has been found to be depen-
dent on the bulk density. This probably arises largely from
the dependence of the geometric tortuosity on the pore size
distribution. Few data are available at constant moisture con-
tent. Figure D6b illustrates the decrease in the liquid phase
impedance factor with increasing bulk density for two soils,
each maintained at constant moisture content. In general, the
effect of bulk density, for a given soil, is of minor importance
when compared to that of water content (Barraclough and
Tinker, 1981; So and Nye, 1989). Similar trends are found
for gaseous diffusion, as increasing bulk density usually
implies decreasing air-filled porosity.

Soil structure

Soil pore size distribution, and hence the liquid and gas phase
impedance factors, are related to soil texture and packing.
A comparison of the data for pairs of contrasting soils in
Figures D6 and D7 illustrate the effect of soil texture on the
variation of f; with 6y, p and pF. The larger the average pore
size the less tortuous is the diffusion pathway, however it is
not possible to make precise predictions. The pore size distribu-
tions of sieved, repacked soils differ from undisturbed cores
and this will be reflected in the impedance factors, however
the effect is generally small (Pinner and Nye, 1982). Soil struc-
ture contributes to the formation and stability of gas bubbles
that may in turn interfere with the diffusive flux of soil gases
including methane (Rothfuss and Conrad, 1998).

Chemical speciation

The diffusion coefficient depends on the exact chemical nature of
the diffusing species: does calcium diffuse as the simple aqueous
cation Ca®" or as CaCl", phosphate as HPO%‘ or H,PO, and
iron as Fe* " or Fe?" In cases such as the first example the forma-
tion of weak inorganic complexes of the alkali and alkaline
earth cations is usually ignored, and if necessary all interference
may be removed by working in a perchlorate background. The
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Figure D6 Liquid phase impedance factor of two contranting soils as a function of (a) volumetric moisture content, at constant bulk density and
(b) bulk density, at constant volumetric moisture content (redrawn from Barrclough and Tinker, 1981). Wobum Sandy Loam: (a) p = 1.76 kg dm™,
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0.3 v
B,
o
[e]
a L]
N
5 0.2+ % PY
g °
= <o)
® @)
I
© (e] [ ]
°
S 01 ’
E o °
O °
(e)
o
T T T T T
0 1 2 3 4 5 6
pF

Figure D7 Liquid phase impedance factor of two contrasting soils

at a range of bulk densities as a function of pF. The increasing size of
the symbols indicates increasing bulk density. (Redrawn from So and
Nye, 1989). Evesham Silty Clay (e), p: 0.75-0.85; 0.85-0.95; 0.95-1.05;
1.05-1.2 kg dm3; Begbroke sandy Loam, (o), p: 1.1-1.2; 1.2-1.3;
1.3-1.4; 1.4-1.53 kg dm~,

presence of organic complexing ligands such as EDTA, citrate and
malate, is more important. High concentrations of such ions may
be released into soil solution by roots and microorganisms, caus-
ing the diffusion coefficient to differ considerably from that of the
hydrated ion (Erich et al., 1987; O’Connor et al., 1971).

The phosphate couple depends on the pH of the medium, it
is therefore often necessary to consider coupled Ht /phosphate
(Nye, 1984). Redox conditions are important for many transi-
tion metals, and also iodine (I”/I03) and technetium, which
may be present in radioactive waste (Tc*"/TcO}).

Modeling diffusion systems

The aim of this section is to draw attention to those situations
in which it is preferable or essential to use numerical models,
not to provide an exhaustive review of models containing a dif-
fusion component. The methods for measuring diffusion coeffi-
cients described above are suitable only for systems with

L (b) 0, = 0.44 m® m=3.

simple geometry, particular boundary conditions and a constant
diffusion coefficient (ideally a self-diffusion coefficient). They
are rarely suitable for salt or counter diffusion, nor for most
cases of diffusion with chemical reaction. The following are
some examples of systems that should be investigated by com-
paring experimental data with the simulations of an appropriate
mathematical model.

1. Diffusion with non-instantaneous reaction
— Isotopic exchange of phosphate (Staunton and Nye, 1989)
— Fe?t /Fe*t (Kirk et al., 1990), I" /105 and other redox

couples

2. Diffusion of any species with a nonlinear adsorption iso-
therm
— Bulk diffusion of phosphate (Kirk and Nye, 1986)

3. Coupled diffusion (including salt or counter diffusion when
the diffusing species do not have very similar diffusion
coefficients)

— Phosphate diffusion with a pH gradient (Nye, 1984)

— Counter diffusion of exchangeable cations (Rhue, 1992)

4. Diffusion when convenient boundary conditions do not
exist, e.g., root exudation, non-homogenous distribution of
source (fertilizer granules), sink term (plant uptake, chemi-
cal or microbiological degradation).

— Root absorption or microbial population dynamics lim-
ited by diffusion (Kirk and Staunton, 1989; Darrah,
1991; Kirk, 2002a, b)

5. Diffusion accompanied by mass flow.

Siobhan Staunton
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DISPERSION

The breakdown of soil aggregates into constituent particles of
colloidal size, and their suspension in a fluid such as water. A
necessary condition for the downward movement of clays in
suspension, and their accumulation lower down the soil column
as a Bt horizon, for example in a Luvisol. See Flocculation.

DISSECTION

The breaking up by erosion of a flat surface such as a plain or
plateau into uplands, and valleys. A special kind of erosional
surface called an etchplain, is produced in shield regions that
have been dissected over a long period as a peneplained sur-
face, never far from base level, is slowly uplifted and simulta-
neously eroded.

Bibliography
Budel, J., 1982. Climatic geomorphology (trans. Fischer, L., and Buscher, D.).
Princeton, N.J.: Princeton University Press, 443 pp.

DISSOLVED MATERIAL

Material held in solution in a liquid such as soil water.

DIVIDE

A watershed: a ridge or line of high ground between two river
valleys, marking the division between two separate systems of
drainage. The Great Continental Divide is the term applied the
height of land in the Rocky Mountains in the USA that divides
westward from eastward draining waters.

DOLINE

A relatively extensive depression in a region of limestone bed-
rock, caused by the subsidence or collapse of a land surface as
a consequence of the removal of material at depth. The
mechanism of removal is commonly the slow dissolution of
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DRAINAGE

the limestone, though in glaciated terrain, the flushing of debris
from fissures in the bedrock may also cause the surface to sub-
side. In the classic Adriatic area of karst formation, dolines are
funnel shaped.

DRAINAGE

The removal of water from higher to lower levels on and
in a landscape, as a consequence of flow along natural or artifi-
cial channels or drains. The system of drains, natural or
artificial, which conducts water by gravity from one locality
to another. An area drained by a river and its tributaries is a
drainage basin or catchment area. The river and tributary chan-
nels are the environment of Fluvisols.

DRUMLIN

Hills on a glaciated landscape molded by an ice sheet that has
overridden an existing mound or obstruction. Drumlins are
commonly pear-shaped in plan and have a relatively gentle
slope towards the upstream direction of ice movement, and a
steeper slope at the downstream end.

Cross-reference
Ice Erosion

DRY DEPOSITION

The fallout from the atmosphere of particles and non-dissolved
materials. Generally applied to acidifying constituents.

Cross-reference
Acid Deposition Effects on Soils

DUNE

A mound, ridge, or hill of drifted sand. Characteristic of sand
deserts, seacoasts, or of extensive sandy deposits resulting from
glacial and periglacial processes. Barchan dunes are crescent
shaped and form in desert regions where the wind blows form a
more or less constant direction. The horns of the crescent point
downwind, the direction of dune-migration. Sief dunes are ridge-
like with the axis of elongation parallel to the prevailing wind.

Cross-reference
Wind Erosion

DURICRUSTS AND INDURATION

Typical of soils in the semi-arid regions, the duricrust (from
Latin durus, hard; and German Kruste, crust) is a product
of an “induration” process at or near the surface that is asso-
ciated with strong seasonality when the wet season leads to
solution and the dry season to capillary action and evaporation
(Duchaufour, 1978, 1982; Finkl, 2005; Goudie, 1973; Retallack,
1990). Induration implies long-term stability where the cements
are siliceous or ferruginous, but may be quite rapid for calcar-
eous ones. Cementation often creates “hardpan” or pisolitic,
nodular horizons. Eolian action may introduce elements not pre-
sent in the underlying soil profile, being often derived as dust
from remote deserts or seacoasts. Saline components are traced
to oceanic wave froth, and some iron or silica components are
derived from the extra-terrestrial “rain” of cometary debris.

A word or two is needed, regarding the use (and misuse) of
the terms “mantle”, “regolith” and “saprolite”. In an earlier ency-
clopedia of this series (“Field and General”) the terms are
discussed by Finkl (1988). Briefly, it should be established
that “mantle” should only be used in a very general sense and
care should be taken to avoid confusion with the internal plane-
tary mantle that envelopes the Earth’s core. “Regolith” (based on
the Greek word rhegos, blanket) was proposed by Merrill (1897)
for any superficial deposit, which is either (@) “sedentary” or
in situ, e.g., soil, lag gravel, organic matter and peat, although
Merrill also confused the situation by some misunderstandings.
Or (b) “transported”, e.g., cliff talus, colluvium, solifluction
material, eolian and alluvial deposits. Local terms like “grus”,
“head” and grézes litées are only appropriate in their special
settings.

In contrast, there is “saprolite” (based on the Greek word
“sapros”, rotten) proposed by Becker (1895) for any decom-
posed rock in situ, and is characteristically soft, and in the tro-
pics may attain a thickness of up to 200 m. It may retain traces
of original structures, but is chemically altered, leached, and
may be pallid or mottled.

It should be understood that although duricrusts of all vari-
eties are a product of induration, the process of induration
introduces several soil-related lithologic types that are not tech-
nically duricrusts, and in this entry these will also be treated
briefly. The induration processes include lateritization and baux-
itization, also silicification and calcification, as well as the gen-
eral processes of lithification, that usually involves oxidation
and other reactions associated with the weathering (Merrill,
1897, p. 254) and diagenesis of freshly accumulated sediments,
a process which when they are exposed to soil-forming elements
may be identified as “epidiagenesis” (Fairbridge, 1966). Such
freshly exposed sediments are commonly found as flood plain
alluvium, lacustrine and littoral accumulations, as well as volca-
nic deposits such as ash or tephra (Middleton, 2003). The pre-
cise boundary between a freshly deposed sediment and the
initial soil indication is evidently a blurred one. One might say
that the first flowering plant to appear on a freshly erupted lava
marks that magical moment.

The U.S. Soil Taxonomy and other classifications appear
to have no collective term for duricrusts, although a common
ferallic form is called plinthite when soft or petroplinthite
when dehydrated and hard (Duchaufour, 1978, 1982; Retallack,
1990; Nahon, 1991: Martini and Chesworth, 1992). Once formed,
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a hardpan may be thickened by veneers from above or additional
capillarity from below, or sideways.

The term duricrust was introduced by Woolnough (1927), as
a collective term to cover a variety of cementing solutions,
that include calcrete, ferricrete, silcrete (terms proposed by
Lamplugh, 1902) and others proposed from time to time,
including, alucrete, dolocrete, gypcrete and salcrete. Each has
distinctive environmental constraints, as indicated below. They
were little used in the U.S. until near the end of the
20th century (Fairbridge, 1968), but are more familiar to work-
ers in the southern hemisphere.

Calcrete
Where the cementing agent is CaCO; (usually calcite), the dur-
icrusts are created by rainwater mobilization of the bicarbonate.

a. This is provided by porous lime-rich sands, which may be
derived from eolian-transported deposits. The latter are clas-
tic products of reef corals and their associated biota or
crushed neritic mollusca, calcareous algae and foraminifera.
The carbonate sands may also be derived from erosion of
pre-existing eolianite formations (lithified, i.e., indurated
dunes).

b. Lime-rich clastics may also be produced by fluvial or aeo-
lian erosion and transport from ancient limestone forma-
tions, of any age; a major source is the outwash of glacial
origin that is distributed by wind as loess (Ruhe, 1965),
although the corresponding climate belts are rarely suffi-
ciently arid to permit more than a little nodular accumula-
tion. Wind distribution of carbonate dust is also suspected
in regions like the Rocky Mt foothills in western Texas
(Brown, 1956).

c. Travertine “soil pavements” are sometimes affected by
shrinkage cracks during dehydration, and may create a car-
bonate breccia (Playford and Leech, 1985).

d. Sharp oscillations of the water table, especially in coastal
areas due to eustatic fluctuations, may lead to karst-type
tubes and vertical pipes lined by veneers of travertine
(Fairbridge and Teichert, 1953).

e. Organic activity, tree-roots and burrows introduce vertical or
irregular channels for the percolating rainwater, resulting in
rhizomorphs or rhizoconcretions (Fairbridge, 1968).

There are numerous regional names that are appropriate for the
calcrete varieties in different parts of the world. Thus there is
caliche in the U.S. Southwest and in the Spanish-speaking world;
another form of caliche in the Atacama Desert region of Chile and
Peru is nitrate-rich or iodine-rich, transported thanks to the spray
in onshore winds from the Pacific. In Mexico an old Aztec name
tepetape is used. In Arabic-speaking countries, the name is nari,
and in India, kunkar or Kankar.

Calcrete or “caliche” can play a role in the global problem
of rising atmospheric CO, because a dry-warming climate
favors sequestration of CO,, while a cool-wet climate leads
to weathering and release of CO, to the soil, atmosphere and
oceans. Alternations of dune building (dry) and soil building
(humid) phases are typical features of recent eolianites
(Fairbridge and Teichert, 1953).

Dolocrete

In certain regions of warm shallow waters favorable to coral reef
growth, there is a dominance of calcareous algae, which prefer-
entially secrete a magnesium-rich calcite. During diagenesis,

even in beachrock, a proto-dolomitic cement develops and hence
the term “dolocrete”. 1t is found also in the Persian Gulf sabkhas
(described below under “gypcrete”).

Phoscrete

A cement of calcium phosphorite is associated with insular
limestones (e.g., raised coral reefs) in the form of collophane,
a possible amorphous precursor of apatite. The islands have
served as sea-bird sanctuaries and now have guano deposits
(Glenn et al., 1994; Burnett and Riggs, 1990). These have been
extensively exploited as a source of agricultural phosphate.

Ferricrete

Iron-cemented paleosols are widespread in the old Gondwana-
land countries: Brazil, Africa, India and Australia, but only spor-
adically in North America and Europe. They closely define the
geomorphic landscapes (King, 1967; Thomas, 1974; Twidale
and Campbell, 1993). As originally defined by Lamplugh
(1902) ferricrete is a sandstone or conglomerate with a ferrugi-
nous cement, that is most often hematite (Fe,O5) or the colloidal,
hydrated sesquioxides of iron and aluminum, thus limonite,
goethite and gibbsite. It is often associated with the ferrallitic
soils and sometimes with the latosol or lateritic soils (Brady
and Weil, 2004; Tardy, in Middleton, 2003. Tardy recognizes that
practically all laterites are polygenetic because of the gross cli-
matic fluctuations and climatic effects of continental drift over
long periods of time.

Opaline silica (an amorphous hydrated silica gel) is often
present, and on dehydration, this creates an extremely hard
crust that plays an important role in geomorphology, crowning
many prominent plateaus. In French-speaking parts of North
Africa the ferricretes and laterites are collectively called the
Cuirasse-de-Fer (the iron breast-plate of medieval warriors;
Maignien, 1958; Nahon, 1991). In this way, the geomorphic
plateau-forming crust of ferricrete, laterite and silcrete tends
to merge (see the article on Tropical Soils in this volume).

As usual in the Gondwana countries there is the long-term
inheritance problem, going back lengthy periods, in the
order of 10° to 10°® yr, during which climatic fluctuations and
plate migrations have provided a background theme (Douglas
and Spencer, 1985; Beckmann, 1983; Finkl and Churchward,
1976; Goudie, 1973, Mabbutt, 1965; Tardy in Middleton,
2003, p. 410). To identify the present-day or at least Quaternary
soil-forming processes it may be helpful to consider tectoni-
cally active or youthfully emergent landscapes. Thus the insu-
lar variety of Indonesia provided a rich background for the
original and comprehensive studies by Mohr, Van Baren and
Van Schuylenborgh. In a smaller field area, but one expanded
by elevation and climate, there are the studies of Bremer
and her colleagues Schniitgen and Spéth (1981) in Sri Lanka.
In particular, Schniitgen’s attention to microstructure is
illuminating.

A particular form of ferricrete, the ferralitic pisolite gravels,
is widespread in the inner coastal plain of Western Australia
(Finkl, in Alexander, 1999). They are visually similar to those
on the planet Mars. Tardy (in Middleton, 2003, p. 409) believes
these concretions originated as kaolinite, which may be of con-
siderable thickness, becoming progressively enriched by iron
as they are reorganized in the pisolitic (hard) form. They have
been referred to as “low-level laterites”. However, this is not
quite accurate because they are also found in the paleodrainage
depressions of the plateau margins. There, they have been
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widely exploited as aluminum ores. The term “alucrete” has
been mentioned. “Lateritic bauxite” is more usual, the principal
ore being gibbsite (Al(OH);, best developed in the Weipa
deposits of northern Queensland (Wilke and Schwermann,
1977; Middleton, 2003). Elsewhere on the West-Australian pla-
teau the source rocks have furnished nickel-rich ores.

Coastal outcrops of lateritic ferricrete are to be seen in
southern India, on the coasts of Goa and Kerala. They are
commonly affected by piping, a phenomenon that points to
solution during brief ice-age episodes of heavy precipitation,
the pipes disappearing below sea level. Another ice age phe-
nomenon is the fluting, or erosion of very steep slopes leaving
knife-edge ridges of distinctive form, reminiscent of carbonate
solution in tropical karst landscapes. Examples are seen in the
Seychelles in the deeply weathered granitic basement.

Coastal laterites are also seen in Hong Kong and its offshore
islands where the fluting can be seen passing directly below
present sea level (Wang, 2003).

The former coastline of the Guyana borders of South Amer-
ica, possibly of pre-Miocene (even Cretaceous) age presents an
interesting relationship with the commercial bauxite deposits,
which are concentrated about 200—300 m above present sea
level, but at a eustatically reasonable elevation for the Late Cre-
taceous sea level. This tropical belt was probably fringed by
mangrove swamps, where the low pH would have favored the
concentration of kaolinite, but subsequent exposure to fluctuat-
ing climates could remove silica and concentrate gibbsite.

Another factor that may be considered is the role of wind in
building thick accumulations of smectite (montmorillonite) on
non-volcanic islands, as could be the case in Jamaica. Here a
massive mantle of bauxite is exploited but there is no obvious
source of alumina in this insular location unless through its
position downwind from the volcanic Leeward Islands (Lesser
Antilles), which would provide abundant ash and thus smectite.

Wind transport of volcanic ash may also help to explain the
karst bauxites of the Alpine belt in Europe. Plentiful source of
volcanic ash are available, but the classical idea of limestone
solution seems quite inadequate.

Silcrete
A duricrust of silica, (SiO,, that may be either unhydrated,
calcedonic quartz or opaline silica, the hydrated form. Silica
solubility rises at very low pH and very high (>9) pH, increas-
ing with temperature, as H;SiO4. (In other words, plotted
against pH, the solubility curve is like a capital “U”.) The
opaline form is about 10—20 times more soluble than quartz.
The basic field studies and theoretical analyses have been
undertaken, in most cases, quite independently and apparently
often under the impression that their authors were dealing with
unique situations (but see Ullyott, Nash and Shaw, 1998). Coun-
tries involved include England, France, Australia and South
Africa. In the European investigations the questions were first
raised by archaeologists who were faced by the origin of “stand-
ing stones” or “megaliths”, such as at Stonehenge (on Salisbury
Plain, Wiltshire, U.K.) and those of Brittany (as at Carnac, in
NW France) and in Corsica. These stones had been erected
by Bronze Age (“Megalithic”) people, ca. 5 000—3 000 yr BP
apparently in religious rites associated with the summer solstice
or other astronomic events. The “standing stones” are referred
to in Britain as “druid stones” or “sarcens” (a derivative from
“saracen”, a Moslem or exotic stranger), or in France as “men-
hirs” (from the Breton, meaning “long stone”). It is believed
that the megalith sarcens originated in a thin veneer of Eocene

sand, which once overlapped the chalk surface of Salisbury
Plain (or comparable settings) that became silicified on expo-
sure. The silcrete may form regular jointing in the same way
that calcrete can develop in beach rock which commonly breaks
up into rectangular blocks. Such ready-made building blocks
would have been ideal megaliths, and required no long-distance
transportation. (In contrast, the smaller “bluestones” of Stone-
henge had to be conveyed in some way from South Wales.)

In the Paris Basin (France) there are several Cenozoic for-
mations of quartz-rich sands, the weathering of which during
the cold-dry oscillations of Pleistocene climates (periglacial
but not glaciated), that generated very high pH and thus
favored SiO, solution. These products include:

a. Pudding stones (English) or “Pondingue” (French) which in
the Paris Basin are well-rounded pebbles of the Cretaceous
chert (flints) in a cement of whitish silica. A fine illustration
of an example from Larchant (Seine-et-Marne) is given in
Cayeux, aka Cailleux (1981, p. 154) (Figure D8).

b. Meuliéres (Fr. for millstones), a quartzitic limestone that
formed on the West-European planation surface in the
Oligocene-Miocene. Segments of this surface are preserved
in the Plateau de Brie, also of Beauce, Valois, etc. In
Embleton’s Geomorphology of Europe (1984), it is remarked
that this surface was very comparable with that of the
Kalahari Desert in southern Africa.

c. Giant siliceous concretions of homogenous silica, which
were probably emplaced as ground-water spring deposits,
such as those found in parts of the Paris Basin (France).

Silcretes in the modern desert regions were first studied in
Australia, later in South Africa. They are clearly invaluable
paleoclimatic indicators (Martin and Chesworth, 1992:
see Milnes and Thierry). Two distinctive categories are recog-
nized in soil processes: (@) alkaline groundwater silcretes asso-
ciated with semi-arid conditions, and (b) pedogenic silcretes

Figure D8 Pudding stones from Larchant (Seine-et-Marne) (from
Cayeux, aka Cailleux (1981, p. 154).
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associated with deep weathering under warm-wet climates. Pri-
mary sedimentation adds a third category of silicification,
which transcends surface processes.

A key factor in this context is the diagenetic habit of silica
to form biologically in opaline form as a colloid or hydrous
gel (3—9% H,0). The classic examples are the chert or flint
concretions within the Upper Cretaceous Chalk formations,
which are widely known in Europe, Asia, North America and
Australia. The main source of the silica is the unicellular plank-
ton Radiolaria, which is mobilized during burial to reassemble
as concretions in particular (porous) horizons. Since mid-
Tertiary times, diatoms have become more abundant and tend
to dominate. Another source is provided by siliceous spicules
in sponges, which often provide nuclei for the concretions.
The rotting of the organic matter in the sponges (and other
organisms, such as pelecypods), appears to have lowered the
local pH and thus assisted the silica migration (Fairbridge,
1983). The rate of silicification can be judged by an interesting
relationship to be seen at Moens Klint in Denmark, at the Cre-
taceous/ Tertiary boundary. The Cretaceous Chalk was briefly
exposed by the boundary event, partly desiccated and then
developed vertical joints, some being filled with chert, all being
abruptly truncated by the erosion surface which was immedi-
ately followed by the Danian Formation of the Lower Tertiary.
The silica-emplacement rate may then be estimated here as in
the range of 10° yr.

Radiolarian chert, in a finely bedded structure, in contrast to
the nodular forms, is a typical deep-sea “ooze”, formed at
3 000—4 000 m depth. The opaline state was probably the pro-
genitor of both radiolarites and diatomites, the dehydration
being favored by burial and heat.

The source of biogenic silica is by no means limited to the
marine realm, but is seen actively forming today in some sub-
tropical lakes such as Lake Chad. The silica is commonly
found as “acritarchs” on the extensive swamp vegetation. Sea-
sonally exposed to desiccation, the vegetation dies back and the
“harmattan” winds pick up the minute grains and thence carry-
ing them into the upper atmosphere, some being rained out in
remote places such as Florida or New York.

The Miocene silcretes of argillaceous playa deposits in the
Madrid Basin of Spain have been studied in depth and a conve-
nient synthesis is provided by Mrs. Bustillo in Middleton
(2003, p. 659-660), recognizing that the basic controls were
hydrologic and climatic.

Non-marine cherts are also found in the Rift Valley lakes of
East Africa. A hydrous Na-silicate (e.g., magadiite) is precipi-
tated during seasonal evaporation in these alkaline lakes, creat-
ing varve-like sequences.

Siliceous induration is a geomorphic phenomenon that
transcends the time frame of most soil-forming duricrusts, but
the boundary is a blurred one. It is associated with the growth
of peneplains and pediplains (Adams, 1975) and thus intimately
connected to the Mesozoic/ Cenozoic history of Gondwanaland,
but less clearly with that of Laurasia (Fairbridge, 1965;
Stephens, 1971; Finkl and Fairbridge, 1979).

Let us consider the history of the Appalachian belt following
the initial rifting of the proto-Atlantic (Adams, 1975). Paleosols
and erosion surfaces can be dated by “denudation chronology”,
i.e., by stratigraphically dated truncation or overlap relationships
(King, 1962, p. 355). A sub-Triassic planation, with paleosols,
can be inferred in New Jersey, but recently resurrected and visi-
ble on the west side of Manhattan. The paleolatitude of this belt
in the Triassic-early Jurassic time frame lay in the intertropics

and equatorial zone. An extensive etchplain existed at that time,
all across Gondwanaland. Progressive fracturing began with
widespread diabase emplacement and volcanism, creating initial
marine troughs or isolated rift depressions. This led to the iso-
static uplift of the rift shoulders similar to those of the present
Red Sea (as in Yemen and Eritrea). The eastern rifts evolved into
the proto-Atlantic and the western side began its stabilization
phase (the “Gondwana Cycle” of King, 1967) with an extensive
etchplain, leading to deep groundwater circulation and silica
transport. This was favored by the porosity of some of the late
Paleozoic sediments — very high in the case of the sandstones
of Oriskany type. By early Cretaceous a “Post-Gondwana cycle”
could be dated by marine transgressions along the Atlantic sea-
board. Deep drilling discloses thick paleosols beneath them. In
many places the exact relationships are confused by multiple
overlaps, collectively known as the “Schooley” surface. Late
Cretaceous upwarping caused valley incision and by the Oligo-
cene an “African cycle” was widely established over the now
isolated cratonic units. In the Appalachians it is identified as
the Harrisburg Surface. However, the silicified remnants of the
post-Gondwana cycle now remained as insoluble quartzite-sup-
ported ridges or steps in the uplifted land surfaces. Since that
time only small periglacial features have slightly modified it.

On the other side of the world, the region of southwestern
Australia (the “Darling Peneplain” of Woolnough, 1918) seems
to possess traces of planation and paleosols of closely analogous
chronology, while distributed on a totally distinctive bedrock, the
West-Australian Craton (Finkl and Churchword, 1976). Whereas
the bedrock lithology of the Appalachians consisted of the var-
ious Paleozoic stratigraphic components, an orogenic belt sub-
jected to later rifting, the bedrock of the West-Australian
Craton was a heterogeneous mix of Precambrian crystalline
rocks. Its fracturing began in early Paleozoic times, initiating a
Red Sea-type graben-gulf, while its faulted margin (Darling
Fault) became repeatedly incised by deep river valleys. The ero-
sive process of such incision into ancient crystalline rocks was
glacially slow and only possible after lengthy “pre-soaking” in
the subsoils of repeated fluvial or estuarine cycles.

Following the early Permian glaciation of Gondwanaland,
the late Permian stream beds in SW Australia carried distinctive
faceted and striated boulders (Fairbridge and Finkl, 1978). This
alluvium became silicified and now occupies an inverted relief
on ridge tops of the cratonic (Darling) plateau. Incised into
them are younger braided stream deposits of Mesozoic age
and in turn these are incised by Late Cretaceous-Eocene
dendritic alluvium (also silicified) that terminates at 280 m
elevation (today), the highest level of mid-Eocene eustasy. At
this point in time southern Australia was rifted from eastern
Antarctica (Veevers and Cottrill, 1978) and then drifted north-
ward into a subtropical environment where deep weathering
led to >50 m of latosol. The West-Australian Craton had by
then developed an extensive network of W-directed streams
that today are still preserved as ephemeral lakes (Van de Graaff
et al., 1978). In the south, however, the Eocene rifting caused a
downward tilt that led to extensive stream piracy, with valleys
that became deeply incised during the low sea level of the
Oligocene, although the climate became increasingly seasonal
and drier. Desiccation converted the upper surfaces from soft
latosols to hard lateritic (ferralitic) duricrust, which today spans
much of the higher ground of the interior plateau. The Miocene
sea-level rise generated deep rias and other estuaries that
brought marine deposits far into the southern interior (‘“Planta-
genet Group” of Fairbridge and Finkl, 1978).
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Subsequently there was progressive emergence during the
Pliocene and Quaternary, although the silicified crests of for-
mer Precambrian features protected them from further erosion,
so that they were preserved as inselbergs. Some of them off-
shore (Recherche Archipelago) are today drowned inselbergs,
washed today by the waves of the Southern Ocean.

The Earth’s continents of today comprise clusterings of for-
mer cratonic blocks, for which the Western Australian example
provides a convenient model, labeled by Finkl a “cratonic
regime” (Fairbridge and Finkl, 1979). In a nutshell, each craton
has a nucleus of Archaean crystalline rocks, peneplaned or
etchplaned and overlapped by “stacked veneers” of younger
sediments, separated by paleosols and duricrusts. The duri-
crusts best preserved are the silcretes and laterites.

Gypcrete and salcrete
These two examples of duricrust with gypsum or salt cements
are exclusively associated with the semi-arid climate belts and
then mainly in the coastal regions, though interior salt lakes
may offer comparable settings. The usual situation is what is
called a “sabkha”, “sebkhe” or “sabkhat” in Arabic, or “saline”
or “playa” in Spanish. Unfortunately, neither is used with a
very strict definition. Sometimes an English terms “salt flat”
is employed. Best known in geological terminology as the sab-
kha (the other spelling “sebkha” is the French variant), mean-
ing a salt-encrusted mudflat, the desiccated surface of which
alternates seasonally with seepage or an inundation phase by
either oceanic tides or fluvial flooding. Evaporite minerals form
in the capillary zone above the saline water table (Hardie, in
Middleton, 2003).

One of several very different settings are commonly cited
for the “standard” model. These are:

a. The tidal mudflats of the SE Persian Gulf (called “Arabian
Gulf” by some of the Arabs), notably Abu Dhabi in the Arab
emirates, once known as the “Trucial Coast”. The mudflats
are seasonally inundated by a change in the wind system
(Kinsman, 1969).

b. Saline lagoons of the Gulf of Aqaba (Elat, in Hebrew)
located on the W. side, now under Egyptian control. The
sabkha is fed from the sea by seepage through a sand bar,
and the brines are concentrated by evaporative “pumping”
(Figure D9). Dense brines seep down and seawards by a
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Figure D9 Saline lagoons of the Gulf of Aqaba (Elat, in Hebrew).

“reflux” process (Gavish, in Gvirtzman and Buckbinder,
1978).

c. The Schott-el-Djerid in Tunisia (“djerid” is Arabic for
“dry”), which is isolated from the Mediterranean by a belt
of beach ridges, which are porous and provide the seasonal
saline influx. Fresh water on the other hand comes in from
seasonal rivers fed by rains from the mountainous interior
(Tricart and Cailleux, 1973).

d. The Colorado Delta in the northernmost Gulf of California.
Winds from the south seasonally bring saltwater into the
mudflat areas and these phases alternate with fresh water
input from the Colorado (Thompson, 1968). In places
layered halite (NaCl) is forming (Shearman, 1970).

None of these examples attracted much interest until the sec-
ond half of the 20th century when the importance of dolomiti-
zation became apparent to the oil and gas industry. Many
supratidal coastal lagoons in the semi-arid latitudes were found
to precipitate gypsum (CaSOy, - 2H,0), usually as a cement in
coastal sands, but in places as elegant crystals. Where these
gypsum-rich layers are found in Cenozoic geological forma-
tions, there has been dehydration associated with increasing
burial load to create anhydrite (CaSO,4). Eventually, these for-
mations may become uplifted and the anhydrite exposed to
rainwater; the process is then reversed and an inversion to gyp-
sum takes place. However, an increase in volume is involved
(by about 40%) and curious contorted structures are seen.
The type area for the gypsum formation today is the southern
Persian Gulf, e.g., in the Abu Dhabi region, but the process
had been going on discontinuously since the middle Tertiary,
and where it is tectonically emerged, as in northern Iraq and
Syria, the expansion features can be observed as a structural
aspect of the regional soil (by RWF in 1939).

The waters of the southern coast in the Abu Dhabi area are
extremely shallow and, although the tides are not very impor-
tant, there is a seasonal shift in the wind systems and a persis-
tent norther sets in, resulting in a widespread flooding of the
mudflats which are in places over 10 km across.

What drew worldwide attention to the sabkhas was a report
of “proto-dolomite”, which of course would be expected in this
setting, but set up a “sabkha syndrome” among the multitude of
new researchers (Carozzi, 1975, p. 5). Many of the papers are
reproduced, at least in part, in the “Benchmark volumes”
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(which the writer edited), notably that by Kirkland and Evans
(1973: “Marine Evaporites: Origin, Diagenesis, and Geochem-
istry”; and by Zenger and Mazzullo, 1982: “Dolomitization”.
An abundant literature was involved, most recently reviewed
by Marshall and Fairbridge (1999).

Rhodes W. Fairbridge
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Figure D10 Distribution of Durisols.

DURISOLS

Durisols are fairly deep, free-draining soils of dry environments
with a cemented layer (secondary silica being the cement) in
the upper meter of soil.

Connotation. Soils with hardened secondary silica; from
L. durus, hard.

Synonyms. Known as hardpan soils (Australia) or Dorbank
(South Africa) or as the “duripan phase” of other soils, e.g.,
of Calcisols (FAO).

Definition. Durisols are defined by FAO (2001) as free-
draining soils with a layer or pan (a duric or petroduric hori-
zon) in the upper meter of the soil in which the grains are
cemented by silica.

Parent material. Mainly alluvial and colluvial deposits of all
texture classes.

Environment. Level and slightly sloping alluvial plains, ter-
races and gently sloping piedmont plains in arid, semi-arid and
Mediterranean regions.

Profile development. AC or ABC profiles; eroded Durisols
with exposed petroduric horizons are common in (gently) slop-
ing terrain.

Origin. In humid climates or during the wet season in drier
zones (see Figure D10), weathering and acidification take place
in the surface horizon, clay is translocated to a lower section of
the profile (illuviation) and silica is transported downward in
solution. The leached silica accumulates and precipitates at depth
to form a duric horizon containing patches in which the grains are

Inclusions

- Miscellaneous lands
(Inland waterbodies, Glaciers, no data)
FAO-GIS, February 1998

cemented with silica. With time the patches become continuous
and the horizon is referred to as petroduric (duripan).

Use. Most Durisols can only be used for extensive grazing.
Arable cropping of Durisols is limited to areas where irrigation
water is available (a continuous petroduric horizon at shallow
depth must be broken up).

Otto Spaargaren
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DUST

Finely divided mineral or other particles, light enough to be
transported by wind see Figure E10.
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See Horizon, Profile, Horizon Designations.

EARTH CYCLES

Cycles in the major chronological sense of affecting the planet
Earth are (a) rather strictly defined within an astronomic frame-
work; (b) in an evolutionary sense, that is, taken loosely in
a birth/death or youth/maturity/old age system; (c) in a
stochastic or random sense within a window, with feedback
between certain constraints; and (d) on a small scale dynamic
sense, like a ball bouncing to and fro.

Astronomic chronological cycles

Three distinct but interlocking systems in astronomy are well
known, the galactic cycle of the Milky Way, the solar cycle
involving the Sun and its various planets, and the Earth-Moon
system involving only two celestial bodies (see below). All
three involve spinning bodies, with known spin-rates, revol-
ving in known orbits that in the second and third categories
can be predicted with a high-degree of mathematical precision,
although the first one, the galactic, is still poorly quantified.
During the last century, geochemical dating methods have been
developed to such refinement that it is possible to consider at
least the last two billion years of Earth history as an established
framework that demonstrates three fundamental facts (note
facts, NOT hypotheses):

a. The long-term stability of the Earth within its place in the
Solar System, orbital periods being essentially constant.
This is a crude but long-term stability within a history
marked by periodic asteroid impacts, ice ages, and plate-tec-
tonic rearrangements, which fail to even nudge the Earth’s
long-term stability.

b. Despite revolutionary chapters in the planet Earth’s geo-
chemical history, the atmospheric composition has changed

relatively slowly and the essential element water has always
remained liquid. Soil formation, reflecting biological activ-
ity at more or less constant temperatures (15+£10 °C on
average), has led to mineral and rock weathering, and thus
permitted normal water erosion and sedimentation for at
least the last billion years.

c. The “Law of Biologic Continuity” (Fairbridge, 1980) states
that at no point in geologic time has there ever been a total
destruction of the Earth’s biota, followed by a “re-creation”.
In short, biologic evolution has been a continuum, albeit
“punctuated” with accelerations and slow-downs (Eldredge
and Gould, 1972; Rampino and Stothers, 1984; Rampino
and Haggerty, 1996). There is no place for “Intelligent
Design” in this scientific setting, although Homo sapiens
has evolved its own spiritual world which ought not to be
confused with the totally distinct physical world.

Solar cycles
In their orbits around the Sun, the planets develop distinctive
cycles, most important of which is the regular alignment of
the two largest planets, the Jupiter and Saturn Lap (called
SJL) with an average periodicity of 19.8593 yr (but with a
variance of about £2 yr; though over a century or two, the
average is always maintained: Fairbridge and Sanders, 1987).
Other planets combine with these two, eventually to create an
“All-planet Concordance” at 6 672 yr (that is 336 x SJL).

When these two largest planets are aligned a torque is applied
to the spinning Sun (spin-rate about 25 days) which generates
disturbance in the photosphere, notably sunspots (Schove,
1983). The sunspot cycle has an average of 600 returns in
6 672 yr, a mean cycle of 11.1212 yr. This affects the Earth’s
weather in various ways, but always adjusted to the annual cycle.

The sunspot cycle is not very regular, being £6 yr. One of
the modifiers is the QBO or Quasibiennial Cycle Oscillation
of 2.1721 yr, which is observed in both the Sun’s rotations
and the Earth’s climate. It is an exact fraction of the 6 672.73 yr
planetary resonance (1/3072), and the tree-ring '*C flux
cycle (1/96 x 208.5226).

Other planetary alignments contribute to a complex array of
cycles, some of which seem to have important links with the
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Earth’s climatic systems. The ancient Mayan astronomers of
pre-Columbus Mexico, even without telescopes, managed to
establish a complex calendar based on alignments of Jupiter,
Earth and Venus. A seasonal program of planting and harvest-
ing for the Mayan people was established that was apparently
very successful.

Short-term cycles among the planetary “competition” are
uneven, as shown by the El Nifio examples. Only their long-
term analyses disclose systematic links, e.g., a 69.5 yr cycle
is exactly 1/96 x 6 672 yr. Actual El Nino Southern Oscilla-
tions average about 3.3 yr but are constrained by the annual
seasonality “strait jacket”. U.S. west coast tree-ring spectra
show a major spike at 3.3 yr.

Lunar cycles

The tide raising force of the Moon is on average 2.17 times that
of the Sun, reminding us of the QBO. Babylonian astronomers
(also without telescopes) two and a half millennia ago discov-
ered what they called the “Saros” period, 18.0303 yr, which is
18 yr + 11'/5 days, the return period of lunar eclipses, each
recurring at intervals of about 120° E longitude. After three
(360°) it returns to almost the same spot. (Predictive tables
were available in the 4th century Bc) On a more than decadal
scale the 18.03 yr cycle is the most important ocean tide (Wood,
2001). It should be recognized also that the Earth-Moon pair
behaves more or less as a single planet, and the Saros is in an exact
ratio (1 : 370) to the All-Planet Concordance of 6 672.73 yr.

The Moon’s orbit around the Earth varies from the Sun-side
to the shade-side to create the full-moon/new moon alternation
every two weeks, executing a spiral trajectory around the
Earth’s orbit. At each “full and change” peak there will be a
maximization of the ocean tide (the “springtide”). However,
the Moon’s orbit is tilted at up to 23'/4° to the Earth’s, which
explains the polar seasons (“midnight sun” and “long night”).
And furthermore its orbital plane inclination varies through an
18 yr cycle (the 18.6 yr declination period, close to the Saros)
with the Moon reaching a zenith position once in each hemi-
sphere, thus creating a 9 year cycle. Tide is highest at the zenith
state, but this zenith shifts to and fro over about 1 200 km in
each of the tropics. Tidal currents are then accelerated and due
to the Coriolis effect as the sea surface tilts. As the zenith loca-
tion shifts polewards, along the coast the sea level falls, but off-
shore (as in Bermuda) it rises. A warm pulse is added to the Gulf
Stream (and other geostrophic currents around the world). The
effect reaches even into the Arctic, which affects in particular
the weather north of Russia. It also has a biological effect, mea-
sured by the commercial fisheries. Another branch of the current
reaches into the Baltic where the fisheries have been recorded for
nearly 800 years (Pettersson, 1930). Seasonality is important in
an 18.6 yr cycle, because of sea-ice formation in winter, so it
only returns in full force every 93 years. This periodicity is also
recorded in air temperatures and agricultural crops. An Italian
book on agronomy, some 400 years ago, recorded this 18.6 yr
cycle as useful for farmers.

On a global scale it has been found that the 18 yr Saros per-
iod shows up in the spectra of world sea-level records. As the
Earth spins, the Moon passes overhead and creates a “tidal
wave” that follows it. The Pacific waters always tend to flow
into the Indian Ocean, but there is a “choke point” in the nar-
row openings of the East Indies that is hemmed in by two of
the world’s largest continental shelves, the Sunda and Sahul,
each more than 1.5 x 10° km?. The westward current at times
flows more than 10 knots in the narrowest constrictions (made
narrower by coral reefs). The rising tide brings cold, offshore

water onto the shelves and gives a minute cool pulse to the ris-
ing columns of air (amplified already by the cone-shaped alti-
tudes of the volcanic islands). In this way, the cyclic returns
of rare extra-high tides are transmitted into the stratospheric
circulation. An example was observed at the summer solstice,
June 21, 2005, which coincided with full moon and extreme
spring tides, high and low.

A regular return is the perigee-syzygy cycle of about
4.42 yr, that records closest approach of Earth and Moon (peri-
gee), coinciding with closest alignment with the Sun (syzygy).
It is just half the lunar apsides period (8.849 yr). Full tables for
the last 400 yr are provided in Wood (2001). U.S. tree-ring
power spectra show a major peak at 42 yr.

A combination of both solar and lunar forcings is suggested
by the geomagnetic signals. These can be read over about
8 centuries using the proxy of auroras, as observed in Scandi-
navia by rural clergy, who pointed to the celestial displays as
measures of religious significance (warnings against sin, and
so on). Ekholm and Arrhenius (1898) found both the Solar
22 yr and Lunar 18.6 yr periodicities with approximately equal
power. Both occur distinctively on the Hudson Bay, Canada,
where a “staircase” of 183 glacioisostatically emerged beach
ridges reflect open-water storminess cycles of c. 45 yr, with
longer resonances at ratios of 34 : 57 and fractions (Fairbridge
and Hillaire-Marcel, 1977).

For rainfall records over periods of less than 12 months, per-
haps the most remarkable observation was that of the Rev.
R. Everest in India (1834) who recorded the maximum daily pre-
cipitation at the time of the new moon and about 6 days before
or 6 days after (1-2 d). Since then, countless papers have been
devoted to this subject, relating the rainfall to the dew point
(atmospheric pressure), solar radiation, lunar declination and so
on. It is still a problem that defies simplistic solutions.

Luni-solar orbital cycles

A special category of chronologic cycles relates to the small
but regular changes in the orbital parameters of the Earth-
Moon-Sun system. They are often referred to as the Milanko-
vitch parameters. In the 19th century several suggestions
of orbital controls of terrestrial climates were put forward
(Adhémar, Croll, Ball and others), but the data were imperfect
and the idea had to wait for Milankovitch, who of Serbian origin
was captured during WWI but treated kindly and was able to
work out the complex mathematics (long-hand). His first ver-
sion, in French, attracted some attention, but then came WWII,
and again he was captured and again able to polish his earlier
results. This time he published in German, which was translated
into English in Israel and made available by Washington,
although the gist had been explained in English before WWII
by Zeuner (latest ed., 1959), then a Jewish refugee in London.
Still not accepted by the conservative establishment, the ideas
suddenly came into the limelight with the deep-sea coring
explorations of Columbia University (see Imbrie and Imbrie,
1979). A Czech student in Prague (Kukla) had measured the
magnetic orientations of loess paleosols in Moravia, but there
was a Russian invasion in 1968. Fortunately he was “liberated”
to Columbia, where he was soon to recognize that the climate
cycles of the deep-sea deposits and those of the Moravian loess
were exactly the same (Kukla, 1970). The paleosol profiles were
extended to China and further locked in to the deep-sea sections.
Even the doubters were now convinced, and 1984 saw a general
acceptance (Berger et al., 1984). (The writer of this entry has
had the honor of knowing all the personalities concerned, even
visiting the Moravian loess, and would note the extraordinary
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role played by the dedication of a few in the face of daunting
adversities. R. W. F.)

The orbital variations demonstrated by Milankovitch could
only be approximated at first, because each of the cycles was
slightly different. Only very long-term series could establish
the precise averages, and in the geological sequences, the dating
precision falls off in time which is measured in up to 10” yr periods.
The best-established value for the general precession is 25 694 yr
(pers. comm. Berger, 1992), which the writer (R. W. F.) is able
to determine is equivalent to 2 010.0 x 12.78 297, the Neptune-
Jupiter “Lap” (beat frequency). This demonstrates that the funda-
mental lunar orbital parameter is precisely in tune with two key
planets. The general resonance of the planetary orbits is
discussed in another Encyclopedia (Planetary Sciences: Shirley
and Fairbridge, 1998).

Very approximately, the principal Milankovitch periodicities
are as follows:

Eccentricity: 410 kyr

94 kyr
Obliquity: 40-41 kyr
Precession: 23 kyr
19 kyr

Evolutionary cycles

Cycles in this sense are not defined mathematically but clearly
exist in a growth and decline sense (Small, 1970). Thus, an oak
tree starts with an acorn, sprouts, grows to a sapling, eventually
to a full-grown tree, but eventually passes into an old-age state,
which may last 500 years or more, until disease, decay, and
lightning-strike or whatever, terminates its life cycle.

A youth-maturity-old age evolutionary theory was developed
for geomorphology by W. M. Davis, a celebrated Harvard profes-
sor of a century ago. In a two-volume compendium on landforms
by Chorley, with Beckinsale and Dunn (1964, 1973) the
volumes are divided into pre-Davis and post-Davis, which reflects
his former importance. Since then, the popular thrust in geomor-
phology has turned to a quantitative, process-approach. Youth-
maturity-old age was set aside. Nevertheless, it is clearly a
conceptual tool, as in (@) the theoretical emergence of a new land
surface from the ocean, (b) the initiation of a rill and drainage sys-
tem, (¢) evolution of “youthful” valleys with fast-running streams,
rapids and waterfalls, (d) gradient reduction, flood plains, mean-
dering water-courses, and (e) reduction of the entire landscape
to a peneplain. It was a beautiful, idealized model, but no example
could ever be found. The explanation is that the Earth’s surface is
immensely complex, its tectonics active, and lithology varied,
while paleoclimates and their inherited traces are great in number.
Accordingly, soil classifications cannot be fit into convenient
generalizations, except in a non-genetic way.

The freshly erupted ash of Mt. Pinatubo in the Philippines
was quickly affected by rain, carrying also spores and seeds.
Within 12 months a “youthful soil” is initiated. New highway
cuts in the central valley of Mexico disclose numerous Holocene
and late Pleistocene ash formations, each with a capping of
paleosol. Most of those examples never got out of the youthful
stage, but some reached maturity, with distinctive characteris-
tics. In contrast, on the West-Australian Craton there are the
so-called lateritic soils (Ferralsols), some inherited from the
remote geologic past. Silicification, a soil-related process, tends
to be a terminal experience, that is to say, once a soil is strongly
silicified it will usually be insoluble, except in the equatorial tro-
pics, so that it passes from maturity to old age and cannot evolve
further unless tectonically revived (Fairbridge and Finkl, 1978).

In the southern hemisphere, there are extensive Gondwana-
land surfaces of this advanced maturity. Even so, in regions
of moderate to heavy precipitation, tropical weathering will
continue on a buried front, the so-called etchplain (Fairbridge,
1968, p. 331; Bremer, 1981; Biidel, 1982). Where tectonism
leads to topographic contrasts the etchplain will continue to
evolve over multi-million-year “cycles”. It is commonly
exhumed (Twidale, 1971).

From the pedologic viewpoint it is important to recall that
the southern hemisphere lands, during plate tectonic spreading,
have all moved away from Antarctica and partly into the north-
ern hemisphere (King, 1967; Fairbridge, 1973). Since the end
of the Permian glaciation, this 250 Myr plate migration has
exposed the great Gondwana surfaces to continuous, almost
uninterrupted weathering while slowly passing through the tro-
pical belts. No northern hemisphere soil has evolved over any-
thing like such long periods.

Stochastic or random series

To speak of a “stochastic cycle” would be a contradiction in
terms (oxymoron), but there are nevertheless stochastic series
or sequences that oscillate within an envelope or framework of
limiting constraints. Much of the computer modeling of modern
meteorology and weather prediction proceeds on the assumption
that it is a random system, but there are very rigid boundaries.
For example, water and water vapor play a key role, while at
OEC there is a recognizable limit. Even this, however, varies
with the salinity of that water, and the freezing point of sea water
(avg. 3.5% salts) is a few degrees lower. The dew point varies
with atmospheric pressure and the latter varies not only with
the elevation or altitude, but also with the inherited features of
the air mass concerned (Oliver and Fairbridge, 1987).

The northern and southern hemisphere circulations are
characterized by westerly jet streams which circle the globe at
about 45° E, N and S, but are displaced N and S with the sea-
sons. The northern one is particularly unpredictable, being sen-
sitive to (a) surface water temperature over the Pacific and
Atlantic with their geostrophic currents, the Kuroshio and Gulf
Stream (both responsive to the lunar declination cycles and
other potentials); and (b) the albedo and other inputs from the
unequal-sized North American and Eurasian continents where
the seasonal variance of snowfall or late-summer aridity play
important roles. The number of “wiggles” on the jet is always
changing, even by the hour. The world’s greatest computers
strive to keep pace with all the variables. However, the
solar radiation and seasons are securely locked into the annual
cycle, and constrain the degrees of freedom displayed by those
variables.

Dynamic cycles

These are the rhythmic cycles, compared to the bouncing of a
tennis ball, or the pendulum of a clock or children’s swing.
Energy is required to provide that little extra nudge from time
to time. In the environment the annual cycle is clearly depen-
dent on the astronomical controls, already discussed. And
dependent upon it are the seasons, the lunar input, and the
day/night rhythms. This last factor tends to develop a rhythm
of its own, as displayed by the biological response, as mea-
sured by the hours on a clock and by the waking/sleeping
behavior of many organisms. In the cold latitudes, many mam-
mals (polar bears, for example) prepare a den and go into hiber-
nation for the winter, when their pulse-rate, body temperature,
and general metabolism fall to a minimum. Certain frogs and
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other amphibia are known to lapse into a total freeze-up that
can last indefinitely.

In soils, the active season is dictated as a rule by air tempera-
ture, as in the temperate latitudes, but in the subtropics it is the
wet season, dictated for example by the arrival of the monsoon.
Most of the soil biota responds almost instantly to these triggers.

In the semiarid and hyperarid regions the question of a wet
season is not usually relevant, and the energy is provided by
wind. Here the dynamic influence is usually a fluctuating tur-
bulence, the net effect being the construction or maintenance
of a dune. Its mobility inhibits soil formation. The same wind
energy is that which produces waves at sea, where they will
lead to the rhythmic rocking of a boat. Where the waves impact
on a beach (and are not complicated by multiple fetch), the gra-
dient developed evolves a pattern to create a rhythmic series of
beach cusps. This elegant example of rhythmic dynamics is a
transient process and may disappear within a few days.

Rhodes W. Fairbridge
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Cross-reference
Biogeochemical Cycles

ECOLOGY

A branch of biology which deals with the relations of living
organisms to their surroundings, their habits and modes of life.
Agroecology is the application of the principles of ecology to
agricultural systems — the branch of agricultural science which
deals with the relations of the farmers’ crops and stock with
that part of the biosphere that has been modified in the interests
of food production for human society.
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EDAPHIC

Pertaining to, produced or influenced by, the soil.

EDAPHIC CONSTRAINTS ON FOOD PRODUCTION

Here we consider edaphic constraints to food production to be
those conditions of soil, land, and climate that adversely affect
agricultural productivity. This article is based largely on a paper
by Eswaran et al. (2003).

Virtually all global land resources are affected by edaphic
constraints to some degree, and as a consequence of a steadily
increasing population and demand for food, as well as the
impact of the current episode of climatic change, the situation
is likely to become more acute.

Types of constraints

The major edaphic constraints fall into two groups: those that
are natural in origin, and those that are anthropogenic. Some
stresses (soil acidity and erosion, for example) may fall into
both categories.

Natural stresses

Natural stresses may be either intrinsic (i.e., a consequence of
characteristics specific to the soil and its internal processes),
or extrinsic (i.e., a consequence of ambient conditions in the
external environment of the soil).

a. Intrinsic stresses
1. Chemical stress conditions. Nutrient deficiencies; excess
of soluble salts; acidity, alkalinity, salinity; low base
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saturation; toxicities, Al, Mn and minor elements; acid
sulfate condition; anion retention, especially P species;
calcareous or gypsiferous conditions, low redox (hydro-
morphic conditions).

2. Physical conditions. High erosivity; steep slopes; shallow
soils; surface crusting and sealing; low water-holding
capacity; impeded drainage; low structural stability; root
restricting layer; high swell/shrink potential.

3. Biological conditions. Low or high organic matter
content.

4. Ecosystem conditions. Low soil resilience; natural soil
degradation.

b. Extrinsic stresses

1. Climate-controlled conditions. Extreme climatic regimes;
extreme high and low temperatures; insufficient length of
growing season; waterlogging; excessive nutrient leach-
ing; global climate change.

2. Biological conditions. Frequency of pests and diseases;
high population of termites.

3. Catastrophic events. El Niflo and extreme storm events;
floods; droughts; landslides; earthquake activity; volcanic
eruption.

4. Ecosystem conditions. Impairment of ecosystem functions
and services; diminished soil quality and soil health.

Anthropic stresses

1. Chemical conditions. Acidification by acid rain, acidifying
fertilizers, drainage of wetlands, exposure to mine wastes;
contamination with toxins.

2. Physical conditions. Accelerated soil erosion; soil compac-
tion; subsidence of drained organic soils.

3. Biological conditions. Diminished biodiversity; loss of pre-
dators; high incidence of pests and diseases; allelopathy.

This basic scheme requires some elaboration. For instance,

a constraint for one type of land use may be an advantage
for another. A water-saturated condition for example is consid-
ered an impediment for most crops, yet paddy rice benefits from
it. Similarly, high exchangeable Al is toxic to many temperate
region crops, notably grain cereals, but in tropical and subtropical
regions, where the condition is common in oxisols and ultisols,
natural selection has produced Al-tolerant plants. Also, both
adverse and favorable effects may arise from similar causes. Thus,
crop production normally benefits from a moderate organic matter
content in soil, and may be impaired if it is too low or too high.

A further point regarding the stress factors listed above.
Rather than singly, it is common to find them in combinations,
a great number of which are possible. For example, a soil with
moisture stress may simultaneously have nutrient deficiencies,
surface crusting, and a shallow solum. A further consideration
to be taken into account is level of severity, which controls
the degree of adverse impact, of course. Finally, some con-
straints are not currently quantifiable. The recent concepts of
soil quality, soil health, and the resulting soil resilience, are
not yet sufficiently quantified in a way that would allow them
to be used operationally as potentially limiting factors of crop
production.

Land quality stresses
Table E1 presents a matrix in which we have used stress factors
to define 25 stress classes. These are ranked according to their

degree of negative impact on crop production. We consider the
most limiting factor to be continuous moisture stress, with a
high shrink/swell potential to be the least. By using the stress
factors as a key, nine Inherent Land Quality Classes are estab-
lished, with Class I having the most, and Class IX the least
favorable attributes. The matrix also indicates the criteria used
in Soil Taxonomy to define Stress and Land Quality Classes.
Table E2 adds detail with regards to the attributes of the Land
Quality Classes.

Construction of Table E1 depended upon correlations with
taxonomic classes and since some of the edaphic factors listed
above are not taxonomic criteria (e.g., soil resilience, termite
activity, susceptibility to erosion, allelopathy, steep slopes,
and pest and disease incidence, catastrophic events) no conclu-
sive inferences can be made regarding these conditions. Such
conditions are therefore not considered in the matrix.

Geographic extent of edaphic constraints

Areas and percentages of the global ice-free land resources
represented for each of the 25 stress factors, and the correspond-
ing Inherent Land Quality Classes, are shown in Table E3.
“Inherent” implies land quality prior to human interference.
Commonly, however, human activities have caused a deteriora-
tion of the land resource on a planet-wide scale, and it is not
always possible to make an accurate assessment of the anthropo-
genic imprint. Consequently the estimates in Table E3 are best
considered to be minimal ones.

Even so, the estimates clearly show the precarious state of
the world’s land resources. Over half of global land (54%)
exhibits severe or prohibitive constraints for food production
(i.e., areas falling in Classes VII, VIIL, and IX). Nearly a third
of the land (30%) has serious limitations (i.e., areas grouped
in Classes V and VI). Land with moderate limitations (about
13%) — Classes II, III, and IV — makes up a meager 13%.
The best land for food production with no or few constraints
(Class I) makes up a minuscule 3%.

Three stress classes, namely 25, 24, 11, all of which are
climate controlled, make up 52% of the world’s land resource.
On a small-scale map, no other classes occupy a large enough
area to be meaningfully displayed. A brief description of their
respective limitations is described next.

Class 25 is based on the aridic soil moisture regime, wherein
the soil, during a year, is (@) dry for more than half of the time
when soil temperature is above 5 °C and (b) moist for fewer
than 90 consecutive days when soil temperature is above
8 °C. This means that water is unavailable to mesophytic plants
for long periods, and that moisture is continuously available for
plant growth for fewer than 90 consecutive days. Aridisols are
characteristic of such conditions, and are found bordering the
deserts of the world. Crop production is only possible under
irrigation.

Soils of Class 24 are found in arctic and subarctic regions,
predominantly in the zone of permafrost in the northern hemi-
sphere. The surface soil thaws in the summer and a tundra or
taiga vegetation is supported. However, low temperatures pre-
clude crop production.

Class 11 comprises soils with an ustic or xeric soil moisture
regime. The moisture stress in both regimes is unfavorable for
plant growth during times when other conditions may be favor-
able. Ustic soils are dry for more than 90 consecutive days
of the growing season. Xeric soils are typical of areas with
Mediterranean climates, where moist, cool winters contrast
with warm, dry summers. The ustic and xeric suborders of
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Table E1 Matrix for defining stresses

Stress Land Major land stress factor Criteria for assigning stress

class quality
class
25 IX Extended periods of moisture stress Aridic SMR, rocky land, dunes
24 VIII Extended periods of low temperatures Gelisols
23 VIII Steep lands Slopes greater than 32%
22 VII Shallow soils Lithic subgroups, root restricting layers <25 cm
21 VII Salinity /alkalinity “Salic, halic, natric” categories;
20 Vil High organic matter Histosols
19 VI Low water holding capacity Sandy, gravelly, and skeletal families
18 VI Low moisture and nutrient status Spodosols, ferritic, sesquic & oxidic families, aridic subgroups
17 VI Acid sulfate conditions “Sulf” great groups and subgroups
16 VI High P, N, organic compounds retention Anionic subgroups, acric great groups, oxidic, families
15 VI Low nutrient holding capacity Loamy families of Ultisols, Oxisols
14 \% Excessive nutrient leaching Soils with udic, perudic SMR, but lacking mollic, umbric, or argillic
13 \Y% Calcareous, gypseous conditions With calcic, petrocalcic, gypsic, petrogypsic horizons; carbonatic and gypsic families;
exclude Mollisols and Alfisols
12 \% High aluminum pH < 4.5 within 25 cm and Al saturation >60%
11 \% Seasonal moisture stress Ustic or Xeric suborders but lacking mollic or umbric epipedon, argillic or kandic
horizon
10 v Impeded drainage Aquic suborders, ‘gloss’ great groups
9 v High anion exchange capacity Andisols
8 v Low structural stability and/or crusting Loamy soils and Entisols except Fluvents
7 11 Short growing season due to low Cryic or frigid STR
temperatures
6 I Minor root restricting layers Soils with plinthite, fragipan, duripan, densipan, petroferric contact, placic, <100 cm
5 I Seasonally excess water Recent terraces, aquic subgroups
4 I High temperatures Isohyperthermic and isomegathermic STR excluding Mollisols and Alfisols
3 I Low organic matter With ochric epipedon
2 I High shrink/swell potential Vertic subgroups
1 I Few constraints Other soils

Table E2 Properties of the inherent land quality classes

Land Quality
Class

Properties

I

II & III

IV, V, & VI

VII

VIII & IX

This is prime land. Soils are highly productive, with few management-related constraints. Soil temperature and moisture conditions
are ideal for annual crops. Soil management consists largely of sensible conservation practices to minimize erosion, appropriate
fertilization, and use of best available plant materials. Risk for sustainable grain crop production is generally <20%.

The soils are good and have few problems for sustainable production. However and particularly for Class II soils, care must be taken
to reduce degradation. The lower resilience characteristics of Class II soils make them more risky, particular for low-input grain
crop production. However, their productivity is generally very high and consequently, response to management is high.
Conservation tillage is essential, buffer strips are generally required and fertilizer use must be carefully managed. Due to the
relatively good terrain conditions, the land is suitable for national parks and biodiversity zones. Risk for sustainable grain crop
production is generally 20—40% but risks can be reduced with good conservation practices.

If there is a choice, these soils must not be used for grain crop production, particularly soils belonging to Class IV. All three Classes
require important inputs of conservation management. In fact, no grain crop production must be contemplated in the absence of a
good conservation plan. Lack of plant nutrients is a major constraint and so a good fertilizer use plan must be adopted. Soil
degradation must be continuously monitored. Productivity is not high and so low input farmers must receive considerable support
to manage these soils or be discouraged from using them. Land can be set aside for national parks or as biodiversity zones. In the
semi-arid areas, they can be managed for range. Risk for sustainable grain crop production is 40—60%.

These soils may only be used for grain crop production if there is a real pressure on land. They are definitely not suitable for low-
input grain crop production; their low resilience makes them easily prone to degradation. They should be retained under natural
forests or range and some localized areas can be used for recreational purposes. As in Class V & VI, biodiversity management is
crucial in these areas. Risk for sustainable grain crop production is 60—80%.

These are soils belonging to very fragile ecosystems or are very uneconomical to use for grain crop production. They should be
retained under their natural state. Some areas may be used for recreational purposes but under very controlled conditions. In Class
VIII, which is largely confined to the Tundra and Boreal areas, timber harvesting must be done very carefully with considerable
attention to ecosystem damage. Class IX is mainly the deserts where biomass production is very low. Risk for sustainable grain

crop production is >80%.

alfisols, andisols, inceptisols, mollisols, ultisols, and vertisols,
and the ustic suborder of oxisols, are the main soil types in
Class 11. Supplemental irrigation is employed in cropping

these soils.

Causes and consequences of the constraints

Essentially all of the intrinsic chemical, physical and biological
stress conditions we have considered, can be interpreted in
terms of particular combinations of Jenny’s (1941) factors of
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Table E3 Global land areas of major stress classes and land quality classes
Class code Land resource stress Inherent land quality class
Kind Area (1 000 km?) Percent Class Area (1 000 km?) Percent
25 Continuous moisture stress 36 480 27.94 IX 36 480 27.94
24 Continuous low temperatures 21 776 16.68 VIII
23 Steep lands 484 0.37 VIII 22 260 17.05
22 Shallow soils 7 358 5.64 VII
21 Salinity/alkalinity 3 068 2.35 VI
20 High organic matter content 1221 0.94 viI 11 647 8.92
19 Low water holding capacity 3363 2.58 VI
18 Low moisture & nutrient status 3 462 2.65 VI
17 Acid sulfate conditions 112 0.09 VI
16 High anion retention 2498 1.91 VI
15 Low nutrient holding capacity 7 788 5.96 VI 17 223 13.19
14 Excessive nutrient leaching 4471 3.42 \Y%
13 Calcareous, gypseous conditions 2 471 1.89 \"
12 High exchangeable aluminum 4 062 3.11 \Y
11 Seasonal moisture stress 10 342 7.92 \% 21 346 16.35
10 Impeded drainage 2 829 2.17 v
9 High anion exchange capacity 913 0.70 v
8 Low structural stability 1 369 1.05 v 5111 391
7 Seasonal low temperatures 3 009 2.30 I
6 Minor root restricting layer 1517 1.16 11
5 Seasonal excess water 1362 1.04 111 5 888 4.51
4 High temperatures 2 506 1.92 I
3 Low organic matter content 3101 2.37 I
2 High shrink/swell potential 925 0.71 I 6 532 5.00
1 Few constraints 4 088 3.13 I 4 088 3.13
TOTAL 130 575 100 130 576 100

soil formation: climate, organisms, relief, parent material and
time. A few examples may suffice to illustrate this. A parent
material inherently poor in plant nutrients (quartz-rich sand
for instance) will inevitably produce a soil with nutrient defi-
ciencies. A similar consequence may arise even if the parent
material is rich in one or more plant nutrients, if the potential
source is resistant to weathering (feldspathic sands for example,
where the feldspar is commonly potassic). Weathering over the
very long term, as in the humid tropics may produce soils in
which prolonged leaching has resulted in relatively infertile
conditions. Landscape factors may also be conducive to soil
problems — erosion and mass movement on steep slopes for
example, impeded drainage in topographic lows, together with
possible accumulations of organic matter or soluble salts. Like
all things, soils are subject to the second law of thermody-
namics following the laws of thermodynamics, and a natural
degradation can be expected, the result being diminished soil
quality and resilience.

Catastrophic events also play a role by imposing a new set
of edaphic conditions onto an agroecosystem. Volcanic erup-
tions are a prime example and may totally change the landscape
and cover productive agricultural land with volcanic ash, as
Mount St. Helens in the USA and Pinatubo in the Philippines
have recently shown. Similarly, catastrophic landslides and epi-
sodes of soil erosion may be triggered by the intense rainfall
associated with hurricanes and typhoons.

Such conditions are essentially beyond human control, but
other impediments to food production are clearly the result of
human activity. Examples include: soil acidification caused by
acid-producing fertilizers, acid rain or mine wastes; nutrient
depletion due to continuous farming without replacing the
harvested nutrients by fertilizers; surface crusting, sealing and
compaction caused principally by use of heavy machinery

and by animals pastured on soils with a low structural stability,
and accelerated soil erosion on slopes as a consequence of
inappropriate cultivation techniques.

A specific and dramatic example of irreversible land dete-
rioration is provided by the salt ponds near Dowerin north of
Perth in western Australia. Wheat production there was pre-
ceded by forest clearance, after which the water table rose
and brought salt to the surface from a geologic layer originally
above the aquifer. This resulted in salt scalds, and some 10% of
the wheat belt of Western Australia, or about 1.8 million ha,
has now been affected by salt. Within a few decades as much
as 40% may be affected.

Whether natural or human-induced, adverse edaphic condi-
tions unless corrected, result in the suboptimal performance
of food production systems. Underlying reasons are usually
clear. The land at the production site may be too dry, too wet,
too cold, too steep, too shallow, too infertile, too acid, or too
alkaline. However, some cases are not so clear. For example,
subsoil acidity may prevent roots from growing thereby limit-
ing access to sources of moisture and nutrients at depth. Simi-
larly, moisture stress at depth may occur even in areas of ample
precipitation if surface crusting and sealing prevents rainfall
from entering the root zone. Tillage and the emergence of seed-
lings may also be hindered in such cases.

Coping with constraints

There are essentially three coping strategies for farmland com-
promised by edaphic constraints: (@) deal with constraints by
means of traditional methods of soil and land management;
(b) grow crops that are tolerant to the constraints or develop
tolerance as a result of bioengineering; and (¢) find other uses
for the land.
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In principle the farmer is required to match the land and
soil characteristics with the requirements of the crop. Usually
the match is less than perfect and remedial measures are
needed. In some cases this may not be possible — cold climates
and catastrophic events clearly lie outside of human control.
Even where techniques for correcting constraints are available,
they may prove unworkable for economic or environmental
reasons.

The most extensive constraint is continuous moisture stress
and irrigation is mandatory on about 20% of the global area
farmed. However, many irrigation schemes are unsustainable
over the long term and waterlogging and salinization may
result. The Aral Sea in Kazakhstan and Uzbekistan provides a
tragic example. In the 1930s diversion of the Amu Darya and
Syr Darya Rivers was engineered to provide irrigation water
for cotton production. Bureaucratic incompetence and ecosys-
tem mismanagement resulted in widespread salinization and a
consequent rapid decline of productivity. The Aral Sea, for-
merly the fourth largest inland lake in the world, has lost
55% of its surface area and 80% of its volume, and has become
a toxic desert of salts and agrochemical degradation products.
Numerous examples, though less extreme, point to the fact that
irrigation is no more than a short term answer to the problem it
attempts solve, and always threatens to lead to greater problems
in the long run.

Some three-quarters of agricultural land worldwide suffer from
low soil fertility. There are of course well known remedial techni-
ques using fertilizers, farm manure, composts and crop rotations.
Yet the environmental price tag must always be considered —
fertilizer production for example is heavily fossil fuel intensive.

With regard to the use of crops tolerant of specific con-
straints, few food crops currently serve the purpose. Genetic
engineering is set to change the farming system radically how-
ever. It may now be technically feasible to design crops that are
drought resistant, aluminum or salt tolerant, nitrogen-fixing,
disease immune, or capable of dealing with any constraint that
the farmer encounters. The ultimate constraint here may be
socio-political. Certain communities, particularly in Europe
and parts of the developing world, are currently hostile to the
idea of genetically engineered foods.

Removing land with severe constraints from agricultural pro-
duction seems to be an attractive proposition in that it might then
be used to provide ecosystem services. Such land for example
could be used as a reservoir for carbon sequestration, as a biodi-
versity reserve, and or for recreational and touristic purposes. In
many countries, however, demand for food rules out this option,
and with a growing population, especially in the developing
world, it will become increasingly difficult to employ.

Conclusion
Agriculture is practiced on more than 25% of the Earth’s land
surface. This is about the same area under forest, and contrasts
with the grasslands, which make up 40%. All agricultural land
suffers some degree of degradation, though hard numbers are
difficult to find. For example the World Resources Institute
estimates that 40% of the global agroecosystem is strongly to
very strongly degraded — a number that is based on a qualita-
tive (and judgmental) study of the International Soil Reference
and Information Centre (Oldeman et al., 1991). Better data are
obviously required; the real situation may be less dire than cur-
rently perceived.

The need to feed the augmented population of the future
(a 50% increase is projected by 2050) is an enormous challenge

made all the more difficult by the long-term decline in
agricultural capacity of farmland. However, in spite of accu-
mulating constraints on the soil component of the agroecosys-
tem, improvements in crop varieties, pest and soil fertility
management, and other technological advancements, food pro-
duction continues to outpace population growth. Yet the burden
on developing nations will be great.

The ultimate critical factor limiting food production is likely
to be water. At 70% usage, agriculture is by far the biggest con-
sumer of the Earth’s fresh-water resource. Current irrigation
practices commonly return only 30-60% for downstream use.
For the projected increase in population, more efficient use will
be necessary, if agriculture (to say nothing of industrial and
domestic consumption) is to grow by the requisite amount. In
addition, it is a sobering thought that from the earliest civiliza-
tions in Mesopotamia, to the cotton fields of the Aral Sea in
modern times, irrigation systems have never been sustainable
over the long term.

Finally, global change is the wild card in the mix. No
doubt higher temperatures, the fertilizing effects of CO,
increase, and augmented rainfall in some areas, may increase
productivity, but increases in drought, major storms and
other meteorological extremes, are at least as likely to bring
about the opposite outcome. As usual, the future is unpredict-
able, but no matter what, the farmer (also as usual) will have
a difficult row to hoe.

Friedrich H. Beinroth, Hari Eswaran, and Paul F. Reich
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EDAPHOLOGY

Study of the community of microflora and microfauna in the
soil (edaphon), and the processes that govern their existence
and development (edaphogenesis).
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EFFECTIVE

Said of that portion of an agency or force which is actually
brought to bear on a particular object. Examples: effective
cation exchange capacity is the sum of the cations a soil can
adsorb at its natural pH; effective soil depth is the depth to
which plant roots can penetrate to obtain water and nutrients;
effective stress is the stress transmitted through the soil by
intergranular contact.

EFFLUENT

a. A stream flowing from a larger stream, lake, or reservoir.

b. Discharged waste as in the outflow from a sewage tank, or
from land that has been irrigated or used for the disposal
and filtration of sewage and other wastes.

ELECTRICAL DOUBLE LAYER

An idealized model used to describe the electrical state of a sur-
face, and commonly used to describe the physical behavior of
clay particles in soil. The clay surface and its surface charge
constitute one layer, while aqueous solution in contact with
the solid is a second (Stern) layer. The latter is held in place
by counterions to the ions on the charged surface, the two
together forming a kind of molecular capacitor. Ions further
from the surface, and less strongly held, form a more diffuse
(or Gouy) layer.

ELECTROCHEMISTRY

Electrochemistry is the branch of chemistry that deals with the
chemical effects of electrical phenomena and the electrical
effects of chemical reactions. Hydrolysis and the electrochemi-
cal nature of cells and batteries are studied.

Cross-reference
Redox Reaction and Diagrams in Soil

ELECTRO-OSMOSIS

See Osmosis.

ELUTRIATION

The action of separating lighter from heavier particles in a
granular mixture, by washing in water. Panning for gold is a
classical example, and in nature is mirrored by the sedimentary
process that leads to the accumulation of heavy minerals in
placer deposits.

ELUVIATION

The lateral or vertical movement of material in solution or sus-
pension through the soil. The direction of displacement
depends on the direction of water movement. In Podzols for
example, prolonged eluviation produces a bleached horizon
(albic, Ae or E) where all but the most intractable minerals
(quartz being the dominant one) are removed from that level
of the solum.

Cross-references
Podzol
Solonetz

ENDOGENOUS

In geology, formed within the Earth, the interior parts of
which constitute the endogene or hypogene. Endogenous pro-
cesses (volcanic activity and mountain building for example)
are ultimately responsible for maintaining the fertility of
the soils of the biosphere over the long term, by providing
fresh, weatherable, nutrient-rich materials to the surface of the
earth.
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An energy balance for the soil is an analysis equating the
increase in heat content over time of a given volume of soil
to the difference between inflow and outflow of heat. The energy
balance at the soil surface is of particular interest because heat
flux into and out of the soil is an important component of the
energy balance of the Earth’s surface and therefore influences
weather patterns, crop production, and microclimates of plants
and animals. Heat flow in soil cannot be analyzed without know-
ing either soil surface temperature or heat flux across the soil sur-
face as a function of time. Neither of these can be specified
without solving the entire energy budget for the soil surface to
determine the input of radiant energy and the loss of sensible
and latent heat. An analysis of heat flow in soil requires knowl-
edge of the energy budget at the soil surface, the distribution of
moisture and composition of solids in the soil profile, and a
simultaneous solution of the moisture balance in the soil because
moisture flow and distribution influence heat flow.

The differential equations governing heat transfer in soil are
similar to heat-transfer equations for any solid medium. Hori-
zontal temperature variations a few centimeters below the soil
surface are generally small compared to variations normal to
the surface, so it is usually necessary to consider only one-
dimensional heat flow. Heat flux density across any plane par-
allel to the soil surface is given by Fourier’s law

dr
G=—k (1)

where G is the soil heat flux density, & is the thermal conductiv-
ity of the soil, and 7 is temperature. The energy balance for any
location in the soil is obtained by combining Equation (1) with
the continuity equation:

oT G
s @
Z

where ¢ is time and C is the volumetric heat capacity of the soil.
Solutions to Equation (2), subject to appropriate boundary
and initial conditions, describe the soil energy balance and
the temperature distribution in the soil.

The novel feature of soil heat-flow analysis is not the basic
equations describing the process, but rather the behavior of the
thermal conductivity and heat capacity functions. Soil is a mix-
ture of solids, water, and air. The volume fraction of solids
remains fairly constant with time, but the volume fractions of
air and water are constantly changing. The heat capacity and
thermal conductivity of the soil are therefore variable in space
and time. The functional relationship between heat capacity
and water content is

C =x,Cy + xnCp + x5wCy + x,Cy (3)
where x denotes the volume fraction, C is the volumetric heat
capacity, and the subscripts o, m, w, and a denote organic,
mineral, water and air. Table E4 gives some values for volu-
metric heat capacity of these constituents.

The thermal conductivity function for the soil has two com-
ponents. Sensible heat is conducted through the mineral grains
of the soil and across water or air bridges between the grains.
Latent heat is transferred by distillation of water from warm
to cold regions of the soil. Since the thermal conductivity of

Table E4 Thermal properties of soil materials, water, and air at 20 °C

Substance CMIm3 K™ KWm 'K
Quartz 2.3 8.8

Other minerals 2.3 2.9

Organic matter 2.5 0.25

Water 4.2 0.6

Air 125 x 1073 0.025

water is 20 times that of air (Table E4), the thermal conductiv-
ity of the soil depends strongly on water content. Figure E1l
shows how thermal conductivity of a soil increases as the water
content is increased. The thermal conductivity of a saturated
soil can be ten times the conductivity of a dry soil.

The rate of distillation, and therefore the latent heat flux in
soil, is a function of pore space, (see Soil pores) soil tempera-
ture, and soil moisture. Since temperature gradients induce
moisture flow in soils the energy balance problem cannot be
solved without simultaneous solution of the moisture balance
problem. For moist soils the apparent thermal conductivity
due to latent heat transport within a soil pore is

dp,
dr

where p, is the saturation vapor density (g m>), L is the latent
heat of vaporization for water (J g~"), and D is the diffusion
coefficient for water vapor in air (m* s~ '). The effect of latent
heat flux on soil heat flow is accounted for by replacing the
thermal conductivity of air by the sum of the conductivity of
air and the apparent conductivity due to latent heat transport
with vapor. At low temperatures &, is near zero, so latent heat
transfer has little effect on soil thermal conductivity. However,
at 60 °C, k, is about equal to the thermal conductivity of water,
so the thermal conductivity of the soil becomes independent of
water content. Figure E2 shows the effect of temperature on
thermal conductivity of soil. This effect is mainly the result
of temperature effects on the latent heat transport. The tempera-
ture effects disappear at low water content because water
ceases to circulate in the pores (evaporation on the hot side
of the pore, condensation on the cold side of the pore, then
liquid return flow to the hot side).

Campbell (1985) gives empirical equations, which are use-
ful for estimating thermal conductivities of soils. Thermal con-
ductivity is calculated from

ky =LD

k= A+ b0 — (4 — D) exp[—(CO)* 4)

where 0 is volumetric water content (m3 m—> ), and 4, B, C and
D are constants whose values are determined by the clay and
mineral fractions of the soil. The equations for these constants,
for a mineral (non organic) soil, are

~0.57+ 1.73x4 4+ 0.93x,

—2.8x(1 — 5

1— 0.74x, — 0.49x,, (1 = x) ®)

B =28x (6)
C=1+26m, (7)

D =0.03 +0.7x
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Figure E1 Typical thermal conductivities for quartz sand, loam and organic soils as functions of volumetric water content.
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Figure E2 Thermal conductivity as a function of water content for a loam soil at three temperatures. Temperature mainly affects the latent heat
transport in soil pores. At 65 °C the apparent conductivity due to vapor transport is equal to the conductivity of liquid water, so at high water

content addition of water does not result in increasing conductivity.

where x, is the quartz fraction, x,, is the remainder of the
mineral fraction, x; = xq + X, is the total mineral fraction,
and x. is the clay fraction. These equations apply for soils
around 20 °C. Since they have no temperature dependent
terms, they can’t predict temperature effects. The more com-
plete theory given in Campbell and Norman (1998) is needed
to predict the effect of temperature on thermal conductivity.

Gaylon S. Campbell
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ENVELOPE-PRESSURE POTENTIAL

The envelope-pressure potential is the difference in the potential
of the water in a non-rigid porous medium, such as a swelling soil,
between a loaded and the unloaded state, everything else being
equal. According to the definition given by the International Soil
Science Society (Anon., 1975), the envelope-pressure potential is
the increment of the equilibrium liquid pressure (as measured, for
example, by a tensiometer) caused by an outside mechanical pres-
sure on a soil sample. For natural swelling soils the envelope pres-
sure is equal to the overburden, being the sum of the weight of the
overlaying layer of soil and the surface load. The envelope-pres-
sure potential is then called the overburden potential, Q. The over-
burden potential can be calculated from the slopes of the bundle of
curves relating the moisture ratio to the void ratio. A model pre-
sented by Groenevelt and Bolt (1972) provides an excellent fit
for this bundle of shrinkage curves. A method for the calculation
of the overburden potential from shrinkage data can be found in
Groenevelt and Grant (2001).

Piet H. Groenevelt
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ENVIRONMENT

The surroundings of an object of interest such as an organism
or a population of organisms, the physico-chemical system
within which organisms function. The soil is a porous complex
of inorganic, and dead organic solids, aqueous solution, and
gas. It constitutes the environment of a biodiverse population
of organisms dominated by bacteria.
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ENZYME ACTIVITY

See Enzymes and Proteins, interactions with soil-constituent
surfaces.

ENZYMES AND PROTEINS, INTERACTIONS WITH
SOIL-CONSTITUENT SURFACES

There are several reasons for studying soil proteins and their
fate in soil: (i) their constituent amino acids are an important
source of soil nitrogen, (ii) enzymes secreted by microorgan-
isms and plant roots with hydrolytic properties can be involved
in the biogeochemical cycles of soil organic matter (Quiquam-
poix, 2000; Quiquampoix and Mousain, 2005), (iii) pathogenic
proteins such as prions involved in transmissible spongiform
encephalopathies (Brown and Gajdusek, 1991; Revault et al.,
2005; Vasina et al., 2005; Rigou et al., 2006) or insecticidal
toxins expressed in transgenic plants (Tapp and Stotzky,
1998; Pagel-Wieder et al., 2004) represent a growing environ-
mental concern.

The strong and often largely irreversible adsorption of pro-
teins on the mineral phase of the soil has important conse-
quences not only on their mobility, but also on their resistance
to breakdown and catalytic activity. The mechanisms, which
control the interaction between proteins and soil constituents,
will be discussed.

Enzymes can be secreted into soil solution by microorgan-
isms. This process makes possible the degradation of the soil
organic matter since polymers cannot usually pass through
the membranes of the microorganisms and need to be hydro-
lyzed into soluble low molecular weight compounds which
can reach membrane permeases specific for monomers (sugars,
amino acids) or occasionally oligomers. An important conse-
quence of the adsorption of these extracellular enzymes on
mineral surfaces is a shift of the optimal pH of the catalytic
activity toward more alkaline values and a general decrease
of the activity.

Other proteins are released into soil along with various other
cellular constituents by biological membranes lysis accompa-
nying the decomposition of dead organisms. As proteins are
rich in nitrogen, they play an important role in the cycle of this
element (see Nitrogen cycle). The adsorption on clay mineral
surfaces plays a role in the protection of proteins against biode-
gradation, particularly if the formation of interlayer complexes
with clays occurs.

The side chains of the amino acids, which are the con-
stituents of the polymeric chain of the proteins, show a great
diversity in their physico-chemical properties. They can be
hydrophobic or polar, bear a positive, a negative or no electri-
cal charge. Thus, the different proteins released in soil may
exhibit a wide range of types of interactions with the mineral
surfaces or the organo-mineral complexes. Nevertheless some
general tendencies may be identified.

Influence of pH on adsorption of proteins

on clay minerals

Knowledge of the influence of pH is essential to the under-
standing of the interactions of proteins in general, and enzymes
in particular, with the solid phase of soil. Since the pioneering
works of Mc Laren et al. (1958) it is well established that for
most proteins the maximum of adsorption occurs near their iso-
electric point (i.e.p.). Early interpretations of this fact included,
for pH > i.e.p. a repulsive electrostatic interaction between the
negatively charged protein and the negatively charged clay sur-
face, and for pH < i.e.p., either a competition of the protons of
the solution for adsorption sites (Mc Laren et al., 1958), or a
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decrease in the amount of protein required to satisfy the nega-
tive charge of the clay since the net positive charge of the pro-
tein increases as pH decreases (Armstrong and Chesters, 1964).
Alternatively the possibility of an artifact resulting from protein
precipitation, more likely to occur at the i.e.p., has been pro-
posed (Durand, 1964).

More recently the fact that the adsorption of proteins on clay
mineral surfaces is accompanied by a release of charge com-
pensating cations (Mc Laren et al., 1958; Albert and Harter,
1973) has been exploited to obtain both the clay surface cover-
age and the quantity of protein adsorbed, which has led to a
different interpretation (Quiquampoix and Ratcliffe, 1992).
The latter study is based on the detection by nuclear magnetic
resonance (NMR) spectroscopy of the release of a paramagnetic
cation, manganese, on adsorption of bovine serum albumin
(BSA) on montmorillonite. The fraction of Mn®>" released is
assimilated to the fraction of the clay surface covered by the pro-
tein. Figure E3 shows a maximum adsorption near pH 4.7 which
is the i.e.p. of BSA, but the quantity of Mn*" released show a
different pattern. Above the i.e.p., both the quantity of protein
adsorbed and the quantity of Mn?" released decrease in the
same proportion when pH increases, indicating a lowering of
the surface coverage of the clay surface and confirming the early
interpretation of electrostatic repulsions. But below the i.e.p. the
quantity of Mn®" released remains constant when the quantity
of protein adsorbed decreases, indicating an unfolding which
increases the specific interfacial area of the protein as pH
decreases.

Structural studies of adsorbed proteins

No method currently exists which enables the direct measure-
ment of the conformation of proteins in an adsorbed state. Only
two methods are suitable for the determination of the tertiary
structure of the proteins, and neither can be employed when pro-
teins are adsorbed. One method, X-ray diffraction, necessitates
the preparation of protein crystals, which is impossible for
adsorbed proteins. The other, NMR spectroscopy, is confined
to molecules with a sufficiently high tumbling rate to obtain

1.5

100

Maximum amount of
BSA adsorbed (g.g™")
N
o
(%) paoeldsip ,UIN

Methods
03F NMR spectroscopy: 0 @ 120
UV absorption: m o
0.0 1 L L . O 0
2 3 4 5 6 7

pH

Figure E3 Effect of pH on the maximum amount of bovine serum
albumin adsorbed on montmorillonite and on the clay surface coverage
followed by the release of Mn®" on protein adsorption. This figure
illustrates the maximum adsorption at the isoelectric point (i.e.p.), the
decrease of the surface coverage of the clay above the i.e.p. and the
unfolding of the protein below the i.e.p. (modified after Quiquampoix
and Ratcliffe, 1992).

narrow line widths, a condition not compatible with the adsorp-
tion on a surface larger in dimensions than the protein itself. In
addition the determination of a tertiary structure has a sense only
if all the protein molecules have the same structure. In reality it
seems probable that the proteins are adsorbed in multiple states
(Horbett and Brash, 1987).

For these reasons the secondary structures (a-helices, ff-sheets,
random parts) are probably the higher order structures on which
information can be obtained. Circular dichroism (Kondo et al.,
1991) and infrared spectroscopy (Tarasevich et al., 1975;
Quiquampoix et al., 1993; Baron et al., 1999; Servagent-Noinville
et al., 2000; Noinville et al., 2004) have been applied to the reso-
lution of these structures for protein adsorbed on mineral surfaces.
Circular dichroism can be used only for the study of adsorption on
very small mineral particles due to problems arising from light
scattering effects. Kondo et al. (1991) have studied by this techni-
que the modification in a-helix content of proteins adsorbed on
ultrafine silica particles (diameter of 15 nm) and found a greater
decrease for the proteins whose adiabatic compressibility is high,
i.e., whose flexibility of the structure is high in water. For example
BSA retained only 60 to 80% of its native o-helix content,
depending on pH. Infrared spectroscopy does not suffer from light
scattering perturbations and has thus been used for the study of the
adsorption of BSA on montmorillonite. A decrease in the a-helix
content and an increase in intermolecular f-sheet content have
been observed for the BSA by FTIR investigations (Servagent-
Noinville et al., 2000; Quiquampoix et al., 2002).

Intercalation of proteins between clay sheets

The suspected protective effect of protein intercalation in clay
interlayer position (Loll and Bollag, 1983) has led to a vast
number of studies by X-ray diffraction on d(001) spacing of
clay-protein complexes (Mc Laren et al., 1958; Armstrong and
Chesters, 1964; Albert and Harter, 1973; Harter and Stotzky,
1973). Early interpretations of these results were that the pro-
teins could penetrate between the interlayer spaces by a process
of lateral diffusion (Mc Laren et al., 1958). However such a pro-
cess is not compatible with the strong, largely irreversible aspect
of protein adsorption, which implies a large activation energy for
surface diffusion (Norde, 1986). A more convincing process of
intercalation has been proposed (Larsson and Siffert, 1983),
where adsorption of proteins occurs on the external surfaces of
the clay, but the shear stress induced by the stirring of the sus-
pension may induce an opening of tactoids exposing a new clay
surface which is then free to interact with a clay surface already
bearing a protein monolayer.

However the above mechanism does not consider the possi-
bility of intercalated bilayers of proteins, thought by some
authors to occur at high protein:clay ratios (Armstrong and
Chesters, 1964), therefore a slight improvement could be sug-
gested. Figure E4 compares the evolution of Mn*" release on
adsorption of BSA on montmorillonite by a NMR method
and the quantity of BSA effectively adsorbed as determined by
a classical depletion method (Quiquampoix and Ratcliffe,
1992). Since both breaks in the slopes of these parameters occur
at the same protein:clay ratio, it could be concluded that at
the maximum of adsorption a monolayer of protein is formed.
Multilayer formation would have led to a break in the protein
adsorption measurement at a higher protein:clay ratio than for
the cation release measurement which represents the surface
coverage.

Thus the evidence of multilayers obtained from X-ray diffrac-
tometry may arise from an artifact introduced by the dehydration
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process. At high protein:clay ratio, monolayers are nearly com-
plete, on dehydration two monolayers will be brought into con-
tact, resulting in an interlayer space corresponding to a bilayer.
If the protein:clay ratio is low, the monolayers are not complete
and the dehydration could lead to an apparent monolayer as a
protein molecule adsorbed on a clay surface is unlikely to find
a counterpart on the other clay surface. Finally it should be
emphasized that the above mentioned unfolding of proteins at
pH < i.e.p. will probably reduce the basal spacing of the clay-
protein complexes and the drastic manner of dehydration
commonly employed, heating at 110 °C or even 200 °C, could
introduce an additional artefactual denaturation of the protein.
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Figure E4 Effect of the addition of bovine serum albumin on the
release of Mn?", as detected by its line broadening effect, A,;,, on
orthophosphate by NMR, and on the UV absorption A, of the
protein. When present, the montmorillonite suspension is at 1 g dm™,
pH 4.65. This figure illustrates the progressive completion of a protein
monolayer on the clay surface (modified after Quiquampoix and
Ratcliffe, 1992).

Consequences of electrostatic interactions on

enzyme activity

Two main hypotheses have been proposed to explain the shift
of the optimal pH of the catalytic activity of enzymes adsorbed
on negatively charged surfaces such as clay minerals.

The first hypothesis considers that the pH in the region of the
active site of the adsorbed enzyme is lower than the pH in the
bulk of the solution which is effectively measured with a glass
electrode and this explains the observed shift (Mc Laren and
Estermann, 1957; Durand, 1964; Goldstein et al., 1964; Aliev
et al., 1976; Douzou and Petsko, 1984). Indeed the negative
charge originating in the isomorphic substitution in the crystal-
line lattice of the clay is compensated by cations, including pro-
tons, which make up a diffuse double layer, and thus the activity
of the protons near the surface is higher than in the bulk. But this
hypothesis has three serious drawbacks.

1. The shift in the optimal pH of activity should give rise to a
higher rate of catalytic activity for the adsorbed enzyme than
for the enzyme in solution in the alkaline range of pH. This
has never been observed. When the absolute values of cataly-
tic activity are reported, they invariably show that the values
for the adsorbed enzyme are contained in the envelope
of the values for the enzyme in solution (Aliev et al., 1976;
Quiquampoix, 1987a; Quiquampoix, 1987b; Quiquampoix
et al., 1989; Leprince and Quiquampoix, 1996). Figure E5
illustrates this fact. A misleading presentation of the results
which is partly responsible for the popularity of this hypoth-
esis in soil science and biotechnology is the normalization
of enzyme activity values to the maximum value attained for
each case, free and bound (Mc Laren and Estermann, 1957;
Durand, 1964; Goldstein et al., 1964; Douzou and Petsko,
1984). This masks the occurrence of the general decrease in
catalytic activity.

2. The hypothesis implies that the conformation of the
adsorbed enzyme is similar to the conformation of enzyme
in solution and can act as a “molecular pH-meter”. Ample
evidence to the contrary has been presented above.

Aspergillus niger
1.25

1.0

0.75

V(nmol -s™")

0.5

0.25

0.0

_-In solution

With
_ .. montmorillonite

pH

Figure E5 Effect of pH on the activity of Aspergillus niger f-D-glucosidase in solution (A), in presence of montmorillonite (B) where both the
activities of the free and of the bound enzyme are measured, and in the supernatant (C) where the bound fraction has been eliminated by
centrifugation. This figure illustrates the absence of pH shift effect on absolute values of catalytic rates (modified after Quiquampoix et al., 1989).
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Figure E6 Effect of pH on the relative catalytic activity R in the adsorbed state and on the relative quantity F in the non-adsorbed state of two
p-D-glucosidases from Aspergillus niger and sweet almond. This figure illustrates the unfolding of the enzymes due to electrostatic attraction at low
pH, the decreased adsorption due to electrostatic repulsion at higher pH, and the variability of adsorption and stability properties of enzymes
according to the species which produces them (modified after Quiquampoix et al., 1989).

3. Finally the basis of this theory is far from being assured
since, as some authors have pointed out (Rouxhet, 1990;
Rouxhet and Mozes, 1990; Fletcher, 1991), the tendency
of a proton to react with the active site of the enzyme is
not given by the proton activity but by its molar free
enthalpy, namely its electrochemical potential:

W= o+ RTW[HT] + Fy

And since the system is in a state of thermodynamical equi-
librium, the molar free enthalpy of the proton is the same in the
bulk of the solution and at the clay surface.

The second hypothesis is based on evidence of
pH dependent modifications of protein conformation.
Figure E6 can be used as an illustration of this hypothesis. An
Aspergillus niger f-D-glucosidase exhibits decreasing relative
activity, R, defined as the ratio of activity in the adsorbed state
and activity of an equal amount in solution, with
decreasing pH. The attractive electrostatic interactions between
the positively charged protein and the negatively charged clay
surface, which lead to the unfolding of the enzyme, play a major
role. The fraction of the enzyme, which is not adsorbed, F,
increases with increasing pH. Again electrostatic forces are the
main determinant of this behavior, but this time between a nega-
tively charged enzyme and the negatively charged clay surface.
The Aspergillus niger f-D-glucosidase is an example of enzyme
for which electrostatic interactions probably completely regulate
the interactions with clay surfaces. Figure E6 shows also results
obtained with a sweet almond f-D-glucosidase, for which R and
F do not reach 100% when pH increases. Interactions of another
nature are probably implied in addition to the electrostatic ones
to explain this observation and will be presented later.

Irreversibility of the structural alteration of

adsorbed enzymes

Further evidence for the theory of the pH-dependent modifica-
tion of conformation of adsorbed enzymes which relies purely
on catalytic activity measurements, and which is independent
of the information obtained by the physical methods presented
above, can be obtained. Figure E7 shows the effect of the adsorp-
tion of an enzyme at a given pH followed by the measurement
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Figure E7 Effect of the pH of adsorption on montmorillonite on the
pH profile of activity of sweet almond f-D-glucosidase. This figure
illustrates the irreversibility of the unfolding of the enzyme at acid pH
(modified after Quiquampoix, 1987a).

of'its catalytic activity on a wider range of pH. It can be observed
that, the lower the pH of adsorption on montmorillonite, the
lower is the measured catalytic activity of the enzyme at a given
pH. This result cannot be explained by the surface pH effect
since, according to this theory, no lasting effect of the pH at
the moment of adsorption should be detected when the catalytic
activity is measured at another pH. The change in activity cannot
therefore be due to a modification of local pH.

Conversely, a modification of conformation is compatible
with this observation, since the higher extent of unfolding at
the lower pH values creates a higher number of contact points
between the protein and the clay surface. The consequence is
that, in order to return to its original conformation, the adsorbed
enzyme would require an energy of activation corresponding to
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the energy of adsorption of all the additional amino acids
brought into contact with the solid surface. It is likely that this
activation energy is higher than the thermal energy available to
the system.

Effect of the hydrophobicity /hydrophilicity of the
surfaces on enzyme activity
Adsorption of proteins on artificial organic surfaces is known
to involve hydrophobic interactions (Norde, 1986). The occur-
rence of this type of interaction can also be shown on some
mineral surfaces. Figure E8 shows the destabilizing effect of
different surfaces on a sweet almond f-D-glucosidase confor-
mation as estimated by the effect on its relative activity R. It
can be observed that the minimal destabilization of the enzyme
structure is obtained with adsorption on goethite in a citrate
buffer (Quiquampoix, 1987a). This surface is hydrophilic and
with a low electric charge due to the complexation of the citric
acid with the hydroxyls of the oxide surface. The occurrence of
hydrophobic interactions is shown by the larger destabilizing
effect of the uncharged hydrophobic talc surface (Quiquampoix
et al., 1989). Compared to the goethite and talc surfaces, the
negatively charged surface of montmorillonite confirms the
strength of electrostatic interactions since the most important
denaturation of the enzyme structure is observed on this surface
at pH below 4 when the enzyme bears a net positive charge.
An interesting additional observation is that the effect of an
increase of the ionic strength does not suppress the unfolding
of the enzyme at pH below 4, as could be expected for an elec-
trostatic interaction. The absence of an effect of the ionic
strength on the interaction between a cationic polymer and a
negatively charged surface has been observed with the adsorp-
tion of ammonium substituted galactomannans (Gu and Doner,
1992) on illite surfaces and has been attributed to a surface
charge neutralization of the negative charge of the illite which
is independent of the ionic strength. In contrast the anionic
carboxyl substitued galactomannans (Gu and Doner, 1992) show
an adsorption behavior dependent on the ionic strength, like
the adsorption of the sweet almond f-D-glucosidase above its
ie.p. (Quiquampoix, 1987a). Thus attractive and repulsive
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Figure E8 Effect of different mineral surfaces on the relative activity R
of adsorbed sweet almond f-D-glucosidase. This figure illustrates the
increasing destabilizing effect of a hydrophilic surface (goethite), a
hydrophobic surface (talc) and a negatively charged surface
(montmorillonite) on enzyme conformation (modified after
Quiquampoix, 1987a).

electrostatic interactions between polymers and clay surfaces
seem to show different sensitivities to the ionic strength.
Finally the relative activity of the enzyme on montmorillo-
nite at high ionic strength and high pH is similar to that
observed on the hydrophobic talc. The decrease in the repulsive
electrostatic interactions and the fact that the hydrophilic nature
of the montmorillonite surface is due to the hydration proper-
ties of the exchangeable cations, and not to the siloxane surface
which is hydrophobic (Chassin et al., 1986; Skipper et al.,
1989; Bleam, 1990; Jaynes and Boyd, 1991), are two factors
which may explain this convergence. Additional evidence for
the occurrence of hydrophobic interactions between proteins
and montmorillonite surfaces is the increase in adsorption when
proteins are methylated (Staunton and Quiquampoix, 1994).

Interfacial competition of adsorption of enzymes on
natural clay-humic complexes

The real situation in soil is not represented by the presence of
“clean” uncoated mineral surfaces as adsorbent surfaces for
enzymes, but by the presence of organo-mineral complexes,
and above all clay-humic complexes (Theng, 1979; Fusi et al.,
1989; Rao et al., 1996). The heterogeneity of the soil organic
matter is such that the study of better-defined artificial clay-
organic complexes is helpful to understand the mechanisms
implied.

Figure E9 shows the effect of different clay-organic com-
plexes on the relative activity of a sweet almond -D glucosi-
dase. The lysozyme-montmorillonite complex involves a
protein with a high i.e.p. (11.7). For this reason it is strongly held
on the clay surface and renders the surface electropositive. As a
result there is no evidence of the un