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The solution 1eached predicts that phosphate should move no deeper than | meter
after ten years, and the shallow well is at no immediaie risk from phosphate contam-
ination.! Nitrate contamination of the well would, however, be likely because NO3
is a very mobile anion.

9.3. PROPERTIES OF INDIVIDUAL ELEMENTS IMPORTANT IN SOIL

A description of the most important properties of elements of interest, because they
are essential for (or toxic to) life, is given in this section. A preliminary outline of
biological function and level of toxicity is provided in Table 9.1. Those elements
lisied in the table that are more toxic to animals than to plants present the most
insidious hazard to human health because the elements may accumulate in appar-
ently healthy plants to levels that are poisonous to bumans and animals. That is, for
such elements the plant fails to play the role of a biological alanmn that would warn
of toxicity. The rating of elemental phytotoxicity in Table 9.1 sbould net be contused
with the actual likelihood or frequency of toxicity in the field. For example, man-
ganese is rated to have a fairly low iotrinsic toxicity to plants, yet its toxicity is com-
monly seen because very high Mn?* concentrations can develop in wet soils. In con-
trast, chromium and lead are rated as more pbytotoxic, but they are penerally so
insoluble in soils that toxicity from these metals is rarely seen.

The chemistry of the elements Iisted in Table 9.1 is now discussed in more detail,
excluding Fe and Al, which have been dealt with in some detail throughout the text.
The parts per million (ppm) unit is used to report total elemental content by weight
in the dry soil, and is equivalent to micrograms of the element per gram of soil {ug/
g). These reported contents are averages given by Kabata-Pendias and Pendias (1984)
for soils that were selected to try to avoid polluted sites. Being averages, they indicate
typical contents but do pot reveal the actual wide variation of elemental concentra-
tions that can be encountered in some regions of the world. The following approxi-
mations may be useful in converting the reported contents to practical units:

1 ppm = 2 pounds of element per acre of soil (6 inches deep)
== 2 kilograms of element per hectare (15 cm deep)

o

9.3a. Silver

The only stable oxidation state of Ag in aerated solutions is +1. The Ag* cation,
having a very large radius, does not hydrolyze 10 AgOH until quite high pH. Ag.0
precipitates at high pH, reaching minimum solubility near pH 12, The important
soluble form of Ag in the pH range of most soils is, therefore, the Ag* cation. At very
low pH, the element has medium mobility in soils, sorbing selectively on clay
exchange sites, humus, and oxides. At neutral or alkaline pH, Ag has very low mobil-
ity because chemisorption on minerals and organic matter is favored at higher pH.

1. Possible complicatipg fectars in this analysis include the regeneration pbenomenon, which would
restrict P movement even further than predicted, and channel flow of water, which might allow some
P 10 reach the well before all of the soil volume above had encountered P.
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Table 9.1. Bialogical Function and Toxicity’ of Importat Trace Elemenis
Element Riological Function Phytotouicity® Mammalkisn Texicity
Ag Nome known H H
Silver {5-10)
Al May activate succinic dehydrogenase M L
Aluminum (50-200)
As None known in animals. Constituent of MH H
Arsenic phaspholipid in algae and fungi (5-20)
B Essentiatl to plants. Phosphogluconate M L
Boron constitucnt (50-200} .
Ba None known L H
Rasium {500y {sotublc forms)
Be None known MH 3]
Berylliom {10-50)
Cd None known MH H
Cadmiom {5-30) Cumulative poison
Co Essential for mammals. Cofactor in MH M
Cobalt sumerous enzymes. Role in symbiotic (15-50)
N, fixation
Cr May be involved in sugar metaboliom in MH H(Cr*)
Chromium mammals (5-30) M(C**}
Cu Essential 10 all organizms. Cofactor in MH M
Copper redox enzymes, O;-transport pigments (20-100)
F Sirengihenstecth in mammals LM M
Fluarine {50-300)
Fe Essential to all orgamisms. Cofactor in L L
iron many enzymes, heme proleins {>1000)
Hg None known H H (soluble or
Mercury {1-3) volatile forms). *
Cumulative poison.
Mn ‘Essenthal to alf osganisms. Cofactos in M M
Mangancse numecrous cazymes. Invalved in HyO- (300-500)
splitting reaction of photosynthesis.
Mo Esscatial s aimost alt organisms. Enzyme M M
Molybdenum  eofactor in N, fixation and NO; (10-50)
reduction
Ni None known in mammals, May be essential MM M
Nickel to planis. Found in wease enzyme {£0-100)
Pb None known M H
Lead (30-300)  Cumulative poison
Sb None known M H
Antimony (150)
Se Essentisl to mammals and some plants MK H
Soleniug (3-30)
T None knoswn MEH H
Thallium (20)
v Roquired by green algae; may be involved H H
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Table 8.1, {continved}
Element Biolegical Function Phytotoxicity’ Memmalian Toxicity_
Vanadium in N, fixation. Porphyrin snd heme {5-10)

constitwent
Zn Essentin] to afl omganisms. Cofactor in LM LM
Zinc BUMENOUS ENZYMCS {100-400)

“Leniers rate the elemental toxfcity as low (L), moderase (M3, and high (H).

SNumbers in parenthescs denote the concentration of clemenl in leaf fissue (up/y dry weight ar ppm) that shows
taxicity io plimts that exe ncithes highty sensitive or tolerant {data fron) Kabatz-Pendizs znd Peadias, 1924).
Sourre: Adapted from J. E. Hutcey. 1972. Inorgawic Chemistry. New York: Rorper & Row,

The Ag* ion is a “sol” acid, displaying an extremely high affinity for “sof™
bases, particularly S-containing ligands such as sulfhydryl and sulfide. To the extent
that soil organic matter contains sulfhydryl groups, Ag* should associate strongly
with the organic fraction of soils. In anaerobic 50il environments, sulfide precipitaies
Ag* into highly insoluble solids, and Ag mobility is very low,

Peaty soils can have Ag contents exceeding | ppm. Much higher levels of Ag (>

10 ppm} are generally an indication that the soil has been polluted by human activ-
ities such as mining.

Soil Ag (range of means, worldwide) = 0.03 10 8 ppm

9.3h. Arsenic

The most probable cxidation states of As in soil environments are 43 and +5,
although the —3 and 0 oxilation states are at least possible in strongly reduced soils
and sediments. Arsemite (3), which takes various forms such as As(OH),,
AS(OIT), AsO,{OHY ", and AsO}~, is the reduced siate of As that is most likely to
be found in anacrobic soils. Arsenale (+5), AsO}™, the oxidized state, is stable in
agrahic soils, _ ;

Arsenate has chemical betavior similar to that of phesphatc in soils; i1 is chem-
isorbed by Fe and Al oxides, noacrystalline aluminosilicates, and, to a smafler extent,
layer silicate clays. Being the anion of the strong acid, H,AsO,, with pK, values (2,24,
6.94, and 11.5) similar to those of phosphoric acid, arsenate adsorbs most effectively
at low pH, Consequently, its mability is fairly low in acid soils with high clay or oxide
content. In neutral to alkaline soils, especially those that are sodic, As may be mobile
in the soluble Na arsenate form. Soil microbes and Ma oxides are able to promote
the oxidation of arscnite to arsenate under acrobic conditions.

Bascd om Chamical aiguments, aisehiic migbi be expecied to adsord more
stcongly on clays and oxides than arsenate (see Chapter 4). However, A<{OH),
behaves fike boric acid, forming the anion only at high pH:

AS(OR), + 1,0 = AgOHY, + H*  logK = --9.29
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The weax acidity of As(OH), causes adsorption of arsenite on oxides and soils to be
weaker than that of arsenate, at least when the pH is below 7. Like borate, arsenate
appears Lo adsorb most effectively in the pH 7 to 9 range,

In soils that are poorly drained, once anacrobic conditions are eslablished, both

- wrsenate and arsenite can be released into solution by 1he dissolution of Fe and Ma

oxides. Subsequently the desorbed arsenate is reduced to arsenite, which eventually
s converted 10 insotubte forms (McGechan and Naylor, 1992). Thus, As solubility
may first increase and then decrease if anacrobic conditions are maintained. This
reaction scquence explains the fact that the floading of soils has been reported to
increase As solubility, whereas increasi ng the redox potential of flooded soils has gen-
erally revfuced As avai tability to plants.

Several comipeting processes are evidently involved when soils remain anacrobic
for extended periods. Sulfides formed under anaerobic conditions may co-precipitate
As in s lower oxidation state, a consequence of the chalcophilic tendencies of this
element. However, volatile alkylarsene compounds may also form under strongly
reducing conditions, causing loss of some As from the soil. The various biological
and chemical icansformations that interact 1o control solubility, mobility, and avail-
abilily are diagrammed in Figure 9.8

Amendments of ferrous salis, which oxidize 10 Fe(OR); in soils, and calcite
{lime), which sorbs arsenate and su pplies Ca™ to form Ca agsenate precipitates, seem
to dinninish the level of toxicity of As in soils.

Sail As (range of means, workiwide) = 2.2 tg 35 ppm

Soil As (range of means, U S) = 3.6to 8.8 ppm
Volatile Methylated
Arsenic Compounds
A;Ha .
1
. melhylati i
ASOY el HC-As-OH -8~ (HC). AsO

..............

~ MO As

metlwiation

Figure 9.8. Biological and chemical transformalions of arsenic in the soil. Broken
arrows denate the oss of volatile forms of As 1o the atmosphere or \he air-filled
pores of the soll. {Madified from B, £. Davies. 1980, Trace element pollution. i B. E.
Davies {ed.}, Apptied 5oif Trace Elements. New York: Wiley)
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9.3c. Boron

Boron eccurs in solution as boric acid, B(OH),, which is a very weak acid, but instead
of donating a H* like most acids, it accepts an OH™ to convert to borate at high pH-

B(OH), + OH™ = B{OH); K = 10~

Thus, B(OH), is a Lewis acid rather than a Broosted acid (see Chapter 1). Because-
boron adsorbs most effectively in the pH 8 to 9 range on Al and Fe oxides and silicate
minerals, its availability is gencrally low in coarse-textured, acid-leached soils and jn
calcarcous soils. Deficiency in acid soils is the result of boron depletion by leaching,
while deficiency in calcareous soils is cavsed by strong adsorption and precipitation
as relatively insotuble Ca borate salis, In contrast, B toxicity is most commonly found
in alkaline soils of arid regions; these soils often contain high levels of Na* which
forms quite soluble borate salis, A lack of rainfall allows soluble borate to accumulate
to phytotoxic levels.

Boron is rated as a quitc mobile clement, leaching out of soils in bumid climates
and concentrating in the surface soil in arid and scmiarid climates. In some soils, 3
latge fraction of the total B is extractabic by water,

Soit B (range of means, worldwide) = 9 10 85 ppm
Soil B {range of means, 11.S)) = 20to 55 ppm

9.3d. Barium

Barium_ occurs only in the + 2 oxidation stale, associating geochemically with feld-
spars and biotite micas in soils. It substitutes readily for K* in these structures
because of the similar ionic radii of the farge Ba®™ cation and K*. As soils weather,
the released Ba®* can be immobilized by precipitation with sulfate or carbonate, or
by “fixation” on high-charge layer silicate clays such as vermiculites. Clay exchange
sites and humus show 2 high cation cxchange selectivity for Ba!* over more strongly
hydrating cations such as Ca®* and Mg?*, Conscquently, barium is rated as a rather
immobile element in soils. s average concentration in soils is higher than that of
most of the trace elements.

Soil Ba (range of means, worldwide) = 84 10 838 ppm
Soil Ba (range of means, U.S)) = 265 to 835 ppm

9.3¢. Berylium

Beryllium in soils exists in the + 2 oxidation state only. lis chemistry in soil solition
parallels that of AP*. The frce cation, Be?*, predominant below pH 6, but as the
pH is raised, soluble Be-hydroxy species form (e.g., BeOH*, Bo(OHY, Be(OH)?) as
Be(OH), begins 10 precinitate. Be{OVH), reaches its minimssm solubility pear pI3 3,
because at higher pH the soluble anions, Be{OH); and Be{OH};", raise the solubility
of toal Be,

In soils of low pH, Be chemisarbs on surfaces as the cation, and is known to
complex particularly strongly with organic matter, Since Be!* is the smallest of all
mietal cations, it has the potential to form a very strong ionic bond with the abundant
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33 ENVIRONMENTAL CHEMISTRY OF SOILS

negatively charged functional groups in organic matier. In soils of neutral to slightly
alkaline pH, hydrolysis reactions of Be'* form hydroxy cations and solid Be(OH),,
further reducing Be solubility. Mobility of Be in neutral to alkakine soils is conse-
quently low. In very alkaline soils, sotuble anionic Be-hydroxy and Be-carbonate
complexes form, and the element may be mobilized to some degree.

Soil Be {range of means, US) = {.210 2.1 ppm

9.3f. Cadmium

Cadmium is a chatcophile, associating geochemically with Zn in the sulfide minerals
of racks. The oxidizing conditions of weathering in soils release Cd as the soluble and
mobile Cd** {on. This cation is even more soluble than Zn** in acidic oxidizing solu-
tions, and is rated as having medium to high mobility in well-drained acid soils. The
high mobility is attributable to the fact that Cd** adsorbs rather weakly on organic
matter, silicate clays, and oxides unless the pH is higher than 6. Above pH 7, Cd**
can co-precipitate with CaCO, or precipitate as CdC0,, and Cd phosphates nay limit
solubility as wetl, Therefore, mobility and bicavailability of Cd in neutral to alkafine
soils is low. Liming acid soils is an effective means of limiting uptake of Od by planis,

In comtinuously waterlogged soils, the low sotubility of CdS resulls in Jow mobil-
ity. This fact can be used 10 advantage in severely contaminated soils to limit bio-
availability, Well-draincd sois polluted with Cd often allow hazardous levels of Cd
uptake by crops; the same soils flooded for rice production allow much less uptake
by that erop.

Cienerally, Cd concentrations in soils exceeding 0.5 ng/g are considered to be evi-
dence of soil paltution from one of a number of possible sources: industry {mining,
metallucgy, etc.), proximitly to highways, high-Cd phosphate fertilizers, or sewage
studge application. Nevertheless, natural geochemical processes have been known to
concentrate Cd in sucface soils. Like Hg, Cd tends to accumuiate in peaty aoils by
precipitation in sulfide minerals, and Cd levels may also be high in poorly drained
soils or soils of arid and semiarid climates. This has created a problem in some irri-
pated farming regions where the climate is too dry for lcaching to deplete naturally
high levels of Cd in the soil. The combination of generally high bicavailability in
soils and very high toxicity to animals and humans has made Cd the element of
greatest concern in considering the value of sewage studge as a soil amendment.

Soil Cd (range of means, worldwide) = 0.06 1o 1.1 ppm

9.3g. Cobalt

Cobalt occurs in two oxidation states in so0il, +2 and +3, but Co?t is the dominant
form in soil solution. This metal associatcs preferentially with Fe and Mn oxides
because of chemisorption and co-precipitalion. There is evidence that, on Mn oxides,
Co? s oaidized and sisongly bound us Co®* . Consequentiy, strongly oxidizing con-
ditions in the soil are likely to favor the adsorption of cobalt. As the soil pH is raised,
Co solubility decteases because of increased chemisorplion on oxides and silicate
clays, complexation by organic matter, and possibly precipitation of Co{OH),.
Organic matler complexes with Co?* are fairty labile, so that organically bound Co?*

TRACE AND TOXIC ELEMENTS IN SONS
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is bioavailable. Cobalt is considered to be somewhat mabile in acid soils, but less 30
as the pH approaches neutrality. Ender strongly reducing conditions, the formation
of Co sulfides can restnct mobility. .

Cobatt toxicity is occasionally found in high-Co soils formed from serpentinite
and other ultrabasic rocks. Deficiency is most likely in coarse-textored, acid-leached
soils; alkaline or calcareous soils; and humus-rich soils. Extractability by strong acids

can range from very little (<< 1%) to a large fraction {>30%) of the tetal Co, depend- .

ing on the forms of Co in the soil.

Soil Co (range of means, wosldwide) = 1.6 to 21.5 ppm
Soil Co (range of means, U.S.) = {0 17 ppm

9.3h. Chromium

Chromium in soils petentially oocurs in the + 3 (chromic) oxidation state as the O+
cation, and in the +6 oxidation state as chromate, CeO?!™, However, soil conditions
generally favor the Cr'™ form, a very immobile cation that complexes stron gly with
organic matter and chemisorhs on oxides and silicate clays, even a1 quite Jow pHl.
Furthermore, Cr'* readily substitutes for Fe'* in minesal structures, and precipitales
as insoluble C{OH), at higher pH. The chromic form is, therefore, very immobile
tn most soils and generaily unavailable to plants, at beast if the soil is not excecdingly
acid,

At higher pH, a small fraction of the Cr** in soils can be oxidized to chromate,
CrO7", a very 1oxic form of chromium. This oxidation is promoted by Mo oxides.
Chromate adsorbs less strongly than Cr'*, and the mability and bicavailability of this
anion is consequently higher. Generally, however, if pollutants containing chromate
are applied to soils, most or all of the chromate is spontancously recuced to Ce*,
especially under acid conditions and with organic matter present. Organic matter
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supplies reducing agents and complexing groups, stabilizing the chromic form. The

soil therefore has the ability (o detoxify chromate and immobilize the element.

Chromium is rated as an immobile element, most of which is difficull to extract
from soils even by aggressive chemical agents. Toxicity of Cr to plants is occasionally
seen in unusvatly Crerich soils formed from the parent rock, serpentinite, or under
high pH conditions favorable (o Cr** oxidation.

Seil Cr (range of means, woridwide) = 7 to 221 ppm
Soil Cr (range of means, U.S) = 20 to 85 ppm

9.3i. Capper

Copper occurs in soil solids and solutions almost exclusively as the divalent cation
Cu™. However, reduction of Cu® {eupric) to Cu* (cuprous) and Cu® {metallic cop-
per) is possible under reducing conditions, especially if halide or snlfide inns (“anf*
bases) are present to stabilize Cu* (a “sof\™ acid). Copperis classified as a chalcophile,
owing (o ils tendency 10 associate with sulfide in the very insoluble minerals, Cu,S
and CuS. In reduced soils, then, copper has very low mobility. Most of the colloidal
maierial of soils (oxides of Mn, Al, and F, silicate clays, and humus) adsorb Cy*
strongly, and increasingly sn as the pH is raised. For soils with high Cu accumula-

S



332 ENVIRONMENTAL CHEMISTRY OF SOILS

tions, ., ccipitation as cupric hydroxide, oxide, or hydroxy-carhanates (malachite and
azurite) is possible above pH 6. The frace quantities of Cu found naturafty in most
soils are probably widely dispersed on sorption sites and within structural (octahe-
dral) sites of oxides and silicates, Organically complexed Cu?* is bound more tightly

than any other divalent transition metal; this fact is most evident at fow metal load. .

ngs in humus when very selective complexing groups (amines or polyphenols) are
involved. Lability of these complexes is rather low, limiting bioavailability. For this

_ teason, farmers have been able fo apply large amounts of Cu saks to organic seils
over lime wilhout causing toxicity to crops.

Because of the high affinity of Cu?* for soil colloids, copper is rated a low-mobil-
ity element in mear-neutral soils. It builds up in the surface of contaminated soils,
showing virtually no downward migration. In more alkaline soils, while free Cu?*
solubility is exceedingly low, sotuble complexes of Cu’* (most importantly hydroxy,

carbonate, and organic matter complexes) form and increase the total copper soly- -

bility. Consequently, mobility may be significant under high pH conditions. Most of

the total dissolved copper in surface soils over a [airly wide range of pH, and partic-

ularly a1 higher pH, is in the form of Cu*-organic complexes.

Copper deficiencies are most common in soils that are peaty, acid-leached,
coarse-iextured, or calcareous. Soils with less than 8 ppm total Cu may be deficient
for crops.

Toxicity of natucal origin is found in suils formed from Cu sulfide-rich parent
rocks. especially when the soil is acid. Bioaccumwlation of Cu in humus followed by
episodes of reduction can concentrate the clement in sulfide form in natural wet-
lands. Because copper is not only phytofoxic but also a commonly abundant meiat

pollutant in waste materials, Cu in wastes such as sewage sludges is often the first
clement to limit land application.

Soil Cu (range of means, worldwide) = 6 to 8¢ ppm
Soil Cu (range of means, U.S.) = 14 t0 29 ppm

9.3j. Huorine

FRuorine occurs exclusively as the fluoride anion, F~, in soils, where it complexes
strongly with metals such as AI** and Fe®*. It is found in structures of hiydrous min-
erals, isomorphously substituting for structural OH -, Thus, F~ ¢an be found in
micas, amphiboles, layer siticate clays, apatite (rock phosphate), and sumercus other
mincrals. Because it is assaciated with clay struciures, the natural concenirations of
fluorine in fine-textured minera) soils and sedimentacy rocks caw be high.

The fluvoride ion chemisorbs on clays and oxides by Jigand exchange of surface
OH", a reaction favared at low pH and on oxide and silicate minesals of low crys-

tallinity. Fluoride, a “hard™ base, has a pasticular affimity for AP*, a “hard™ acid, -

Soluble Al'*-Ruoride cationic and anionic com plexes are quite siable, and can dom-
imie the speciation of dissolved alummum in low-humus soils. The mobility of Al
can be increased by the preseuce of F-; soluble comptex formation with Al may
cxplain the rather high solubility and mobility of F~ im acid soils.

In calcareous soils, F~ mobility is kow. Perhaps its sokebility is limited by incor-
poration into insoluble Ca minerals such as hydroxyapatite. &n sodic soils, F~ mobil-
ity is cnhanced by the fact that NaF is a very soluble sakt.

TRACE AND TOXIC ELFMENTS IN SOtLS ; i

Naturaily occuming F- associated with hydrous mincrals has low mobility
because it is occluded in structures. Airborne fluoride pollutants (from smelters, rock
phasphate fertilizer factories, ctc.) are, in contrast, easily dissolved or contact with ~
the soil. These forms of fluoride can be bicaccuraulated by plants before leaching,
sorption, or precipitation processes have a chance to lower sojubility.

Soil F (range of means, worldwide) = 73 1o 566 ppm
Soil F (range of means, U.S) = 205 to 465 ppm

9.3k. Mercury

This element is a chalcophile, and in unweathered rocks is most commonly found
as the mineral cianabar (HgS). In soil environments, the cationic form, Hg’*, is most
common, as the reduced oxidation state ( + 1} has s limited stability range. Reduction
to the metallic elemental form, Hg®. is casily achieved in soils by both biological and
chemical reactions. Elemental mercury is somewhat volatile, and the vapor is
extremely toxic to organisms, Under anaerobic conditions at least, soil microbes
methylate mercury, forming volatile organomercury compounds that are bioavail-
able and present & health hazard. At the same time, however, anaerobic conditions
can convert Hg** into the exceedingly insoluble sulfide, HgS. Some of the more
important transformations possibie for mercury in soil are summarized in Figure 9.9

B
H® g (CH, LHg
light™ {CgHg ), Hg :
4

4+ 2
Ho® e~ o] I
(CHg)Ho )
4 ’kf cng-lg*<—9-*l> CHHgOH
GHHg + HgS methylmercury
oI
CHJI:IQCI

Figure 9.9. Biological anid chemical transformations of mercury in the soil. Broken
arrows denote the loss of volatile forms of Hg 1o the atmosphere or the air-filled
pores of the soil. (Modificd from B. E. Davies. 1980, Trace element pollution. In B E,
Davies (ed.), Appfied Soil Trace Flomenis. New York: Wiley.)
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334 ENVIRONMENTAL CHEMISTRY OF SONS

Because of the complex chemistry of Hg, peneral statements about mobility arc
difficult to make. Acidic oxidizing conditions in soils tend to stabilize the +2 oxi-
dation state (Hg**), which complexes only moderatcly strongly with the predominant
functional proups of organic matter, phenolic and carboxylate groups. However, the
Hg™ cation is a “soft acid,” bonding very strongly with “sofy™ ligands such as sul-
hydryl and sulfide. The sulfhydryl ligand (—-5H) is a minor functional group in
humus (which typically contains less than 1% total sulfur), and yet may bind chal-
cophilic metal cations such as Hg'*, Cd**, and Pb**, Mobility of Hg*, then, is prob-
ably very seasitive to loading, with traces of Hg* being very immobile and higher
levels having medium mobility.

Adsorption of Hg'" on silicate clays and oxides is mare favorable at higher pH,
and hydrolysis of Hg'* causes the dominant soluble form to be Hp(OH)] above pH
4. The solubility of this neutral molecule is high enough to prevent precipitation from
lowering the solubility of mercury in He-contaminated soils to trace levels. Precipi-
tation of Hg(OH}, does, however, limit the activity of the free Hg'* cation to
extremely low values in the neutral to alkaline pH range. )

In reducing soil environments, the strong assaciation of Hg with sulfide creates a
situation of Jow mobility, although there is the danger that volatile forms of the clo-
ment can lead to some mobilization.

Mercury accumulation in soils tends to carrelate with the organic matier level,
The highest naturat Hg concentrations have been reparted in peaty and waterlogged
soils. Toxicity to organisms s usually attributable to soil conditions that favor the
production of volatile forms of Hg; evidently, Hg™ cations interact strongly cnough
with humus and clays to limit availabifity of this form to plants and animals.

Soil Hg (range of means, worldwide) = 0.02 to 0.41 ppm
Soil Hg (range of means, U.S.) = (1,04 to 0.28 ppm

9.3l. Manganese

Mangancese has three pessible oxidation states in soils, +2, +3, and +4. The mast
reduced form of M, the Mn®* ion, is the only stable form in soil solution. The Mn™
ion is a powerful oxidant that either dispropertionates to Ma** and Mn** or oxidizes
waler 1o liherate O,

Me* + HO = 2Ma** + 2H* + %0,

Neediess to say, Mn** has a very shont life in schution, but it can be defected in some
cases if complexing anions such as pyraphosphate, oxalate, or sulfatc are present to
stabilize it for a time,

Both Mn’* and Mn** are stable only in the solid phase of soils, where they form
insoluble oxide and hydroxiie minerals of variable structure and oxidation stalc {cg.
MnO., MnOOH, Mn;0,, NaMn,Oy). The Mn** jon is released from these snlide
by spontaneous dissolution or cation exchauge, especially under actdic or reducing
conditions. Release of Mn'* can also be detected in the presence of pyrophosphate,

Manganese solubitity is controlled by the redox potential and pH of the soil, The
Mn®* ion is a very soluble species in water, forming hydroxide and carbonate pre-
cipitates only at high pH (>7). However, as the pH is raised above 6 in soils,
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Mn**, despite being the most weakly complexing transition metal, bonds with
organic matter, oxides, and silicates and its solubility decreases. Small changes tn the
soil redox poteatial or pH can shift the Mn® —Mn oxide reaction, Low pH or low
E, (see Chapter 7) favors the reduction of insoluble Mnu oxides and an increased sol-
ubility of Mn?. As a resolt, Mp solubility within any particular soil can fluctuate
tremendously over time, sometimes ranging from deficient to toxic levels,

The mability of Mn defies classification bacause it is cxtremely sensitive to soil ©

conditions (acidity, wetness, biological acti vity, efc.). Toxicity to plants is most likely
in waterlogged scils or acid soils with low humus content. Deficiency is most often
found in soils that are saline and alkaline, calcareous, peaty, coarse fextured, or acid
leached, : ’

Total Mn in soils is highly variable and not closely related to the Mun content of
the pavent material, probably because of the tendency for cyclicat reduction-oxida-
tion to rapidly mobilize, then reprecipitate Mn as oxides in nodules and other depos-
its. Mn tends to associate with ferric jron in these deposits.

Soil Mn (range of means, worldwide) = 80 ta 1300 ppm
Soil Mu {range of means, 1).8.) = 260 to 840 ppm

9.3m. Molybdenum

Molybdeaum is primarily in 1he +6 oxidation state in soils, taking the form of the
molybdate anion, MoO3} ™. Protonation of this oxyanion, described by the rcaction:

MoO;™ + H* = HMoO; K = 10V

occurs at low pH. Molyhdate is chemisorbed in soils by oxides, noncrystalline alu-
minasilicates, and 1o a lesser extent, layer silicate clays, with sorption on all these
minerals increasing at lower pH. Consequently, Mo is feast soluble in acid soiis, par-
ticularly those containing iron oxides. The availability of adsorbed molybdate dimin-
ishes with time. Phasphate additions to soil may release molybdate from bonding
sites, increasing bioavailability of the element, Precipitation of Mo into pure phases
is constdered highly ualikely because of the very low concentration of the clement in
almost all soils,

Molybdenum has a high mobility in neutral or alkaline soils and medium maobil-
ity in acid soils. Liming soils is known to increase availability of the cJement. Faciors
controlting mobility in anaerobic soils are not understood. In one respect, the asso-
ciation of Mo in lower oxidation states with sulfide showld reduce its sotubility under
poor drainage. However, ponr soil drainage also leads to organic matier accumula-
tion, and there is circumstantial evidence that motybdate bonds with organic matter
by the same mechanism (hat borate does—via two adjacent OH groups such as
would be found in the polyphenols of humus. Humus-rich soils then accumulate Mo
as long as they remain poosly drained, because little Jeaching is occurving.

Moilybdenum is most commonty deficient in coarse-textured acid soils and low-
humus soils. Plant toxicity is associated with poor drainage and alkaline, calcareous,
clayey, or peaty soils.

Soil Mo (range of means, worldwide) = 1 to 3 ppm
Soil Mo (range of means, U.S.) = (.35 10 5.8 ppm
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9.3n. Nickel

The +2 oxidation state is the only stable form of nickel in soil envircoments. The
NP* cation is almost as clectronegative as Cu™; this fact and its electronic structore
favor the formation of complexes with Ofganic matter that are comparable in stability
io those of Cu**, Bioaccumulation of Ni in humus is pronounced, and fike Cu™,
Ni** favors bonding to “softer™ organic lipands containing nitrogen and sulfur, As
the smallest of the divalent tcansition metal cations, Nit* fits casily into octahedral
sites, co-precipitating readily into Mn and Fe oxides in soifs, Chemisorption on
oxides, noncrystalline sluminosilicates, and layer silicate clays is favorable above pH
6, but lower pH favors exchangeable and soluble Ni'*. Because sotubility decreases
markedly at higher pH, mobility of Ni, rated as medium in acid soils, becomes very
low in neutral 10 alkatine soils. Under reducing conditions, Ni** is incorporated into
sulfides that restrict mobility to very low levels,

Toxicity of Ni to plants is found in acid soils formed from serpentinite or other
ultrabasic rocks. High organic matter levels in Ni-rich soils can solubilize Ni** as
organic complexes, at least at higher pH. MNickel is a strongly phytotoxic element,
being several times more toxic than copper. Like copper, it cocurs commonly in
industrial wastes and sewage sludges at appreciable levels, and may reach levels woxic
to plants in waste-treated soils. '

Soil Ni (range of means, worldwide) = 4 to 55 Ppm
Sail Ni (range of means, US.)) = 13 to 30 ppm

9.30. Lead

Lead exists principally in the +2 oxidation state in soils, It is strongly chalcophilic,
occwrting primarily as £bS in rocks and becoming very insoluble in reduced soils
because of its precipitation by sulfide generated from sulfate reduction. Sulfhydoyl
groups, if present in humus, strongly compiex the Pb** cation. Under oxidizing con-
ditions, the Pb** ion becomes less soluble as soil pH is raised. Complexation with
organic matter, chemisorption on oxides and silicate clays, and precipitation as the
carbonale, hydroxide, or phosphate arc all favored at higher pH. In alkaline soils,
solubility may increase by formation of soluble Pb-organic and Pb-hydroxy comi-
plexes. The Pb** ien has & paticularly high affinity for Mn oxides, a fact perhaps
explained by Mn oxidation of Pb** to Ph**, a very insoluble ion. Lead is the least
maobile heavy metal in soils, especially under roducing or nonacid conditions.

As cxpected from the strong complexation of Pb** by organic matter, lead bioac-
cumulates in the humus-rich surface iayer of soils. Soils polluted at the surface with
lead deposited from aerial contaminants show little indication of metal Jeaching over
mawy years. Lead levels in scwage-sludge-treated soils are oonsiderably higher than
levels in most nalural soils because of the generally high concentratian of Pb in
wastes contaminated by old ninmbing and by varinne industcies

Most of the lead in soils appears to be unavailable to plant tops. Plant-absorbed
Pb™ concentrates in the roots, translocating very lttle from roots to tops as long as
the plant is actively growing.' Toxic effects of lead on plants have not often been

1. There is some evidence that Pb traaslocates readily from rots to tops as planis senesoe and die,
perbaps due i breakdown of membrane barriers 10 jon Wwansport.
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from the comtamination of plants by soil particlcs, and ingestion of soil by humans
and grazing animals. The risk of lead movement from soils fo edible plant parts is
believed to be low.

Soil Pt (range of mcans, worldwide) = 10 to 84 PpPm
Soi! Pb (range of means, US) = 17 to0 26 ppm

9.3p. Antimony

Anfimony has geochemical behavior similar to arsenic, as it occurs most commonly
in the +3 (antimonite) and +5 (antimonate) oxidation states and also tends 10 asso-
ciate with sulfides in rocks, sediments, and soils. In soil solutions, the Sb™ and Sb%*
oxidation stales are stable under reducing and oxidizing conditions, respectively.

In reducing soil solutions, Sb** is likely 10 have the form of the uncharged
SW(OH); molecule, except at very acid and alkaline pH where SWOH); converts into
the SH(OH); cation and SH{OH); anion, respectively. The oxide of Sb**, SbyO,, is
too soluble to timit solubility of the element except in highly polluted soils. The oxide
becomes more soluble below pH 3 and above pH 10.

In oxidizing soil solutions, Sh** is likely 10 form the anionic molocule Sb(OH);,
above pH 4, and SH{O)! in more acid solution. As an anjon, Sb{OH); may adsorb
by ligand exchange on oxides and sificate clays. Antimony associatcs with fernic
hydroxide in soils, perhaps a resuit of chemisorption of the anion on this mineral.

Antimony is 2 common poliutant of soils in industrial and mining sites. its
mobsility in soils is rated as medium, with reducing conditions associated with poor
drainage probably lessening mability,

Soil Sb (range of means, warldwide) = 0.19 10 1.77 ppm

9.3gq. Selenium

Selenium, & chalcaphile, tends to be associated with sulfide minerals in racks. Weath-
ering processes in the soil oxidize these very insoluble reduced forms, includi ng cle-
mental Se (Sc*), the selenides (Se?~), and selenium sutfides, to the more soluble sel-
enites (ScO5”) and selenates (SeO} ). With nuemerous oxidation states possible for Se
in soils, redox potential is a critical factor in Se behavior,

In allaline, oxidized soils, selcnates are the dominant form. These oxyanions
bond rather weakly to oxides and other mincrals, so that Se mobility in neutral to
alkaline soils is rated high. In slightly acid soils that are oxidized, selenites prevail,
showing lower mobility than selenates because of the ability of ScO}~ to chemisnrh
strongly on oxides and aluminosilicates and to precipitate as the insoluble ferric sol-
enite_ In wet acid or humerich eeils, the insclubl reduced fonms of Se end o
predominate, so that Se mobility and binavailability are very low. However, under
reducing conditions, biological methylation of Se is pussible, forming volatile com-
pounds that may mabilize the element,

The solubility and (otal content of Se in many soils is quite Jow, so that crope
often contain Se Jevels that could produce deficiencics in animals and humans. In
contrast, Sc ofien concentrates as the soluble and highly available selenate form in

.
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the surface soils of arid and semiarid regions. Plants can bicaccumulate this available
Se, creating a potential toxicity hazard to foraging animals, The geographic distri-
bution of Se in crop and forage plants of North America is, broadly speaking, low in
the humid regions of the northwest, northeast, and southeast and moderate to high
(sometimes toxic) in the arid and semiarid western plains. Yrvigation of arid-region
alkatine soils transports nafural selenate into dreinage water; this can contaminate
bodies of water with levels of St taxic to aguatic animals,

High Se levels arc ofien assaociated with poorly drained sites, and yet, as described
above, Se solubility is generally low under reduci ng conditions, Poor drainage allows
dissolved Se salts to accumutate at the surface by evaporation of water,

A farge (raction of Se in soils can be plant available and casily extractable, This
is the case lor nonacid soils, particularly calcareous ones, that ofien contain Se in the
relatively sotuble selenate form.

Soil Se (range of means, worldwide} = 005 to 1.27 ppm
Soil Se (range of means, USs.) = (.19 to 1.05 ppm

9.3r. Thallilum

In soil solutions, both the +1 and + 3 oxidation states of 'T1 arc possible as TP is
easily reduced to T1'. The TI** cation behaves somewhat Jike AP but hydrolyzes
cven more readily than AP*| and the insoluble oxide, TL,O,, forms at lower pH (<
2) and remains insoluble to higher pH (> 10) than Al,O,. Thus, maobility of the oxi-
dized form of T1 {+ 3) should bt very low due 10 precipitation and adsorption reac-
tions. The reduced torm of Tl {+ 1) has very different behavior, as the TIY ion acts
more like an alkaline metal such as K* or Rb*. This reduced form should have
higher mobility than TP under well-drained conditions, alfthough hxation of TI* on
clays may be possible. [n poorly drained soils, the reducing conditions may limit
soluhility and mobitity, since TY* is readily incorporated into sulhde minerals.

Soil T1 {range of means, U.S)) = 002 to 2.8 ppm

9.3s. Vanadium

Vaanadium in soil solutions exists predominantly in the + 5 and + 4 oxidation states,
as the vanadate anionic forms (VO,(0HY~, VO,{OH);, VO(OH, and more com-
plex polymeric anions), and as the vanadyl cation, VO**. However, the V** jon,
which is not stabk in aerated solutions, may substitute readily for Fe** in minerals
such as Fe oxides. The soil redox potential determines the oxidation state, and there-
fore solubility, with V having very high mobility and bioavailability in oxidized soils
that arc neutral (o alkaline. It is likely that vanadate anions bond on oxides and
siicates most cffectively at low pH, following the pattern of phosphate and many
other oxyanions, Conscquently, V solubility should be quite high at high pH, but
lower if the soil is more acid. Contnbuting to this trend is the fact that lower pH
favors chemical reduction of vanadate 1o vanadyl, a cation that behaves much liks
Cu'', complexing tightly with organic moltcr and chemisorbing on oxides and alu-
.minosilicates. As a result, the mobility of V under reducing or acid conditions is

probably moderate to low. Since there is evidence that humus promotes the rather

TRACE AND TOXIC ELEMENTS IN SORS

easy reduction of vanadate to VO, a low redox potentiat may not be necessal

immobilize V in organically bound form. In any event, # is observed that the element
tends 10 associate with humus in soils, ’

Yanadiom is found substituted into the structures of layer silicate clays as the
VO** (V**) ion, & form that must have very low bioavailability, Its tendency 1o sub-

stitute into oxides and layer silicates as V** (and perhaps V**) may account for the
correlation between clay content and total V content of soils.

Soil ¥ {range of means, worldwide) = 5 to 190 ppm
Soil V {range of means, us) = 38 to 136 ppm

- 9.3t. Zinc

As a chalcophile, zinc tends to accur as the sulfide mineral, sphalerite (ZnS) in rocks,
but weathers to the soluble Zn®* ion in the oxidizing cavironment of soils. The +2
oxidation siate is the only one possible in the soil, In acid, aecobic soils, Zn has
medium mobility, beld in exchangeable forms on clays and organic matter. At higher
pH, however, chemisarption on oxides and aluminosilicates and complexation with
humus lower the solubility of Zn** markedly. Consequently, Zn mohility in neutral
soils is very low. If soils are slightly alkaline, even though the activity of the froe Zn**
ion is extremely low, Zn-organic complexes can become soluble and raise mobility,
In strongly alkaline soils, Zn-hydroxy anions may form to increase sotubility,

[n soils contaminated by high levels of' Zn, precipitation of Za oxide, hydroxide,
or hydroxycarbonate may limit Zn?* solubility at pH 6 or higher. Co-precipitation
of Zn’* into octahedral sites of oxides and silicates is theoretically possible, although
the importance of this in soils is not known, :

In the reducing environment of flooded soils, release of Zn™* from dissolving Fe
oxides may initially increase availability, but Zn mobility is ultimately restricied by
the extreme insolubility of ZnS.

Under acidic, oxidizing conditions, Zn** is one of the most soluble and mobile
of the trace metal cations. 1t does not complex tightly with organic matter at low pH.
Acid-leached soils ofticn have Zn deficiency because of depletion of this clement in

the surface layer. Calcarcous and alkaline soils also commonly have Zn deficicncy,

but the cause is low solubility.

Toxicity of Zn 1o ptants is most likely 1o appear in acid soils that have not been
subjected to pralonged acid leaching. The rather high potential solubility of Za?* in
acid soils, and the fact that Zn?* is typically a high-concentration pollutant of indus-
trial wastes and sewage sludges, combine to create 3 significant polential for phyto-

toxicity from Jand application of wastes. This is in spite of the fact that Zn toxicity
to plants is inherently fairly low.

Soil Zn (range of means, worldwide) = 17 to 125 ppm
Soil Zn {range of mcaas, u.s) *= 34 to &4 ppm
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Questions
l. The powerful metal chzlator, EDTA (cthylenediamineretraacetic acid), is an efficieat

extracting agent for organically bound trece metal cations in soils at pH 6 and higher. The

formation constants, Ky, for some metal-EDTA complexes in water are given below:

Metal log Kyt
Cu* 19.7
Ni* 19.5
n* 17.2
Cag* 17.5
Ca®* 11.5
A+ 17.6
Fe'* 26.5

(a) Why should EDTA be more efficient at extracting trace metals from neutra! or alkaline
so0ils than from acid soils?

(b) The EDTA-extractable quantities of trace metals in soils amended with sewage sludges
sometimes increase over a period of years. Can you propose & mechanism that would
account for this change in the soil?

(c) How would EDTA additions to a Ni-contaminated soil at pH 7 affect Ni3* activity,
total soluble Ni, and Ni availability to plants?

2. The availability of arsenic in soils could possibly be lmited by the solubility product of Ca
or Fe arsenate, given below:

CaxAsO); Ko = 6.8 % i0°"
FeAsO, Kz = 5.7 X% 10°¥

Assuming that the soils have been contaminated by the use of arsenate pesticides, calculate

the upper limit of solubility of AsQ}~ in:

(a) an acid mineral soil at pH 4.5, if the solution activity of Fe'* is contralled by the
solubility of Fe{OH), (K50 = 10~ v

(b} a calcareous soil at pH 8, if the solution activity of Ca* is maintained at sbout 2 X
107 M.,

In whickh soil is arsenic likely to be mors mobile and bicavailable? (Ignore activity correc-

tions for solution concentrations in this problen.)
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