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INTRODUCTION 

High concentrations of inorganic trace elements in irrigated soils and 
,hiJJ[o\\' groundwater pose a threat to agricultural production and the 
!1l'a lth of humans and animals. They do so in three ways: (1) trace ele
ments CJn accumulate in plants to levels that cause phytotoxicity; (2) trace 
l'Iemrnts in plants can adversely affect humans and c nimals that con ume 
thll~e plants; and (3) trace elements can migrate with seepage through the 
wotzone and into groundwater, possibly re-emerging with subsurface 
drainage in surface waters, thereby affecting wildlife, or with groundwater 
pumped for domestic use, thereby threatening the health of h umans. 

The objective of this chapter is to provide a framework for understand
ing trace 'Iement chemistry in soils and groundwater: the processes that 
.lifect trace element concentrations in soils, the biochemical behavior of 
tra(celements in soils, and the methods for evaluating pollution potential 
in soils in irriga ted agricultural areas. Problematically high concentrations 
llftrace elements in soils and groun dwater in irrigated areas can occur con
comitantwith soil and groundwater salinity and can be affected by s.imilar 
proc ' es that affect soil and groundwater salinity. Problematically high 
trace element concentrations may also occur independent of salinity. We 
'ill desc ribe p rocesses that affect the mobility of trace elements. 
We have focused on elements designated by the U.s. Environmental 

Protection Agency (EPA) as priority pollutants ( PA 1986) and on elements 
that have been documented as pollutants associated wi th irrigated agricul
ture. We have divided the trace elements into four categories: (1) alkali and 
.llkaline-earth metals [barium (Ba) and li thium (Li)]; (2) transition metals 
[chromium ( r), molybdenum (Mo), and vanadium (V)]; (3) metalloids 
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[arsenic (As) and boron (B)] and the nonmetal selenium (Se); and (4) infor
mally denoted heavy metals [cadmium (Cd), copper (Cu), lead (Pb), mer
cury (Hg), nickel (Ni), and zinc (Zn)]. 

PROCESSES AFFECTING TRACE ELEMENT CONCENTRATIONS 

Precipitation and Dissolution 

Mineral precipitation and dissolution reactions often govern the activi
ties of trace elements in soil solutions. These reactions generally are 
described by a solubility product relation in which the soUd djssolves to 
form soluble constituents. For example, the solubility of solid barite, 
BaS04(s), may control the activity of Ba2+ in the soil solution of arid-t one 
soils and groundwaters (Hem 1985). At constant temperature and pres
sure, a solution in equilibrium with BaS04(S) is described by the following 
equation: 

BaS04 (s) ~ Ba2+ + SOr (4-1) 

The reduced thermodynamic equilibrium constant expression for this 
reaction is: 

(4-2) 

where ( ) denotes activities, the solubility product constant KIlO has a value 
of about 10-10 at 25°C and 1 atmosphere pressure (Hem 1985), and H20 
and BaS04(s) are assumed to be in their standard states with activities 
equal to unity. 

Mineral phases affecting the activities of some trace elements in soil 
solutions and groundwaters can be assessed by calculating mineral satu
ration indices. The mineral saturation index (Sl) is equal to the logarithm 
value for the quotient of the ion-activity product (lAP) and minexal solu
bility product constant, or SI = log (lAP / K o). Negative saturation-index 
values indicate mineral undersaturation, while positive values indicate 
supersaturation. Values approaching zero indicate possible thermody
namic mineral equilibrium. 

Supersaturation often indicates that kinetic constraints are preventing 
precipitation. The result of this evaluation alone, however, does not con
stitute proof that a particular mineral phase is present and affecting trace 
element concentrations, nor that it is absent and not a factor in a water's 
trace element chemistry. Mineralogical data can be collected to identify 
the presence of suspected minerals, thereby providing evidence to sup
port the resu lts of SI calculations. 

Evaluation 
'fal thermod~ 
~f.1 computer 

vnamic data. 
n~\'iewed a nt 

phases at thei 
~lll id phases \ 
( (Jrey 1981). 

he evalua 
inva lid in som 
cui Ol1l1S in m 
time of the wa 
Mahoney 198{ 

F r the caSE 

crystallization, 

lIral systems, c 

In contrast, th 

S l\ute-watcr in 

).'; ner lly will I 

long as the soh 

considered and 

ilb le accuracy. 


Solu tion-Phase 

The total (an, 
aqueous phase ( 
entratior . of ot 

For 'amp1, th( 
th ' concentratic 
plexes formed ir 
follow 1l1g mass-l 

[Cd]tota 

\ h re [ I represe 
cildrnium comple 

At constant tel 
p lcx, for examplE 
equation: 



\NAG MENT 

n (Se); and (4) in fo r
Cu), lead (Pb), mer-

CENTRATIONS 

1 govern the activi
ions genera lly are 
~ solid dissolves to 
ty of solid brite, 
lution of arid-zone 
)erature and p res
d by the fo llow ing 

(4-1) 

(pression for th is 

(4-2) 

tnt KSi) has value 
n 1985), and H 20 
es with activities 

, elements in soU 

ing mineral satu
to the logarithm 


nd mineral soJu

satura tion-ind x 

, values indica te 

sible therm ody

5 are preven ting 
~r, does not COIl

d affecting tr ce 
~tor in a wa t r's 
'cted to identify 
vidence to sup-

T 

CHEtvllSTRY OF T~ACE ELEMENTS IN SOILS AND GROUNDWATER 91 

h,duation of SIs is limited by the availability and accuracy of min
l'r,,1 thermodynamic d<lta that affect trace element concentrations. Sev
l'ral computer models calcula te SIs based on currently available thermo
J!namic data. Nordstrom et al. (1979b) and Nordstrom and Ball (1984) 
ft'l ilCwed a number of these codes. All codes assume tha t pure solid 
phuses .1t thelr standard states are either present or will precipitate. 

llid phases with unit activities probably are r<lre in natura] systems 
((or >y 1981). 

rh \ evaluation of mineral SIs assumes equilibrium. This may be 
im alid in some natural systems. In general, the use of equilibrium cal
ulatiens in mineral aqueous systems is valid only when the residence 

lime of the wat r greatly exceeds the reaction half-life (Langmuir and 
\lahoncy 1984). 

hlf the case of mineral dissolution (mineral-water equilibria) and 
lry ·ta llization, equilibrium conditions may not be present in many nat
urI 1systems, depending on the specific reactions and residence times. 
In contrast, the use of equilibrium calculations for solute-solute or 
,"oili te-water interactions, such as complexation or acid-base reactions, 
genera l! will be valid because of the relatively rapid reaction rates, as 
long as the solution-theory model is adequate to describe the solution 
considered and the thermodynamic parameters are known with reason
Jb le accuracy. 

Solution-Phase Speciation of Trace Elements 

The total (analytical) concentration of any given trace element i.n the 
dqueous phas depends on the ionic strength of the solution and thl' con
dmtrations of other ions with which the trace element forms complexes. 
For example, the total aqueous concentration of Cd consists of the sum of 
the concentra tions of uncomplexed Cd2+ and all of the possible com
pi xes formed in solution. This may be expressed mathematically by the 
following mass-balance equation: 

[Cd]total = [Cd2 +] + [CdSO~] + [CdNO~l + [CdCl+] + 
[CdClg] + [Cd-Org] + ... (4-3) 

where [ J represents molar or molal concentration and Cd-Org represents 
Gldmium complexed by dissolved organic matter. 

At constant temperature and pressure, the formation of a soluble com
plex, for example, CdCl+, can be described by the following mass action 
l'quation: 

Cd2+ + Cl- '=; CdC1 ;. (4-4) 

- I 

L__~ 




92 AGRI ULTURAL SALI NITY ASSESSM ENT AND MANAGEMENT 

The reduced thermodynamic stability constant expression for this reac tl 
tion is I 

K = (CdCn 
• (Cd1+ )(Cn 

(4-5) 

where ( ) denotes activities and H20 is assumed to be at unit activity. 
Va lues of stabili ty constan ts for inorganic complexes involving trace 
elements or free energy values from which the stability constants can be 
calculated are published extensively in the literature (see ordstrom et al. 
1979b). For Cd and other metals, pH plays an important role in determin
ing the predominant specie in soil solutions and groundwater . For 

xample, at pH values below 7.0, Cd+2 is the p redominant dissolved Cd 
species representing 70% to 99%_ At pH values above 7.0 in a typical cal
areous soil, CdC03 i the predominant species, representing more than 

80% at pH value ab e 8.5 (Adriano 2001). 
TIle activity of a" ingle ion can be exp ressed as aj = nlj Yj, where aj = the 

ac tivi ty of i n i, Itl j = the molal (or, in dilute solutions, molar) concentra· 
tion of speci i, and !J j is the activity coefficient of species i. For extremely 
dilu te solutions (i .e_, approaching infinite dilution), activities are approxi
mated by molar concentrations for all species and !Ji equals unity. As the 
concentra tions of charged dissolved constituents increase, Yi decreases. 
Thi d crease represen ts the degr e of departure from ideality of the ionic 
p roperti 5 of species i. Individual ion-activity coefficients can be calculated 
in di fferent ways, depending on the ionic strength of the solution. See 
Chapter 3 for a comp lete discussion of caIcul tion of ionic strength and 
ionic-activity co fficients. 

Adsorption 

Activities of trace elements in soil solutions and natura l waters fre
quently are too low to be controlled by precipitation and dissolution oi 
pure solid phases . Additionally, slow precipitation kinetics result in 
supersatu ra tion with respect to many oxide, hydroxide, and carbonate 
minerals . Ther fore, adsorption reactions occurring at the solid-liquid 
interface aT significant mechanisms controlling trace element activities in 
many na tural W<1 ters Germe 1977). 

Ad orphon reactions occur mainly in the clay mineral size fraction oi 
the soil an d aquifer material at the surfaces uf layered illuminosilicate 
mineral . The reactive surfaces include amorphous oxides and hydrox
ides of Fe, Mn, and AI; organic matter containing weak-acid functional 
groups; and metal carbonates, such as calcite, aC03(s), and dolomite, 
CaMg(C03h(s) Oenne 1977), These soil components have the highest sur
face area and, therefore, the greatest contact with soil water. Even though 
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'OI'ir total concentrations may be relatively low, amorphous oxides, 
h Jrnxldes, and organic matter occur as coatings on clay-mineral sur
t1 l , thereby exerting considerable control on activities of trace elements 
Iflllutura l waters. In contrast, colloidal-size «1 jJ.m) calcite is often found 
nthe clay mine.ral fraction of arid and semiarid soils. Calcite is an impor
01 a j orptive surface for metals. It buffers the soil pH in the alkaline 

Jnl(t! ,lOd decreases metal activities. Jenne (1977) presented an excellent 
I \ of these topics. 
\dsorption of trace elements can be nonspecific, involving simple elec

Im.lil tie attracti ns, or specific, involving coordinate covalent bonding. 
Tr.1Cl' element adsorption occurs at surfaces where the nature of the sur
tJ(t' charge affects the extent of the reaction. The permanent negative 
-urla e charge of 2: 1 layered silicates arises from isomorphous substitu
tit'" of All- for silicon (Si4+), substitution of a divalent cation for a triva
I~'flt cation (e.g., Mg2+ for AI3+), or substitution of a monovalent cation for 

di valent cation (e.g., Li ~ for Mg2+) (Bohn et al. 1979). 
The permanent negative charge of layered silicate minerals is balanced 

br d diffuse cloud of cations. The cations, or counter ions, are electrostati
ull l\' attracted to the negative surface, thereby increasing their concentra
tilln near the surface. This creates a concentration gradient favoring diffu
'JOn, way from the surface. The opposite is true for anions. The balancing 
01 these t,I'O opposing processes determines the distribution of cations 
~nd ,lnions near the permanent charge surface, often referred to as the dif
f~ . or electric double layer (van Olphen 1977). The simplest interpreta
hon of adsorption selectivity of cations is that constant charge surfaces 
t,H or higher valence cations (stronger coulombic attraction) and smaller 
hydrated radii (closer approach to the surface). 

[n contrast to permanent charge sites, charge sites that are pH
[ependent exist on broken edges of layered silicate minerals, hydroxy
!.tted surfaces of metal oxides and hydroxides, and weak-acid functional 
):roups of organic material. Adsorption reactions at pH-dependent charge 
-jtes require the formation of surface complexes and some degree of COOf

dina te covalent bonding, which results in the specificity of the adsorption 
reactions. igure 4-1 depicts reactions that may take place at the hydroxy
iatt'd surfaces of metal oxides, as suggested by Schindler (19H1) . 

Figur 4-1a shows the weak-acid nature of the surface hydroxyls. At 
lo\\' pH, the surface hydroxyl will be protonated and positively charged, 
giving rise to some anion exchange capacity. At higher p H, the surface is 
negatively charged and can contribute to the soil's cation exchange 
capacity. 

Figure 4-1b shows reactions for a dissolved trace metal cation (e .g., 
Cdl t or Zn2+) forming a surface complex by covalent bonding to the sur
face, displacing protons. Similarly, ligands can exchange with surface 
hydroxyls (Fig. 4-1c) . The adsorption of a dissolved metal ion also can 
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X-O-H + Mz+ +
---t 
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FIGURE 4-1. Coordination phC'IIOIIlf'lla at oxide-water interFaces: (a) acid-base 
reactions at swface hydroxyl groups; (b) deprotonated slIIfaee hydroxyls coonti
nate with dissolved metal ions; (c) sUlfaee hydroxyls are replaced by dissolved lig
ands; (d) dissolved metal i01l coordinates with both dcprotonated surface hydro:t~JIs 
and dissolved ligands; (e) dissolved mliltidentate ligand coordinates with both x 
and the dissolved metal ion M. From Schindler (1981) with permission. 

coordinate a dissolved ligand (Fig. 4-1d), and adsorption of a dissolved ... 
ligand can coordina te a dissolved metal ion (Fig. 4-1 e). Similar reacti ns 
occur at edges of layered silicate minerals (e.g., kaolinite edges) and at t 
weak-acid functional groups attached to organic materia] (e.g., carboxylic h 
acid functional groups). 
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flend ricksnn il nd Corey (1981) demonstrated the dependence of Cd 
L Ii, ; l~ on ad orp tion site coverage for a variety of solids. A contin
In ,11 J iffPrent types of sites exists in natural systems, ranging from 
I 111l'Iy specific sites at low trace element concentrations to nonspecific, 
I (In-l'xLhange-type si tes at high concentrations. In natural systems 

I r I J mill! proportion of total site coverage by trace metals or trace 
mrn t 0 , ya nions is expected, specific adsorption is usually the domi
pi prncess controlling the concentrations of many trace metals and 

r l' '!l'mcnt oxyanions. 
Irdll' metals compete with each other for adsorption on minerals and 

II Kinniburgh et al. (1976) showed that the selectivity sequence fo r 
",111 \ idl' gel was PbH > Cu 2+ 2 n2+ > Ni2+ > Cd2', > CoH > SrH > 
\1' . Fllr I oxid gel, the sequence was Cu2+ > Pb2+ > Zn2+ > NiH> 
III Cd2 Mg2+ > Sr+. Forbes et al. (1976) found trace metal affini
II' 1m goe thite to be Cu 2+ > Pb2+ > Zn2+ > C02+ > Cd2+ . Kuo and 
\\Jkkt!lsen (1979) ompared Zn2+ competition with other trace metals for 
u'o(lrp tJ{ln on two alkaline soils. They found the adsorption selectivities 
t'l,l~ i ·e to ZnN to be: Hi+ > Cu2+ > FeH > Mn2+. 

I ig,1I1d xcllang of nions for surface hyd roxyls is the predominant 
,'fll(l" affecting the specific adsorption of oxyanions on goethite (e.g., 
,IIJ ('rg 1985; Hings ton 1981) and soils (Fujii et al. 1988; Goldberg et al. 

)H.Kt 2002, 2005a,b, 2007, 2008; Neal et al. 1987a,b). Hingston et al. (1968) 
i owed that affinity for anion adsorption on goethite followed the order 

phll~phate > ilicat > selenite > fluoride. 

De cribing Adsorption Data 

Adsorption isotherms describe the relation between the mass of a sub
~t.m(l' adsorbed (adsorbate) by the solid (adsorbent) and the equilibrium 
..olution concentration (or, more appropriately, activity) supported by the 
Jdsorbcd phase. These data usually are fit to a model from which adsorp
ti(ln mechani~ms may be inferred. Adsorption equations have been incor
'( rated into solute transport models to estimate the retention and reI ase 
If adso rbing sp ci s d uring transport (e.g., Lewis et al. 1986). 

One common model used to describe trace element adsorption data is 
Ih(1 Freundlich equation: 

(4-6) 

where x = the mass of trace element adsorbed; m = the mass of solid 
phdse adsorbent; C = the equilibrium concentration of adsorbate in solu
tiun; and Kand 1'1 are empirica lly determined constants. Many researchers 
have applied the Freundlich adsorption equation to describe adsorption 
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of trace metals onto soils and soil minerals (e.g., Bowman et al. 1981; Gar· 
cia-Miragaya and Page 1976). 

Another model commonly used to describe trace element adsorption is 
the Langmuir equation, which Langmuir (1918) originally developed for 
adsorption of gases onto solids. When applied to minerals, soils, and sed
iments, the equation can take the form 

x kbC 
(4-7)

m (1 + kC) 

where k = a parameter related to the affinity of the adsorbent for the 
adsorbate; and b = the adsorption maximum. A linearized form uf !he 
equation typically is used to describe sorption data as follows: 

(4-8) 

From a plot of CI xl m versus C, the band k terms can be estimated from 
the slope and intercept, respectively. 

The original derivation of the Langmuir mod I assumes that only one 
type of adsorption site exists and that it has constant binding energy 
(homogeneous surface). However, minerals, soils, and sediments contain 
surface sites of varying specificity or binding energies. Syers et al. (1973) 
addressed this problem by using a two-site Langmuir model (high-energy 
and low-energy sites) to describe the sorption of phosphate by soils. Ha r
ter and Baker (1977) and Sposito (1984) addressed other problems associ
ated with using the Langmuir model, such as precipitation of the adsor
bate and competition from other adsorbates. 

Surface complexation models provide molecular descriptions of trace 
element adsorption llsing an equilibrium approach that defines surface 
species, chemical reactions, mass balances, and charge balances. Examp les 
of surface complexation models of the solid-solution interface are: the 
constant-capacitance model (Stumm et al. 1980), the diffuse-layer model 
(Dzombak and Morel 1990), the triple-layer model (Davis et al. 1978), and 
the charge distribution multisite surface complexation (C~-MUSIC) 
model (Hiemstra and van Riemsdijk 1996). 

The constant-capacitance model assumes that adsorbing ions form 
tightly bound inner-sphere complexes. The mechanism of adsorp tion of 
anionic trace elements is ligand exchange with surface hydroxyls on 
oxides and clay minerals. The model has been applied to the adsorption 
of trace elements including B, Mo, arsenate, selenite, chromate, Cd, Cu, 
Pb, Ni, Zn, and Hg (Goldberg 1985, 1986; Goldberg and Glaubig 1985; 
Goldberg et al. 1996; Grossi et al. 1997; Gu and Evans 2007; Gunneriusson 
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and 'jiiberg 1993) . The model has also been used to describe B, Mo, arsen
It' ,md selenite adsorption by soils (Goldberg and Glaubig 1986a; Gold

berg l.' t 01. 2000, 2002, 2005a,b, 2007, 2008; Sposito et al. 1988). 
In the diffuse-layer model, adsorbing trace elements also form inner

'p11l.'r(' surface c.o mplexes with anion adsorption proceeding via a ligand 
t'x\:h'1ng~ mechanism. This model, as its name implies, also includes a dif
' \1 '>1' layer formed by the background electrolyte ions. The model has been 
rpl it'd to the ad 'Orption of the trace elements: Cr, V, B, Mo, As, Se, Cd, 

Cu I'b, i, Zn, and Hg on oxides (Dzombak and Morel 1990; Gustafsson 
'-.tHi P'ac.ock and Sherman 2004). The model has not yet been applied to 
d,orption by soils. 

In the triple-layer model, adsorption can occur as inner-sphere surface 
,llll1plexation or via an outer-sphere adsorption mechanism that results in 
hI' illrmation of weaker surface complexes containing at I ast one water 
mllil'cu!e between the ad orbing ion cmd the surface functional group. 
fhl' model has been applied to the adsorption of the trace elements: r, V, 
H, \~, Se, d, Cu, Pb, Zn, and Hg on oxides (Balistrieri and Chao 1990; 
B.l h~lT icri and Murray 1982; Blesa et al. 1984; Davis and Leckie 1978, 1980; 
I'p.lcuck and Sherman 2004; Sarkar et aJ. 1999) and Hg adsorption on the 
!J \' minNal kaolinite (Sarkar et al. 2000). Tht~ model has been used to 

Jl' -ribe cbromate (Zachara et al. 1989) and molybdat ( oldberg et aJ. 
llJ'IH) ,dsorption by soils. 

TIll' CD-MUSIC model considers various types of reactive surface 
~r HIpS: singly, doubly, and triply coordinated hydroxyl groups. The 
hargc of the c 'ntral ion in the surface complexes is distributed over the 

L ll1Tdin il ting ligands. Inner- and outer-sphere surface complexes are pos
' Ink.Tne model has been applied to the adsorption of the trace e lements: 
Cr, Mo, As, Se, Cd, Cu, Pb, and Zn on oxide minerals (Bourikas et al 
~(l0l ; Hiemstra and van Riemsdijk 1999; Ponthieu et al. 2006; Stachowicz 
l't ,l !. 2006; Venema et al. 1996; Weerasooriya and Tobschall 2000). The 
mlldel has been used to describe adsorption of arsenate by soil (G ustafs
11I1200/). 

o idation-Reduction Processes 

Many trace elements exist in more than one oxidation state (e.g., V, Cr, 
"'-', A ), and are therefore affected by electron transfer or oxidation-reduc
tiOl1 (redox) reactions. Comprehensive reviews of redox reilctions in natu
a]" 's terns are presented by Ponnamperuma (1972), Sposito (1981), and 

"tumm and Morgan (1981). 
\.lost unsa turated soils contain enough oxygen (02 ) to maintain oxi

dizing conditions. In poorly aerated soils where the supply of O2 is lim
ited by the rate of d iffusion, anoxic microsites can develop . Under water
',lturated conditions, the O 2 supply rate may be slower than the O2 
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demand, and anaerobic or reducing conditions may develop (Reddy and 
Patrick 1983). 

The potential for a substance to accept or donate electrons under equi
librium conditions is represented by standard electrode potentials of 
reduction half-reactions (Eh) relative to the half-reaction for the hydrogen 
electrode. These reactions involve the transfer of electrons and depend on 
the activity of elech'ons in solution, represented by pE, the negative loga
r ithm of the aqueous electron activity. 

A major electron-donating process in soils is the microbial oxidation of 
reduced organic carbon. Oxygen is the primary electron acceptor for this 
reaction. In the absence of O2, other soil constituents act as the electron 
acceptor and are reduced. Bohn et a1. (1979) lists the principal electron 
acceptors in soils in the order of their tendency to be reduced, as indicated 
by the equilibrium potentials of the half-reactions at pH 7: O2 > NO.1 > 
Mn02 > FeOOH > SOl - > H + > (CH20)". 

Within the range of redox potentials reported for soils (Baas-Becking 
et al. 1960), changes in oxidation states for many trace elements are 
expected. The reduction reactions can increase or decrease the concentra
tion of t.race elements. For example, reduction of Mn(lII) or Mn(JV) to 
Mn(II) increases the concentration of Mn because Mn2 + is more soluble. 
In contrast, reduction of SeO~- to the much less soluble elemental Se 
decreases Se concentration. Selenate reduction may be the major mecha
nism immobilizing Se in sediments and preventing its transport to the 
groundwater at the Kesterson National Wildlife Refuge on the west side of 
the San Joaquin Valley, California. The refuge was formerly an impound
ment for agricultural drain water with high concentrations of selenium 
(e.g., White et a1. 1991). 

Minerals, such as Mn02 and Fe(OHh, act as sorbents for trace ele
ments; hence, dissolution of these solid phases also can release adsorbed 
trace elements. During an investigation of As mobility in groundwater, 
Gulens et al. (1979) found decreased adsorption of As by hydrated ferric 
oxide under reducing conditions. They attributed this to reduction of 
Fe (III) to the more soluble Fe(II) and subsequent release of As . Con
versely, Reddy and Patrick (1977) reported that water-soluble Pb concen
trations decreased (from 45 to 22 f-Lg/L at pH 5) with increases in redox 
potential due to the probable formation of Fe and Mn oxyhydroxides 
under oxidized conditions, with subsequent adsorption of Pb. 

Under sufficiently reducing conditions, sulfate is reduced to sulfide 
and trace metal sulfides precipitate (Lindsay 1979). For example, Bing
ham et a1. (1976) and Reddy and Patrick (1977) reported a decrease in 
Cd mobility under reducing conditions due to precipitation of cadmium 
sulfide. 

Considerable effort has been expended to visually represent stabili ty or 

predominance fields for minerals and dissolved constituents in natural 

CHEMISTRY OF TRA E ELEMENTS IN SOILS 

teo15, as a function of Eh (or pEl and pH (e.: 
Christ 1965; Hem 1985; Lindsay 1979). Their' 

. .. ',' _ - ' :~ ( ,.... .......... "';1.1-;. 
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,f~m~, as a function of Eh (or pE) and pH (e.g., Drever 1988; Garrels and 
ril,t 1965; Hem 1985; Lindsay 1979). Their diagrams represent equilib 

flUOl W tems and provide critical information on possible equilibrium 
~'mb l Jges of minerals and coexisting water compositions. They also 
Ip ruentify disequilibrium assemblages of minerals and aqueous redox 

luplc (Thorstensen 1984). 
Redvxreactions in natura! systems generally are considered to be at only 

Irtraleljuilibrium because the kinetics usually are slow; therefore, equilib
nllm i, not achieved, owing to lack of effective coupling of redox reactions 
l"r[l,it{)1983; Thorstensen 1984). The platinum (Pt) electrode has been used 

tl'n~ i \'ely for the measurement of redox potential in field situations. 
Howl'ver, Pt-electrode measurements do not necessarily represent the 

dm potential of the system; they may be the result of a single electroac
til ~ re fox couple or may represent mixed potentials at the electrode surface. 
Ihu" in natural systems, Pt-electrode measurements should be interpreted 
'~ilhgreatcaution (Lindberg and Runnells 1984; Thorstensen ]984). 

In nMural systems, kinetically lim ited redox reactions are commonly 
m~Jiah'd by microbial organisms. Therefore, the appropriate microbial 
p!1pultl tion must be present to effect a particular reaction. Organisms gen
ra ll l" affect only the kinetics of the reaction and do not alter the thermo

J\J1tlmrC constraints (Sposito 1983). However, some reactions and species 
\ "cur that would not be predicted by the overall redox status of the oil 
JUl' to the presence of microenvironments and microbial populations" 

' I~nium, fo r example, can be present in oxidized and reduced forms in 
Jtiferent microenvironments of the same system. 

In spite of the problems discussed, environments exist where domi
n.mt redox couples are effectively catalyzed and thermodynamic inter
pretations may be applied. Tn flooded soils, for example, reduction of Fe 
anuMn minerals p roduces high concentrabons of Fe2 ' and Mn2+, which 
,n domina te the .redox potentials of the system and, thus, alJow a quanti

tat ive thermodynamic description of redox-active ion activities (Bohn 
et .11. 1979; Ponnamperuma 1972; Sposito 1983). Other investigators have 
r 'ported Nernstian beha vior between measured Eh and various redox
~ru;itive elements (e.g., N ordstrom et a1. 1979a). 

BIOGEOCHEMICAL BEHAVIOR AND DISTRIBUTION O F 
TRACE ELEMENTS IN SOILS AND GROUNDWATER 

The relative importance of biogeochemical processes discussed in the 
preceding sections is determined by an individual clement' s mode of 
occurrence. An element's mode of occurrence is, in tum, determined pri 
marily by the pH and redox status of soil solutions and groundwaters, 
and by the solid phase controlling solubility and distribution. A rev iew of 
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the distribution, sources, and behavior of individual trace elements in the 
near-earth-surface environment is presented here to provide a framework 
for evaluating potential trace element poHution problems associated with west 
irriga t d agriculture. .mel 

S dimentary rocks and soils are the solid-earth materials that most area 
aft ct and detennine the trace element chemistry of groundw<1ters (Hem gran 
1985). S dirnentary rocks can be divided into four groups, based on their to d~ 
resistance to wea thering: resi tates, hydrolyzates, precipitates, and evap asse 
orites. Resistates are rocks composed p rimarily of residual aluminosili com 
cate minerals that are not easily altered chemically by the weathering oi dlizt' 
parent rock. Hydrolyzates are composed primarily of insoluble metal lI p Ol 

oxide and aluminosiJicate minerals derived from the weathering of parent 
rock. Precip itates are rocks that are a result of direct precipitation of min iacie 
eral matter from aque us solution. Evaporites are rocks composed of min "atel 
erals deposited during evaporation. latec 

vaporites affect the composition of some soil solutions and ground lccte 
w ater associated with irriga ted agriculture. However, little is known assol 
about their trac element concentrations (Hem 1985). Tmce element con tn :,0 

centra tions generally are higher in hydrolyzates than in resistate.s and 
precipitates. This is espe ially true for those elements that adsorb strongly 

A1 ato m ta l oxide mil erals, such as Zn, Ni, Hg, Pb, Cu, r, Ba, and As. 
Regional asses ment of groundwater and drainage-water quality in Bar;; 

rela tion to regional-scale geohydro]ogic and geochemical processes are 
Becommon goals of groundwater investigations of trace elements in irri

-a h, gated are s. Spatial and statistical analysis of data collected over large 
.1Iungeographk areas can provide information about the distribution of trace 
subsl elements and insigh ts about processes affec ting thei distribution and 
also ~mobility . Multivariate statistical and spatial an<1lyses can be useful tools 

f r this endeavor. For examp le, Deverel (1989) used a combination of weat 
by rege statisitcal analysiS (kriging) and principal component analysis inte
ofbagrated using a geographic information system (GIS, Arc / Info) to assess 

TIthe distribu tion of principal component scores in the San Joaquin Valley, 
agueC lifornia. This provided a way of assessing relations among constituents 
face~for a large number of samples analyzed for more than 20 chemical con
Elpristitu en ts . Analysis of the principal component scores in relation to geo
Jndmorphology elu ida ted ca n tituent sources and regional processes 
et al. affecti ng trace element mobility. Devere! and Galanthine (1989) also suc


cessfully utilized patial analysis using GIS and kriging to assess the rela ronn 

thattion of soil and groundwat r salinity and selenium concentrations in thE' 
carb,western San Joaquin Valley. 

By way of another example, in the western United States during the 
Litll i 1980s and 1990s the U.S. Department of the Interior conducted studies 

Telated to Se and oth r trace elements in soils, drainage waters, sur face AI 
waters, and biota in major irrigation p rojects (Engberg et a!. 1998; Presser and c. 
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I al l q94) . aftz (1996) attempted to summarize and synthesize the data 
Ir thl? 23 projects where studies had been conducted throughout the 

" It'nt United States. He used a combination of geochemical modeling 
nd .,imple salt calculations for 1,962 samples collected from the 23 study 
rr.,~ lIsing calculation of the normative salt assemblage with the pro
mm )NORM (Bodine and Jones 1986) and pattern recognition modeling 

'1 ao;s~·~ selenium- hydrochemical facies associations. The normative salt 
,,,'mblage can lead to a unique characterization of the sample chemical 

,.lmposition providing information about solute sources and can be visu
li/~d ,b the solid residuum that coexists with the last vestige of water 

llf\lO evaporation. 
'\Jftz's (1996) analysis demonstrated three distinct hydrochemical 

r lit' . Facies I, which showed an absence of calcium carbonate and cle
.Ited concentrations of Na, Ca, and Mg sulfate salts, was positively corre
Jtcdwith hazardous levels of Se. His results are consistent with data col-

I d in the San Joaquin Valley and other areas that point to Se-sulfur 
'\'1 iatiolls in primary and secondary minerals as geologic sources for Se 
n oil ,groundwater, and drainage water (Presser and Swain 1990). 

\ lkali and Alkaline Earth Metals 

8~ri/l 1ll 

Beuium is a priority pollutant, and aquatic life and drinking-water crite
Gl have been established (EPA 1986). Mineralogical sources of Ba include 
lluminosilicate mineral structures, such as feldspars and micas, where Ba 
.ub. ti tutes for K and Ca. Barium, which is present in the +2 valence state, 
I· substitutes for Ca in secondary minerals, such as calcite and apati teo [n 

i l·athering environments, Ba solubility seems to be primarily controiled 
hV reactions with mineral surfaces and by the precipitation and dissolution 
!barite (BaS04) and witherite (BaC03) (Rai and Zachara 1984) . 
The interaction of Ba with mineral surfaces is important in controlling 

,lqueous concentrations. Nonspecific adsorption on constant-charge sur
tJ(~S exerts subs tantial control on aqueous Ba concentrations ( .g. , 
flprince et al. 1980). Barium is also specifically ad.sorbed onto silicate 
nd AI, Mn, Ti, and Fe oxide minerals (Kinnibu.rgh e t aJ. 1976; Posselt 
tal. 1978). We found no documentation of high Ba levels in saline envi

ronments. The available evidence for marine environments indicates 
thJt Ba concentrations are limited by the solubilities of the sulfate and 
wbonate minerals. 

Lith ium 

Although typically present as a monovalent cation, lithium's small ionic 
~nd atomic size causes it to behave similarly to the divalent alkaline earth 
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m tals, especially Mg2+. Mineralogically, lithium occurs in Li-halogen and 
Li-oxygen bonds, primarily in silicate, phosphate, and halide minerals. 

Released from these primZlry minerals during weathering, Li+ com· 
monly is removed from solution by incorporation into clays. Among 
monovalent cations, Li is the most weakly bonded of all the alkali metals. 
In soils and groundwater in which Na and K are present at high concen
trations, Li may remain in solution and behave conservatively. Deverel 
and Millard (1988) found that Li concentrations greZlter than 100 f-Lg / L 
were associated with groundwater salinity in NaSO'; dominated shallow 
grow1dwater beneath the western San Joaquin Valley, California. 

The environmental toxicity of Li is not well documented; however, it is 
apparently toxic to plants at concentrations of less than 100 f-Lg/L in irri
gation water . Bradford (1963) reported that citrus trees may be damaged 
by irrigation water containing 60 to 100 fJ-g/L of Li. 

Transi tion Metals 

Chromium 

Chromium exists primarily in the trivalent (Cr(Ill)) and hexavalent 
(Cr(VI)) forms. The hexaval nt form is substantially more toxic than the 
trivalent form (EPA 1986). Reduced plant growth (Jame and Bartlett 
1984; Turner and Rust 1971) and soil microbial Zlctivity (Ross et a1. 1981) 
were reported due to high concentrations of Cr in soil. 

Anthropogenic inputs in the form of sewage sludges, waste water, 
industrial metal processing, and wood preservation and mining activities 
are the primary sources of high Cr concentrations in soils and grolmdwa
ters. Chromium is second to Pb in frequency of occurrence at u.s. Super
fund sites (Tiesta 2005). Robertson (1975) reported naturally occurring 
Cr(VI) concentrations as high as 200 f-Lg/ L in Arizona, owing to the disso
lution and oxidation of Cr(IU)-bearing minerals. Oze et al. (2007) summa
riz d da ta for other locations where high naturally occurring Cr(VI) con
centrations have been identified, including Italy, Mexico, and California. 
Chromite in mafic and serpentinic rocks and sediments occurring at con
vergent plate margins is the primary source of hexavalent chromium. Oze 
et a1. (2007) demonstrated accelerated chromite oxidation in the presence 
of birnessite, a common Mn mineral. This natural oxidation can lead to 
Cr(VI) concentrations that exceed the World Health Organization maxi
mum drinkin g water contaminant level of 50 f-Lg/L. 

Ball and Izbicki (2004) assessed the processes affecting the natural 
occur rence of Cr in 200 groundwater samples collected in the Mojave 
Desert in California. Concentrations ranged from less than 0.1 to 
60 mg/L; almost aU in the hexavalent form in groundwater samples col
lected in sediments derived from mafic rock. Close to recharge a reas 
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\ h'fl' neclr-oxygen-saturated groundwater pH values were near neutral, 
l'lllncentr;ltions were low. Concentrations increased downgradient as 
IIn, <1 ' oxygen was present. Trivalent Cr was present in groundwater dis
dlclr)i(, arcas where oxygen was below 1 mg/L. Concentrations varied by 
l'lJlng ie material. Higher concentrations were associated with mafic rocks, 

Jlld lower concentrations were associated with alluvial materials derived 
tf(I01 mixvd v Icanjc, granitic, and mafic sources. The results of this study 
nJic,1ted that g ologic origin of aquifer materials and groundwater redox 
,tJlu'> are the primary factor affecting Cr species and concentration in 
nI'lIIdwater. 

In Hi nkley, California, in the Mojave Desert, where cooling water from 
,m tndustrial facility containing Cr as a corrosion inhibitor entered the 
'hllilldwatcr, there was some evidence for reduction of Cr(VI) to Cr(III) 
\ndrews and eville 2003), and pH and Eh data pointed to Cr(Ill) as the 

-\olDie <;pecics. However, the long-term persiste nce of Cr(VI) in the upper 
, lLilf r indicated that eledron donors for reduction of Cr(VI) were lim
ll~ tI , In contras t, in the oxic and ferruginous Trinity aquifer in Odessa, 
k .lS, Henderson (1994) presented substantial evidence of adsorption, 

c.iUclion by iron minerals and immobiliza tion of Cr(VI) at a Superfund 
Ilr, Trivalent Cr i the thermodynamically stable chemical form in these 

JI\J most environments (BarnhLlrt 1997). 
aboratory studies and modeling by Friedly et a!. (1995) and Ander

~lIn d al. (1994) demonstrated the importance of reduction of Cr(VI) by 
ImllllS iron in aquifer m aterials and along groundwater flow pLlths. 
Ill1\ 'ever, the tim cale for disappearance of Cr(VI) in the field was lim
rt\'tl by diffusion resistance. In the model of the field experiments, the 
((dudng agent [Fe(Il)-bearing minerals] were heterogeneously distrib
uted in thin s trata located between larger nonreducing sand lenses that 
Llmpriscd the bulk of the aquifer solids. The authors identified reducing 

,lnta of the order of centimeters thick that were sufficient to contribute 
nllllgh diffusion resistance to cause the 10ng observed timescales for 

lr( VI) reduction in the field relative to laboratory experiments. This 
l1'tiuction process has been identified as a mechanism for Cr(VI) removal 
long a groundwater flow pLlth underlying and downgradient of a land 

nil (LoY':1Llx- Lawniczak et a!. 2001). Extremely reducing and polluting 
~o nu itions, such as those identihed by Davis et a!. (1994) in groundwater 
un I('dying and downgradient of a tannery in Woburn, Massachusetts, 
inlT c1scd so lubility and mobi~i ty of Cr(III) due to its association with 
h\'dwphilic acid . 

\Iangan -e also affects the fate LInd transport of Cr(VI) (Stanin 2005). 
0. idation of tr ivalent chromium by Mn02 is likely to occur in three steps: 
.;orp tion of trivalent chromium to Mn02 surface sites, subsequent oxida
nun to hexavalent chromium by Mn(IV), and desorption of Cr(VI). The 
intl'r~ction of Cr and Mn is important in groundwater fate and transport 
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as they often show opposing tendencies (Stanin 2005) . For example, in the 
San Joaquin Valley, California, Deverel and Millard (1988) observed high 
Cr and low Mn concentrations in the upgradient alluvial fan groundwater 
and the opposite in the more reducing downgradient basin-trough ground· 
water. Their results indicate that soluble Mn serves as an electron donor 
for reduction of Cr(VI) to Cr(III). 

The solubility of Cr(Ill) in soil solution and groundwater is affected 
primarily by its interaction with mineral surfaces and co-precipitation 
with iron-ox ide-type minerals. Chromite (FeCr204) is stable at low tem
peratures for most of the water stability region and could be formed as an 
admixture or co-precipitate with ferrous hydroxide (Hem 1977). Rai and 
Zachara (1986) identified the solid solution CrtFel - x(OHh and Cr(OHh 
(chromium hydroxide) as the solid phase exercising the predominant sol
ubility control on Cr(IH) in geologic systems. The amount of Cr(m) 
adsorbed by a Typic Fragiorthod soil increased with pH increasing to 4 
(Bartlett and Kimble 1976). Trivalent Cr was also complexed by organic 
compounds in soil (Bartlett and Kimble 1976). 

Trivaient Cr oxidizes to the hexavalent form under conditions preva
len t in some field soils (Bartlett and James 1979). Organic material and 
manganese oxides (Bartlett and James 1979; Rai and Zachara 1986) are 
important electron acceptors for this reaction. The hexavalent form can be 
reduced to Cr(III) in soits (James and Bartlett 1983) and in water samples 
acidified for preservation (Stollenwerk and Grove 1985b). 

The mobility of Cr(VI) in soil solutions and groundwaters is controlled 
by adsorption/desorption reactions at mineral surfaces and redox reac
tions. Amorphous iron oxide has a high capacity for adsorption of r(VI) 
(Leckie et a1. 1980). Stollenwerk and Grove (1985a) and Weng et a1. (1997) 
used Langmuir isotherms to describe adsorption of Cr(VI) onto aquifer 
materials and titanium oxide. Ionic-strength-dependent Cr(VI) adsorp
tion as a function of pH was well described on amorphous iron oxide 
using the triple-layer model (Davis and Leckie 1980) and on goethite 
using the diffuse-layer model (Mesllere and Fish 1992). The diffuse--layer 
model was also used to successfully describe Cr(ID) adsorption on sijjca 
and aluminum oxide (Csoban and Joo 1999). Adsorption of Cr01- by 
goethite (GrossI et al. 1997) and titanium oxide (Weng et a1. 1997) has been 
successfully described using the constant-capacitance model. The CD
MUSIC model was able to descTibe Cr(VI) adsorption by goethite as a 
function of pH and equilibrium CrOt 2 concentration (Weerasooriya and 
Tobschall 2000). These approaches underscore the need to consider the 
supporting electrolyte and competing ions in describing adsorption of 
Cr(VI). Zachara et a1. (1989) described chromate adsorption by soils as a 
function of pH using the triple-layer model. These authors assumed that 
the adsorption sites for chromate in thes soils were the iron sites of alu
minum substituted goethite. 
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', in c \llllr/Mi'Ill/1Il 

'd h i h !'l!vbdenum occurs in oxidation states from + 3 to +6. Under acidic 
dwa ter 

',-du'in~ conditions, the Mo(IV) oxidation state dominates and usually 
ro und

t'n: ipittl tl's itS i.l sulfide, Under oxidized conditions, th Mo(VI) oxid ation 
donor 21.1I~ dominates, primarily as Mo0 4- . Because of its oxyanion fo rm, it 

d,mmonly behaves conservatively in alkaline, oxidized environments.
J c ted 

(on intently, in western San Joaquin Valley shallow groundwater 
ita tion IIt.'\ l'fL·l and Millard 1988), specific conductance explained 58% to 85% of 
v tem !h,' I .lri<1nce in 10 concentrations. Molybdenum can substitu te for AI, Fe, 
i as an mJ Ti in aluminosilicates or metal oxides, and is often associated with 
ai and 

I'r~cll ic materials in edimentary rocks and soils . 
. ( H)l 

Little evidenc exi Is of human Mo toxicity from drinking water, and 
n t 501

It II datd dre ava ilable on chronic Mo toxicity. Ruminants grazing in some
:::r(ITT) 

p.lr! of the San Joaquin Valley of California were found to be ad versely 
g to '* hted by eleva ted M o cont nt, especially in legumes and mainly on 
rganic 

~I alme soils (Bar 'had 1948). Unlike legumes, most grasses and grains 
t,OO Ill)t to accLlInulat Mo to toxic levels (O'Connor et al. 2001). 

) reVcil lint'r,d ur fa ce reactions and interacti ons with organic matter are 
I] and 

Ih~ f1r~dominant processes controlling the mobility of M o in soils and 
6) T 'Ilundwaten; (Jarrell et al. 1980), Adsorption and incorpora tion into Mn, 
:a n be 

I~ .1nd AI oxides are pred ominant mechanisms controlling M o solubility 
n pJes 

~ nxidized environments at low p H (H em 1977; Reyes and Jurinak 1967). 
to-precipitation and adsorption of Mo with and onto manganese and 

'011 d Ir,'n(lxid decreases with 'increasing pH greater than 5 (Chan and Riley 
reac

Y!1f1; Rt'yes and Jurinak 1967).
:r (Vl) \\( lybdenum adsorption has been described on A l and Fe oxid s 
1997) \ ,C1ldbcrg et aJ. 1996), Ti oxide (Saripalli et al. 2002), and clay minerals 
[uifer \Lmning and oldberg 1996; Motta and Miranda 1989) using the con
sorp .:,mt·ltlpacitance model. The CD-M USIC model was used to d escribe Mo 
>x.id 

111< orption on titanium oxide as a function of solution Mo cone n tration 
·thite .w! pH (Bourikas et al. 2001). G ustafsson (2003) found th diffus -layer 
Jayer mouel to be superior to the CD-MUSIC model in describing molybdate 

'!ica 
]d~Mption by amorphous iron oxide. The triple-layer m od el was able to 

by JI' nbc Mo adsorption on Al and Fe oxides, cIay minera ls, and soils as a( 
een 

fUlt tion of solution pH and ionic s tr ngth (Goldberg e t al. 1998,2008). 
CO

new approach for predicting Mo adsorption used a general regres
as 11m model to predict constant-capacitance model (Goldberg et al. 2002) 
and Jnd triple-layer model (G oldberg et al. 2008) parameters from eas ily 
the 
of 

11l'.1.' lI red 'oil chemical properties: cation exchange capacity, organic car
"'10 content, inorganic carbon content, and iron oxide content. This 
,'pproach provides a completely independ ent model valua tion and was 
11'\·11 able to pred ict M o adsorption on soils of diverse ord e rs having a 
\\ld~ range of chemical characteristics, as indicated in Fig. 4-2. 
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FIGURE 4-2. Prediction of Mo adsorption all Wyo soil: (a) constant-capacitance 
model; (b) triple-layer model. Circles represent experimental data; model predic
tiOIl S are represented by solid lines . Adapted from Goldberg et Ill. (2008) . 

Vanadium 

Vanadium (V) exists in four different geochemical environments: sul
fide deposits, oxidized sulfide ores, aluminosilicates, and iron-oxide 
deposits (WedepohI1972). Vanadium can exis t in three oxidati n states: 
+3, +4, and +5 (Hem 1977). The trivalent form of V is incorporated into 
sulfide minerals, and it often replaces AI in aluminosilicate structures and 
Fe in iron oxide minerals (Schwertmann and Pfab 1996). 

In oxidized deposits, V is present in the tri-, tetra- and pentavalent 
forms. Evans and Garrels (1958) identified a V mineral weathering 
sequence spanning the valence states from +3 to +5 and associated with 
oxidized uranium deposits in the Colorado Plateau . Hem (1977) pre
sented evidence that ferric and ferrous vanadates m ay control the solubil
ity of V in natural waters. The vanadyl ion, V02

'
I

, is dominant under 
reducing environmen.ts and is strongly complexed by organic ma tter 
(Wehrli and Stumm 1989). A large pool of adsorbed V exis ts in salt

http:environmen.ts
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I~,I Kesterson Reservoir evaporation pond soils that may be mobi
under reducing cond itions (Amrhein et aL 1993). 

I\ltfJdiuns with mineral surfaces substantially influence aqueous V 
:Jlic in acidic environments. McBride (1979) and Taylor and CUe 
til tit' cribed the adsorption of V on montmorillonite and Mn- and 
-v id . Both the vanadyl, V02+ (Wehrli and Stumm 1989), and the 
Ida!t'. HVO~ (Peacock and Sherman 2004), species are strongly 
Irbed nn oxide surfaces, Both the diffuse-layer model and the triple

tr model were successful in describing vanadate adsorption onto 
lhit' (peacock and Sherman 2004). 

flt dW' it tends to exist in oxyanion forms, V commonly is mobile in 
lint' lxidized aqueous environments, Consistently, Deverel and Mil

J (lqH8) reported V concentrations to be significantly correlated with 
ifil. conductance data in shallow groundwater in the San Joaquin Val
C.lli fornia, Anthropogenic sources of V in soils and groundwater 

lude industrial wastes, sewage sludge, fossil fuel by-products, and 
nl poils (Mattigod and Page 1983; National Academy of Sciences 
--II. Becc1use of its mobility in oxidized environments, V from these 
ur\l'~ may represent a potential pollution h azard. Although tolerance 
'b fur aquatic li fe hilVlO' not been established, incidences of industrial V 
iwsis. primarily from airborne V, have been documented (National 
dl'my of Sciences 1(74). 

Metalloids and Nonmetals 

Ir.. 'I;e 

Ilecallsr of its carcinogenic effects on human health, detectable concen
tTJttOn~ (f.l~/L levels) of arsenic (As) in water consumed by humans are 
ondt'll imble (EP 1986). In recognition of the hazards arsenic poses to 
umans ilnd domestic animals, the EPA recently lowered the d rinking 
Idter standard from 50 to 10 ILg/L. The predominant factors governing 
\' I 'rels in natural waters are the redox state of the water, aqueous
min~(a l interactions, and biochemical transformations (Welch e t aL 2000) . 
t higher soil redox (500-200 m V), As solubility is low and is predomi

~lntl)' present as As(V) in solution; under moderately reducing condi
tum (0-100 mY), As solubility is controlled by the dissolution of iron 
I1xldes (Masscheleyn et aL 1991). 

·\rsenic exists in several oxidation states. In the tri- and pentavalent 
I mns, it can be incorporated into aluminosilicates and titanium and iron 
II id ' minerals. In the more reduced -3 valence state, As forms sulfides, 
'Udl as arsenopyrite (FeAsS), realgar (AsS), and orpiment (As2S3) . Welch 
t't al (1988) described geochemical environments in the weste.rn United 
"tates where As may be present in groundwaters, High As concentrations 

http:weste.rn
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are found in groundwaters in alluvial basins derived from neutral to 
acidic extrusive and volcanic rocks. Groundwaters in gold mining areas 
and geothermal areas where arsenosulfide minerals are present generally 
ha e high As concentra tions. The application of arsenical pesticides is 
an ther source of As pollution in groundwaters and soils (Hem 1985). 

Biogeochemical transformations of arsenic include biomethylation to 
prod uce soluble methylated arsenic compounds and mono- or dimethyl 
ars ine gases (Faust et al. 1983; Lemmo et al. 1983; Welch et al. 1988). 
Volatilization rates of As as arsines are influenced by As form, As concen
tra tion, soil moisture, oil temperature, and organic amendment (Gao and 
Burau 1997). 

Ad rphon and co-precipitation of As by clay minerals and metal 
oxides are the predominant solubili ty controls in oxidized environments 
(Hem 1977; Leckie et at. 1980; Pierce and Moore 1980). Leckie et a1. (1980) 
demonstra t d that arsenate adsorp tion on amorphous iron oxyhydroxide, 
Fe(OHh, decreased at pH values greater than 8. Both arsenate, As(V), and 
arsenite, As(ll), are adsorbed on oxide minerals. The adsorption behavior 
i pH -dependent; a t low pH arsenate is adsorbed to a greater extent, 
whHe arsenite is adsorbed more at high pH (Raven et al. 1998). 

AI enic adsorption has been described on Al and Fe oxides (Gao and 
Muc i 2001, 2003; Goldberg and Johnston 2001) and clay minerals (Man
ning and Goldberg 1996) using the constant-capacitance model. The dif
fuse-lay r model (Dixit and Hering 2003; Dzombak and Morel 1990) and 
the triple-layer model (Benjamin and Bloom 1981; Goldberg and Johnston 
2001; Hsia et a1. 1992) have been used to describe the adsorption of arsen
a te and arseni te on iron oxides. Arsenate and arsenite adsorption has 
been described II ing th CD-MUSIC model for gibbsite (Weerasooriyc1 
et al. 2003, 2004), goethite (Stachowicz et a1. 2006), and an allophanic soil 
(Gustafsson 2001). 

Simila r to the appr ach for Mo, arsenate adsorption was predicted 
using a general regression model to predict constant-capacitance-model 
parameters from easily measured soil chemical properties: cation 
exchange capaci ty, inorganic carbon content, organic carbon content, iron 
oxide c ntent, and surface area (Goldberg et al. 2005b). This approach 
p rovided a completely independent model evaluation and was well able 
to p redict As(V) adsorp tion on many soils from both the southwestern 
and m idwestern United States having a wide range of chemical character
istics, as indicated in Pig. 4-3. 

Boron 

Boron generally behaves cons rvatively in natural waters. It occurs 
pr imarily as the undissociated acid H3BO at pH < 9 and as the B(OH ).i 
anion at pH > 9. P rimary and secondary aluminosilicate minerals often 
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FIGURE 4-3. Prediction of As adsorption on soils using the constallt-capacitance 
'ndd: (a) Berno1U soil; (b) Summit soil. Experimental data are represented by 
1r Il'<; for tire A horizon and squares for the B horizons. Model predictions are 
r'1,rl" cllted by solid lines for the A horizon and dashed lines for the B horizons. 
~JJ/ptedfrOIlI Goldberg et al. (2005a). 

(Iotain B, as it substitutes for silica and AI. In semiarid, and arid envi
"onrnents, B may substantially threaten irriga ted agriculture due to its 
phvtotoxic effects and conservative behavior. Soil minerals can attenuate 
plltcntially phytotoxic soil-solution B concentrations because plants 
rc~pond only to B in solution (Keren et a1. 1985). Evidence exists that 
~i(laccllmlilation to levels toxic to waterfowl can occur (Smith and 
\ndcrs 1989; Hoffman et al. 1990). Deverel and Millard (1988) repor ted B 
oncentrations that were highly correlated with shaUow groundwater 
Iinity in the San Joaquin Valley, California . Boron concentrations can 

~e affected substantially by interaction with mineral surfaces. Most 
~earchers have described the B-soil association as one of adsorption or 
de~orption. Goldberg (1997) and Rai and Zad wra (1i984) have summa
nzed research in this area. 
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Elrashidi and O 'Connor (1982) used the Langmuir and Freundlich 
equations to describe B adsorption. The change in adsorptive behavior with 
changing pH cannot be accurately described using this approach. Boron 
adsorption onto various minerals and soils is strongly pH-dependent, 
exhibiting maximum adsorption from pH 7 to 10. 

Keren et a1. (1981) successfully modeled the pH dependence of B 
adsorp tion on soils and montmorillonite. Goldberg and Glaubig (1985, 
1986a, 1986b) and Goldberg et a1. (2000) applied the constant-capacitance 
model to B adsorption on soils and various minerals from pH 3 to 12. The. 
d iffuse-layer model has been applied to B adsorption by amorphous iron 
oxide (Dzombak and Morel 1990). The triple-layer model was used to 
describe B adsorp tion by oxide minerals (Blesa et al. 1984) and kaolinite 
(Singh and Mattigod 1992). 

Similar to the approach for Mo and As(V), B adsorption was predicted 
using a gen eral regression model to predict constant-capacitance-model 
parameters from easily measured soil chemical properties: surface area, 
inorganic carbon content, organic carbon content, and Al oxide content 
(Goldberg et al. 2000, 2004, 2005a). This approach provided a completely 
independent model evaluation and was well able to predict B adsorption 
on soils of diver orders having a wide range of chemical characteristics, 
as depicted in Fig . 4-4. The prediction equations, developed from B 
ad orpti n as a function of pH on a set of soils from the southwestern 
United Stat 5, were able to predict B adsorption as a function of solution B 
concentration on a set of soils from the midwestern United States, indicat
ing wide predictive capability (Goldberg et a1. 2004). 

The soluble B in irrigated soils may regenerate or increase in oncen
trati n after reaching a constant low concentration. Peryea et al. (1985) 
concluded that slow release of B from adsorption sites and diffusion of B 
from small pores to large pores are the mechanisms responsible for the 
regenera tion of B in the soil solution. Weathering of soils with a high 
amount of structural B may release phytotoxic levels of B within a few 
years of reclamation unless leaching is maintained (Su and Suarez 2004). 
(See Chapter 19 for a discussion on B reclamation in soils.) Corwin et al. 
(1999) evaluated five different approaches for predicting B-surface inter
actions and transport in large lysirneters using the TETrans solute trans
port model. Th y concluded that the pH-dependent Keren equation was 
the best-performing chemical adsorption model. Their results suggest 
that pH and ionic strength were the most influential chemical factors, fol
lowed by temperature and kinetics for B transport. 

Selenium 

Selenium gen ra lly is s imilar to sulfur in its chemical behavior (Lakin 
1973). Substantial evidence exists that suggests Se is associated primarily 
with sulfide minerals present in sedimentary environments (Sindeeva 
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,fGUf~ E 4-4. Prediction of B adsorption on various depths of a soil profile llsing 
'L(",~tal1t -capacitance model: (a) 30-60-C111 depth; (b) 60-90-cm depth; (c) 90

J~rh III dept/I; (d) 120-l5D-cm depth. Circles represent experimental data; model 
nlh fiousare represented by solid lin(?s. Adapted from Goldberg et al. (2005b). 

Illt14 ). The mobility of Se in the aqueous phase depends on aqueous 
11lmplex formation, redox speciation, and reactions at mineral surfaces. 
IIi).\h concentrations of Se in groundwaters and agricultural drain 
\dter in sev ral wes tern U .s. states primarily result from the high 
nwbiltty of the SeO"l (selenate) ion, the predominant species in alkaline, 
o\idized environments (Crist 1974; Deverel and Millard 1988; Sylvester 
l'lJI. 19S8). 

Ienate (SeOl- ), although it adsol'bs on oxide surfaces (Peak and 
p,lrks 2002), generally is nonadsorptive in soils (Neal and Sposito 1989), 

L pCCi'llly in the pr sence of high concentrations of sulfate. Selenite 
I~~O~ ), in contras t, generally adsorbs strongly onto mineral surfaces 
IU~jG tr il'ri and Chao 1987; Ryden et al. 1987) and soils (Neal et al. 1987a,b). 
~denitE' adsorp tion has been described on iron oxide minerals using 

thl' wnstant-capacitance model (Goldberg 1985; Duc et al. 2006) and the 
dittll e-Iayer model (Dz mbak and Morel 1990). The triple-layer model 
dl'Scribcd S ' Ienite adsorp tion on iron and manganese oxide (Balistrieri 
,lndChao 1(90). By de cribing seleni te adsorption using inner-sphere sur
t,lcr complexes and Se(VI) adsorption using outer-sphere surface com
piL-xes, the triple-layer model (Hayes et al. 1988) and the CD-MUSIC 
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model (Hiemstra and van Riemsdijk 1999; Rietra et al. 2001) correctly 
accounted for the differing strength of adsorption of these ions. 

Selenite adsorption on four California soils was qualitatively predicted 
using the surface complexation constants obtained by app lying the COll

stant-capacitance model to one other California soil (Sposito et a1. 1988). 
Similar to the approach for Mo, As(V), and B, Se(JV) adsorption was pre
dicted using a general regression model to predict constant-capacitance
model parameters from easily measured soil chemical propertie : inor
ganic carbon content, organic carbon content, Al oxide contEmt, Fe oxide 
content, and surface area (Goldberg et al. 2007). This approach provided a 
complet Jy independent model eval uation and was well able to predict 
Se(IV) adsorption on many soils from both the southwestern and mid
western United States having a wide range of chemical characte.ristics, as 
depicted in Fig. 4-5. 

Fio et al. (1991) evaluated the mobility of selenite and selenate in San 
Joaquin Valley irrigated and nonirrigated soil . They conducted sorption 
tudies of selenite and selenate and incorporated the results into a one

d imensional solute transport model to simulate cha nges in soluble and 
adsorbed Se and to evaluate the potential for leaching of Se to ground
water. Model results showed that selenite can represent a potential long
term source of Se to the groundwater. In contrast, se lenate behaves 
conservatively under the alkaline <lnd oxidized conditions in the western 
San Joaquin Valley and is easily leached from the soil. 
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FIGURE 4-5. Prediction of Se adsorption on the B horizon of Dennis soil ll sing .~ 

the constant-capacitance model. Circles represent experimental data; model pre- St 
dictions are represented by solid lines . Adapted from Goldberg et al. (2007) . b, 
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len ium t xicity in waterfowl at Kesterson Reservoir in the San 
~lIi n Valley, California, r ulted from high concentrations of S 01- in 
illll\~ h'1'ollndwater (e.g" Presser and Ohlendorf 1987), This Se con tam
lilln of the groundwater results from irrigation of soils derived from 
t.lI. ·OU~ and tertiary geologic materials in the California coast range. 

Th 'l'n iarid climate resulted in the formation of naturally saline soils in 
111\ rtils. Irrigation of these soils resulted in the movement of soluble 
II!., ind ll(ling Sr, into the groundwater. Partial evaporation of .1 shallow 
t 'r tab le in low-lying areas resulted in even higher salini ty and Se con

mtroltion (Deverel and Fujii 1988), Farm drainage systems remove this 
,groundwater in some areas, Drain water in some are.1S is mixed 

It 1 n(lnSilline water and reused for irrigation, In other areas, drain water 
·mi, ~I with surface runoff and irrigation water and discharged to adja
'nt II ,tl,mcis and the San Joaquin River. 

Ictal: Cadmium, Copper, Lead, Nickel, and Zinc 

Thl' biogeochemical behaviors these metals are similar; therefore, they 
\IIUbe discussed as a group, In oxidized sedimentary and secondary min

II ~'m'ironments, the solubility, mobility, and distribution of these met
. i, primarily affected by adsorption onto and co-precipitation with iron 
nd nhlnganese oxides and oxyhydroxides, pH and interaction with 
111l1- and dissolved-phase organic matter (e,g" Adriano, 2001; Gibbs 

lij~h, lcnnc 1968; Kinniburgh et aL 1976; Quirk and Posner 1976). Sewage 
•udgl!. animal manures, pesticides, and fertilizers are significant sources 
~ Cd, Cu, Pb, Ni, and Zn in agricultural soils, Mattigod and Page (1983), 
\lk1\\'JY (1995) and Adriano (2001) have extensively reviewed the sources 
I'd mobility of these metals in soils. Fertilizers and sewag sludge ar Cd 
IIl I'lCS, ~wine manure and pesticides are Cu sources, and sewage sludge 
nd pe~ticides ar Pb and 2n sources (Adriano, 2001), Sewage sludge is 

'Lt' primary anthropogenic source of N L The primary sources of these 
\ In.,titut'nts in agricultural soils a.re sewage sludge and f rti lizers, Pes ti
Idc~ , mining, and smelting activities also contribute these elem nts to 

·nmc .lgricultural soils. Non-anthropogenic sources can also contribute 
III concentrations that cause lowered crop productivity and phytotoxic

It'" Fllr example, Ni concentrations in serpentine-derived soils can be 
rrnbl ·matically high for some plant growth. 

'IeI\'age ludge application is a significant source of Cd, Cu, Pb, N i, 
In Zn to soils worldwide, There has been some long-term research on 
Ihl' behavior of th s elements in sludge-amended agricultural soils as 
Ilt!'re~t in applying sewage sludge to soils has increased substantial!y 
during the last two d cades, Adriano (2001) summarized results of field 
,'\pcriments that spanned more than 10 years, Data from the United 
.,tale" dnd Europe indicated Zn as having the highest input rate (usually 
~\ dn order of magnitude) to sludge-amended soils, The high Zn inputs 
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can in turn affect the mobility and bioavailability of other trace metals of 
concern (Cu, Cd, Ni, and Pb). Incorporation of sewage sludge has led to 
marked increase in Cd, Cu, Pb, Ni, and Zn concentrations in the upper 
30 cm of receiving soils. Field studies generally showed no significant 
concentration differences between soils with and without sludge appli
cation below 30 cm (Adriano 2001; Berti and Jacobs 1998; Dowdy and 
Yolk 1983). However, some studies point to the mobility of these metals 
to deeper depths (Dowdy et a!. 1991; Steehuis et a!. 1999). The increased 
mobility of Cd, Cu, Pb, Ni, and Zn in sludge-amended soils can be attrib
uted to the formation of metal-organic compounds and preferential flow 
in the unsaturated zone. 

There are also soil ecological effects of application of sewage sludge 
as p lant growth, soil microbial activity, and fertility can be affected. 
McGrath et a!. (1995) summal;zed the evidence for effects of metab 
applied in sewage sludge on soil mkrobial activity and fertility in long
term for studies conducted in the United States and Europe. Although 
reduced plant yields were documented in some cases, these were not due 
to decreased fertility but, rather, to adverse effects on nitrogen-fixing 
microbes. There was also evidence for reduced total soil microbial mass. 
Effects on microbes and plants were reduced by increased pH, clay con
tent, and percent organic matter content which enhanced metal sequestra
tion. Notably, effects on the microbial community were observed at soil 
metal levels below European maximum allowable levels. 

Application of animal manures (primarily poultry, swine, and bovine) 
represents a significant source of Cu and Zn in soils. These metals are 
often added to animal feeds in excessive amounts relative to animal needs 
and significant amounts are passed through to feces. Sistani and Novak 
(2006) recently summarized research on trace-metal accumulation in 
manure amended soils. There is little evidence for movement of these ele
ments past the upper 30 cm of soil. However, there is evidence for Cu and 
Zn concentrations in surface runoff in the southeastern United States that 
are toxic to aquatic life. Also, soil concentrations can build up to 1 vels 
high nough to result in yield reductions and phytotoxicity. 

Phosphate fertilizers derived from sedimentary phosphates may con
tain high levels of Cd, although concentrations and amounts of Cd 
applied to soils are highly variable (Adriano 2001). n contrast, phosphate 
fertilizers derived from magmatic sources generally contain negligible 
amounts of Cd. Pesticides; such as copper sulfate, are sources of eu in 
many agricultural soils, and there is evidence that appLLcation of pesti
cides and Cu fertilizers has resulted in high soi l concentrations that can 
lead to adverse effects on plants or the microbial community. In tropical 
areas, long-term continuous application of Cu pesticides and fertilizers 
has resulted in high crop concentrations and soil residues and occurrence 
of phytotoxicity symptoms in tropical crops, such as coffee, tea, cocoa, 
and bananas (Adriano 2001). Application of lead arsenate pesticides prior 
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th,' 19605in deciduous fruit tree orchards has led to accumulation of Pb 
r~j .'..! ) in orchard surface soils (Peryea and Creger 1994). Ahnospheric 
l'o i~()n of Pb from its llse in gasoline has resulted in high Ph concen
IllJn in soils in highly industrialized areas. 
\um rolls studies have demonstrated high soil concentrations of Cd, 
dndin and phytotoxicity resulting from atmospheric deposition near 

~ 111, and battery smelting facilities (Adriano 2001). The phytotoxicity 
CJ, Cu, fi, Pb, and Zn corresponds to their electronegativity (Cd> 

u 	 . !'vi Zn > Pb). 
fn'n though there is little evidence for significant movement of Cd, 

"u. fib. Ni, and Zn to groundwater, organic complexation and soil-water 
nJ groundwater pH, salinity and redox potential need to be considered 
hl'ncvaillating the mobility, solubility, and bioavaiJability of these ele
\L'nl' in soils and groundw aters. Mobility and bioavailability of metals 

iL are generally reduced by increasing pH, organic matter content, 
hcln exchange capacity, and redox potential. Adding lime to soils with 

hll.:h metal concentrations and sludg d soils has been shown to reduce 
lant uptake of Cd, Cu, Pb, Ni, and Zn. These metal species in sojl are 

J,pendent on pH , as illustrated previously for Cd. The most phytotoxic 
'JtlllO ic form p redominates at pH values below 7.0, whereas metal 
hlJroxide or carbonate complexed species predominate above pH 7.0. 

Ilubilities of metals are reduced at higher pH values (above 6.5 to 7.0) 
Ju to formation of metal p hosphates and carbonates. For Cd, Cu, Pb, Ni, 
md Zn, increasing pH is the predominant fac tor affecting bioavailability 
tIl lants. Low pH (below 4.0) and low redox potential values that favor 
olubilization of iron minerals facilitate movement in soils and may 

rc..ult in groundwater con tamination. This has been observed at indus
tria l hazardous waste sit s in which other pollutants have greatly altered 
u~. lIrface redox and pH. Low redox and pH conditions favor solubi

liza tion of m tal hydroxides and oxy-hydroxides, thus increasing metal 
~(1 lubility. However, reducing conditions that favor sulfate reduction 
r~'lI lt in fonnation of metal sulfides and reduced metal solubility. 

Cadmium, Cu, Pb, Ni, and Zn strongly adsorb on organic matter in oxic 
-edlments through ion exchange and chelation. Zinc and Ni form insolu
~ Ic organic complexes and adsorb onto soil organic matter. (Addition of 
llrganic matt and/or lime is a common practice for reducing Ni avail
J ility in th reclamation of serpentine soils.) For sludge-amended soils, 
numerous investigators have reported that variable proportions of Cd, 
Cu, Pb, i, and Zn are p resent in organically bound forms. For example, 
Hickey and Kittrick (1984) used selectiv extraction techniques to deter

. e that organically bound heavy metals represented significant propor
tions of the total metal present in the soil. Other studies with sludge
.1IDended soi ls also demonstrated tha t Cu is organically complexed to a 
greater degree than the other metals (e.g., Emmerich et al. 1982). Paradoxi
cdlly, metal-organic complexes in soil can enhance aqueous solubility. 
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Modeling and quantitative estimation of organically complexed metab 
in natural waters has traditionally been limited by lack of information 
on the chemical composition of the dissolved organic matter and the 
appropriate thermodynamic constants. Lerman and Childs (1973), Stumm 
and Morgan (1981), Davis (1984) , Davis and Leckie (1978), and other. 
attempted to quantify the effect of organic ligands on the aquatic solubil
ity and mobility of various metals. Severa l authors have documented the 
use of empir ical, semi-empirical, and statistical models for estimatin 
metal-organic interactions (e.g. , Elzinga et al. 1999; Guy and Chakrabarli 
1976; McBrid e t al. 1997). 

Several authors have examined the effects of varying salinity on metal 
mobility and bioavailability. Cadmium mobility and availability for plant 
uptake generally increased with increasing salinity and Cl concentration'. 
For example, Amini et al. (2005) assessed the spatial variability of diethyl
enetriaminepentaacetic acid (DPTA) extractable Cd in Iranian soils and 
identifi ed a positive and significant correlation with soil electrical con
ductivity. Similarly, Khoshgoftar e t al. (2004) and Norvell et al . (2000) 
found that N aCl salinity mobilized soil Cd and increased its phytoavail
ab ility. In contra t, Zn availability and mobility was generally not affected 
by moderate salinity levels due to its propensity to adsorb or precipitilte 
independently of soil salinity. Khoshgoftarmanesh et al. (2006) obtained 
similar results. Their study and other studies (e.g., McLaughlin et al. 1997 
Weggler et al. 2004) included the analysis of Zn and Cd species in solu
tion. With increasing salinity, Cd increasingly forms chloride complexes, 
which increases total solution concentrations and Cd availability to 
plants. Cadmium-chloride complex formation also results in displace
ment of Cd from exchange sites. Although we were unable to find studies 
of effects on groundwater quality, based on thes results of these stud
ies, we expect that increasing salinity may increase Cd movement to 
groundwater . 

We identified three studies of salinity effects on the bioavailability and 
mobili ty of other metals. Preeda et al. (2002) evaluated the effect on Dr TA I 
extractable Zn, Cu, Ni, Pb, Cd, and Cr in Thailand sludge-amended soils ( 
at diffe r n t salinity levels ranging from a nonsaline control and 2 to I, 
42dS/ m. DPTA-extractable Zn, Cu, and Pb concentrations were higher 
than the control in the 2 and 4 dS / m treatments, and concentrations were l' 

lower in the 8,19,31, and 42 dS/m treatments. DPTA-extractable i con- n 
centrations were unaffected by salinity below 8 dS/ m but concentrations p 
were lower a t higher salinities. r~ 

Usman et al. (2005) assessed the effect of metal immobilizing sub- rn 
stances (Na-bentonite, Ca-bent nite, zeolite, iron oxides and phosphate m 
fertilizers) and NaCl salinity (1,800 mg/L versus a deionized-water con- ra 
trol) on the availability of heavy metals: Zn, Cd, Cu, Ni, and Pb to wheat. 
The largest reduction in metal bioavailability was found for bentonites. co 
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' ~al i n with saEne water (1,600 mg L -1 NaCl) resulted in a significant 
reil r in metal chloride species (MCl+ and MCl+2

) . The highes t metal 
mplexation with I occurred for Cd, which was about 53% of its total 
U"ll lution concentration . The total concentration of Cd in soil solution 
lr'a ed by 1.6- to 2.8-fold in saline water. The NaCl salinity caused a 
'mfilant increase in uptake and shoot concentration of Cd for two har
t . ,Illd small but significant increase in shoot Pb concentra tion. 

lin water increased the availability of Cd and Pb to wheat and 
r'aed the efficiency of bentonites to immobili ze so luble Cd . Zinc, 

u, and i levels in wheat were not different fo r the non saline and 
line treatments, pr sumably due to the relatively low p rop nsity to 

form chloride compl xe . 
f...f!,hllvarz et a!. (2006) assessed the mobility of native-soil Zn under 

dJlfl!l'cnt NaCl salinities in calcareous soils. Their results indicate that the 
rti tJnning of 5 iI Zn changed with increaSing salinity to 20 dS/ m. These 

ulhor concluded tha t increased salinity redistributed n itric-acid 
'xl acted Zn to the soluble and exchangeable and organic forms of Zn and 
'lame more ava ilable to plants with increasing salinity. 

'fa flry 

\ Il'rcur exists in the mercurous (+ 1), mercuric (+2), and metallic (0) 
hlnn in soils and groundwater (Hem 1970), Mercury readily forms aque
IIU organic complexes and commonly is present in me thylated forms 
dl'n\' d from biological metabolism (Jensen and Jernolov 1969). Chronic 
Inicity of Hg is a dominant environmental issue (EPA 1986), and methyl 
m~rlllry is of primary concern in surface and subsurface drainage in agri
(ulturalsoils, especially soils flooded for rice or wetlands. 

Sources of Hg in soils and groundwater include sewage sludges, mining 
I\a te , atmospheric deposition, soil parent materials, pes ticides, fungi
.:ide" and fertilizers. Phosphorous ferti lizers in particular are reported to 
hal' high Hg concentrations-4 Jl.g/g to 100 Jl.g / g (Anderson ] 979) . 
Organic-rich shales, sed imentary clays, and sulfides are the maj r geo
h)~i sources of Hg (Fleischer 1970). 

The fluxes and forms of Hg in soils and groundwater depend on sev
~r~ l factors, including temperature, moisture content, and oxidation and 
reduction state (e.g., Benes and Havlik 1979; Hem 1985) . Soil atmos
pheric flux can be considerable, with volatilization of inorganic forms and 
rl'lt!a.e of methylat d forms predominant. Although Hg sometimes can 
mwe through the soil p rofile to shallow groundwater and drain water, it 
u~ually is substantially removed from solution by adsorption or incorpo
r,1tion into organic matter (Anderson 1979). 

In oxidized solutions, the Hg2+ ion predominates. The divalent form 
complexes with Cl- ion, so that aqueous HgCl~ wi'll be the predominant 
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dissolved inorganic form in most oxidized waters (Benes and Ha\'li ~ 

1979). Under reducing conditions, Hg exists in the relatively insoluble 
elemental or sulfide forms, Hg(SHh and HgSr. Dismutation of the mer
curous form, Hgi+, to HgO + Hg2+ also increases volatility and solubilih 
(Hem 1970). 

O rganic Hg complexes, including methylated and phenylated form, 
(Benes and Havlik 1979) comprise a significant portion of soluble Hg in 
soil solutions and groundwater. These compI xes generally are unstable 
and easily decomposed or volatilized . Adsorption of Hg2+ removes Hg 
from solution. Adsorption of Hg2+ onto Mn oxides (Jenne 1970), Fe oxide:, 
(Anderson 1979), and soils and sediments (Benes and Havlik 1979) con· 
trois the fate of Hg in aqueous environments. 

Mercury adsorp tion has been described using various surface com
plcxa ti n models. The constant-capacitance model was used to describe 
Hg(IT) adsorption by goethite (Gunneriusson and Sjoberg 1993; Gunner
iusson et a!. 1995). Mercury(II) adsorption by Fe oxides and ilicas wal 
d esc ri bed using inner-sphere surface complexes in the diffuse-layer 
model (Bonnissel-Gissinger et at 1999; Dzombak and M rei 1990; Tiffreau 
et al. 1995). A combination of inner-sphere and outer-sphere surface com
plexes were used to describe Hg(II) adsorption on quartz, gibbsite (Sarkar 
et al. 1999), and kaolinite (Sarkar et a!. 2000). 

Caution must be exercised in the collection and preservation of sam
ples for Hg analysis. Sources of H g contamination are ubiquitous and the 
ul traclean sampling methods (see Olsen and de Wild 1999; USGS 2011) 
should be used for groundwater and surface-water sample collection. 
Adsorption to container walls can be prevented by acidification. Reduc· 
tion to elemental Hg, which is easily volatilized, can be prevented by the 
addition of an oxidizing agent, such as potassium dichromate or potas
sium manganate. 

EVALUATION OF POLLUTION POTENTIAL IN SOILS 

Evaluation of soil quality relative to inorganic trace element concentra
tions involves general consideration of the soil's capacity to perform its 
function within the ecosystem. This historically has been defined as plant 
productivity and plant uptake and concentration [see Adriano (2001) for 
more in-depth discussion of assessment of soil quality] . However, other 
factors requiring consideration include potential leaching to groundwater 
or drain water and potential movement of trace elements within eroded 
soils or in surface runoff_Evaluation of uptake by plants requires compar
ison of trace element concentrations in the soil with levels known to be 
associated with harmful levels of plant uptake. Evaluation of all consider
ations requires that the mode of occurrence of the e1ement or elements be 
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" mtined and th effects of the various biogeochemical and physical 
'j • ,be identified. 

Iii chemica l C'xtractants have generally been used successfuUy to pre
JlLt plant uptake, especially under controlled conditions. H owever, the 
U'o( Il i chemical extractan ts may be ineffective for predicting plant uptake 
I I uncultivated so ils an d among native species (Gough et al. 1979). Soil 

miral extraction procedures theoretically dissolve specific phases and 
\llIn'r,11. in a soil sample. Chao (1984) wrote a comprehensive rev iew of 

I~ ·the dissolu tion techniques. The partitioning of el ments, sllch as Se 
d , which typically are present as anions and und rgo oxidation and 

reduchon reactions in soil, may not be effectively characterized by these 
pr(l(Lociures (Gruebel et a!. 1988). Less destructive techniques, such a scan
ning electron microscopy, electron-microprobe energy-dispersive x-ray 
rt,dy<;i~, and x-ray photoelectron spectroscopy, can provide information 

ut the mode of 0 curr nce of trace elements in soils, but their u tility is 
piGlfI- limited by h igh detection limits. 
\1 Lids can be us d to evaluate the potential for soils to leach trace ele

l'nl tLl the groundwater. The Fio et al. (1991) study cited in the Selenium 
,ub!,rdion is one example. hose researchers used a one-dimensional 
mllJel of Se transport in the UTtsaturated zone to provide .information 
dr lut futu re movemen t to groundwater. 

11 a.Iudting the spatial distribution of the total concentrations of trace 
il'nll'nt· in soi ls in relation to m orphological features and hydrolOgic 

rrtXc ses can provide insight about sources, transport processes, and mobil
II) for example, Tidball et a1. (1986a) spatially interpolated the results of the 
In.ljy,C. of more than 700 samples collected in the western San Joaquin 
\ alley, Cd lifomia. These samples were analyzed for more than 30 trace 
'\t!ITlcnts. Mobile elements, such as Se, were concentrated in areas where 
'h rl' was Ie s leaching of alluvial material or evapocol1centration from a 
-hi lin\\' water tab I . They also fOlmd that less-mobile elements, 'uch as H g 
.!no '\ s, tend d to b concentrated near the source of the alluvial d posits. 

F, (!or analysis provides a way of examining the results from chemi
~ I Jnal. ses of a la rge number of samples containing trace elements 
rlurl'~og et al. 1976) by simplifying large quantities of data into associa
tIOns With master variables. ontroversy arises because of the subjectivity 
nHllved in identifying master variables and assigning physical and 

cI1emical meaning to them. Tidball et al. (1986b) used factor analysis to 
l'l illudle the resul of the sampling describ d by plotting the spatially 
lnt~r olated factor scores. McNeal et al . (1985) determined the mode of 
occurrence of various trace metals ir. uncu'ltivated soils of the northern 
(,reat Plains by combining partial dissolution techniques (Chao 1LJ84) and 
IJdor analysis. 

.\notl1cr method of understanding the areal distribution and spatial vari
Jbili ly of soil trace element concentrations is the low-density, hierarchical, 
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analysis-of-variance approach extensively used by the U.s. Geologic 
Survey Branch of Regional Geochemistry (Tourtelot and Miesch 19751 
Geochemical differences among regional subgroups are identified bl 
de termining the proportion of the total variability among all sample. 
represented by the subgroups. This division also allows for evaluation 
of the proportion of the variance attributable to sampling and analytical 
error. 

eographic information systems (GIS) are used extensively for map
ping soil trace element concentrations in soils relative to factors that mal 
affect concentrations and transport to groundwater. Of specific interest i, 
the possibility of using GIS coupled with transport modeling to predict 
potential groundwater contamination. Corwin and colleagues at thf 
USDA-ARS U.S. Salinity Laboratory in Riverside, California, developed 
C IS for this use (e.g., Corwin 1996; Corwin and Wagenet 1996). COLlplin~ 
of IS to transport models for assessing nonp oint source pollution pres· 
ents numerous challenges resulting primarily from limitations in th~ 
mathematical representations of complex transport processes, heteroge
neous media, data availability, and difficulties in parameter estimation. 
To date, applications have included primarily salt, pesticides, lind 
nitrates. GIS linked to deterministic or stochastic transport models offer 
promise for characteriz ing the spatially variable nature of groundwater 
contamination potential due to nonpoint sources of trace elements. 

Soils are generally considered contaminated if the concentrations 
exceed background levels unaffected by human activities. However, there 
are numerous examples of high naturally occurring soil trace element 
concentrations. For example, Ni concentrations in serpentine-derived 
soils can be toxic to plants and animals. Sampling methodology and soil 
day and organic matter content also affect soil concentrations as trace ele
ments accumulate in these soil fractions. The compar ison of soil trace ele
ment concentrations with background and / or established acceptabl lev
els needs to be conducted in conjunction with assessment of an element's 
mode of occurrence, mobility, and relevant soil physical and chemical 
characteristics. 

Several sources of trace element background values are available 
(Alloway 1995; Bowen 1979; Kabata-Pendias and Pendias 1992). Adriano 
(2001) provided a comparison of values for several investigators, including 
Bowen (1979) who compiled the concentration ranges and median valuE'S 
of trace elements shown in Fig. 4-6. Values of total concentra tions higher 
than those listed may indicate that a problem exists. However, because of 
spatial variability and factors affecting concentrations, it is difficult to 
assign single values for background concentrations. Also, the mode of 
occurrence and mobility of an element in the soil needs to be evaluated 
before drawing conclusions about potential harmful effects to plants or 
animals or movement to surface or groundwater. 
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During the last 20 years, various agencies have developed environ


mental standards for soils by determining potential health effects related 
to levels and duration of exposure to trace elements. Values vary depend
ing on assumptions about exposure scenarios. Relevant to this chapter 
standards for trace elements have been established for application ot 
sewage sludge to agricultural soils. Adriano (2001) described the critical 
levels used throughout Europe. 

SUMMARY 

The dominant processes that affect trace elements in soils and ground
water are (1) precipitation and dissolution, (2) surface interactions and 
adsorption, and (3) oxidation-reduction reactions. For each element or 
group of elements, we provided a review of mode of occurrence, source" 
and relevant biogeochemical processes affecting mobility and planl 
health, and trace element uptake, Last, we presented a discussion of can· 
siderations of evaluation for pollution potential in soils. Salient general 
conclusions follow. 

• 	 Because of their tendency to form oxyanions, the transition metals, 
metalloids, and nonmetals (As, B, Cr, Se, V) are often mobile in soils 
and groundwater. Mobility depends primarily on redox potentiaJand 
pH and secondarily on surface interactions. Depending on geologic 
sources, high concentrations of these elements are often observed in 
arid and semiarid areas because of the typically oxidized and alka· 
line conditions. 

• 	 The informally named heavy metals (Cd, Cu, Pb, Ni, and Zn) are 
generally unlikely to be mobile in soils due to their strong potential 
to adsorb to soil minerals and soil organic matter, and to p recipitate 
as carbonates and phosphates. There is typically little potential for 
leaching to groundwater at near-neutral pH and above. Long-term 
application of sewage sludge, manures, and pesticides can cause 
high soil concentrations that may affect plant productivity and affect 
the soil microbial community, Low pH, high salinity, and forma· 
tion of soluble organic complexes and preferential flow can result 
in increased mobility and leaching to deeper soil horizons. Cad· 
mium and Pb form soluble chloride complexes in saline soils, which 
increases their availability to plants and may increase the potential 
for leaching to groundwater. 

• 	 Mercury is an important contaminant in many locations throughout 
the world, It is subject to a complex series of biogeochemical 
processes that affect its mobility and toxicity. 
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• laluiltion of the pollution potential of soils requires evaluation of 
multipll' fa tors and criteria. Th se include (1) spatial variability of 

,illracl.' element concentrations and the processes affecting concen
tJl inn'>. (2) background concentrations unaffected by anthropogenic 
dl\ Hy, dnd (3) th forms of constituents of concern. In evaluating 

f'ollutilll1 potentia\, it is important to consider the following: 
1 effectively compare soil trace element concentrations with 
~<1ckground levels requires collection of sufficient numbers of 
~mple5 to effectively represent measures of central tendency and 
\ari,mC!2, which necessitates analysis of spatial variability relative 
t{l p l~sible sources. 
Us of multivadate s tatistical methods, such as factor and princi
pal component analysis, can provide insight into geochemical 
JS ociations and processes affecting distribution and mobility 
and prov ide a framework for analyzing large amounts of trace 
clement data. 

- Geographic information syst ms (GIS) can be an effective tool for 
r 'g1onal and subregional assessment of the distribution and 
nh1bility of soil and groundwater trace elt~ment concentrations 
,md the potential for movement of trace elements to groundwater. 

-	 :(lil E'xtractants can provide us ful information about how trace 
dements are partitioned in soils, especially relative to plant uptake. 
However, for som elements, such as As, these selective extrac
tion techniqu s are ineffective. 

• I ra e element adsorption in soils is a key factor for understanding 
m bilit)' of many trace elements and can be quantified in different 
I I Jy '. These include sur face complexation, constant-capacitance, 
dirfuse-Iayer, and triple-layer models, which have been applied suc
ct!'sfully in a variety of systems and to numerous trace elements. 
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NOTATION 

a, = activity of ion i 
b = adsorption maximum 
C = equilibrium concentration of adsorbate 

lAP = ion-activity product 
k = parameter that reflects affinity of adsorbent for adsorbate 

K, n = constants (empirically evaluated) 
K, = stab ility constant 

Kso = solubility product constant 
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m.ts of solid phase adsorbent 
molalconcentration of species i 
,,\turation index 
mLi of trace element adsorbed 
,\ tivity coefficient of species i 




