Chapter 13
Fate of Cadmium in Calcareous Soils
under Salinity Conditions

Ali Khanmirzaei

13.1 Introduction

Soils containing free Ca or Mg carbonates are termed calcareous and usually have a
pH above 7 (McBride 1994). The alkalinity in Ca®*- and Mg**-rich soils is
precipitated in the form of calcite (CaCQOj3), dolomite (Ca, Mg) (CO3),, magnesium
calcite (Ca;_,Mg,CO;, x < 0.2), and aragonite (CaCOj3, polymorph). Calcite and
aragonite are two common calcium carbonate minerals in which calcite is in more
stable phase, but aragonite is often in the phase deposited biologically, and the
conversion to calcite occurs slowly. Generally, the solubility of carbonates in soil is
the function of [H"] and of the partial pressure of CO,. Assuming the constant CO,
partial pressure of 107> atmosphere, the soils containing carbonates have pH
values near 8.25. The presence of CaCO; in the calcareous soils can greatly
increase the capacity of a carbonate solution to resist changes in the soil pH (Butler
1982) and from the principle of solubility products, these carbonates must be
completely dissolved out of the soil before the pH can drop. Under these alkalinity
conditions, micronutrients such as iron, manganese, and zinc are rendered unavail-
able to the plants growing in these soils as well as other metal elements. Indeed, the
solubility of these elements is regulated by formation of their solid carbonate forms
in calcareous soils. The prevalent example for nutrient metal deficiency in these
soils is lime-induced chlorosis. The equilibrium concentration of Fe** in calcareous
soil solution at pH 8.3 is 10~ ' mM (Julian et al. 1983), which gives noticeable iron
deficiency in plants not adapted to these conditions. Calcareous soils are distributed
in arid and semiarid regions where soil salinization may occur as a consequence of
exceeded evaporation.
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13.2  Soil Salinity

Soil salinization has emerged as an environmental crisis of global proportions and
threatening the quality and sustainability of arable lands. Around 25% of all lands
are salt-affected to some degree mostly in arid and semiarid regions. Salinity affects
physico-chemical and mineralogical properties, and also microbial communities
and activities of the soil (Zahran 1997; Sardinha et al. 2003; Rietz and Haynes
2003). Salinity has a deleterious impact on crop production via osmotic effects
and imbalance ion composition which results in some plant nutrient toxicity.
Also results of experimental studies have demonstrated an increasing heavy metal
mobilization with increasing salinities. The major cations of concern in saline soils
and waters are Na*, Ca®*, Mg?*, and K*, and the primary anions are Cl~, SO4>",
HCO5, CO327, and NO5; ™. Among these ions, chloride has been known as an anion
which forms stable complexes with heavy metals especially the case for cadmium
(Cd) and can determine Cd availability (Li et al. 1994; McLaughlin et al. 1994,
1997b; Smith and Martell 1981). In the next section, we will focus on the fate of Cd
in calcareous soils.

13.3 Fate of Cadmium in Calcareous Soils

Cadmium is a transition element in periodic table of elements with an atomic
weight of 112.41 and a melting point of 321°C. This metal is malleable and
combines with other heavy metals to form alloys. Cd is the byproduct of the zinc,
lead and copper smelting plants and mainly found as impurity in smithsonite
(ZnCO3). Zn and Cd have similar electric configuration, but former is an essential
element and later is nonessential, even very toxic, to nearly all living organisms
(Lindsay 1979). Studies indicate that Cd inhibits seed germination and root elonga-
tion of plants (Fargasova 1994). Cd has deleterious impact on photosynthetic
pigments as well as inhibition of cellular functions such as photophosphorylation,
ATP synthesis, mitochondrial NADH oxidation, and electron-transport system.
Adverse renal, kidney, liver, and lung effects are more commonly seen with
exposure to Cd by human (Nordberg 1996).

13.3.1 Cadmium in Soil

Soils formed on igneous, metamorphic, and sedimentary rocks averagely contain
0.1-0.3, 0.1-1, and 0.3-11 mg kg~' Cd, respectively (Alloway 1995). Cd tends to
accumulate into the soil environment by burning of fossil fuels, mining and
smelting of metalliferous ores, metallurgical industries, municipal wastes,
fertilizers, pesticides, and sewage (Alloway 1990). The bioavailability of Cd in
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soil is controlled by the total concentration of Cd as well as the soil factors such as
pH, organic matter and clay content (McBride et al. 1997; Yong 2001; Kabata-
Pendias and Pendias 2001), soil salinity (McLaughlin et al. 1994), concentration of
chloride (Weggler et al. 2004) and carbonate (Renella et al. 2004).

Two main factors which determine the solubility of heavy metals are pH and
redox conditions (Sims and Patrick 1978). High mobility of heavy metals usually
occurred in acid and reduction conditions, while the effect of pH is well pro-
nounced. Indeed, not only the activity of heavy metals directly and indirectly
depends on pH, but also pH controls the adsorption sites. At pH values above 7,
cadmium is retained by replacement of calcium and magnesium on clay and organic
surfaces making it inaccessible by plants. Precipitation of Cd largely occurred in
calcareous soils in the form of CdO, CdCO;, and Cd3(PO,),. Cd can be effectively
retained by calcium carbonate surfaces at very low activities of solution Cd**
(McBride 1980; Papadopoulos and Rowell 1988), and the adsorption reactions of
Cd on calcite surfaces seemed to be very selective for Cd when Ca was a competing
cation (Papadopoulos and Rowell 1988). Maftoun et al.(2004) studied the adsorp-
tion isotherms of Cd in 20 highly calcareous soils of Southern Iran, with CCE
(calcium carbonate equivalent) being from 25.9 to 63.4%, and proved that the Cd
sorption data well fits to two-surface Langmuir adsorption isotherm. They found
that CCE is the main factor controlling the adsorption capacity of Cd in these
soils as the following:

by =-71.9+ 150CCE R*=0.6 p <0.001
by = =325+ 110CCE + 70.7CEC  R* = 0.67 p < 0.001

where b (mg kg™ ") is the maximum adsorption capacity and CEC (me/100 g soil) is
the cation exchange capacity of soil. Similar results have been obtained by Jalali
and Moharrami (2007) in ten calcareous soils of Hamadan, Iran. They found a
significant correlation of Langmuir b parameter with CCE (+* = 0.69; p < 0.05)
and CEC (r2 = 0.61; p < 0.05) in the case of Cd adsorption in these calcareous
soils. In this viewpoint, calcareous soils have a natural ability to reduce Cd toxicity
via chemiosorption or precipitation of Cd by soil components.

13.3.2 Cadmium Fractionation in Calcareous Soils

Sequential extraction procedures have been widely used for examining the physico-
chemical forms of heavy metals, which has been described as “fractionation,” and
are important tools for investigating the mobility and environmental ecotoxicity of
these elements in soils. Recently for the assessment of the contamination levels of
heavy metals the total concentration is considered, although it provides no insight
into metal mobility and bioavailability. The bioavailability of metals in soil is
affected by various physico-chemical forms of metals which are associated with
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soil constituents (Shuman 1991). In a sequential extraction procedure, a sample is
treated with a series of progressively harsher reagents to dissolve increasingly
refractory forms. Ideally, the reagents are chosen to selectively attack a specific
soil compartment with minimal dissolution of nontargeted phases (Ahnstrom and
Parker 1999).

Heavy metals including cadmium were partitioned into five operationally defined
fractions: (1) Water soluble + Exchangeable fraction (EXCH); (2) Sorbed-Carbonate
bound fraction (CARB); (3) Oxidizable or organically bound fraction (OM); (4)
Reducible or associated with Mn and Fe oxides fraction (MNFEO); and (5) Residual
fraction (RES). Water soluble and exchangeable forms of metals are the most mobile
and bioavailable forms, so that closely related to plant uptake (Shuman 1979),
whereas other metal fractions are considered immobile and tightly bound and may
not be expected to be released under natural conditions. Renella et al. (2004) found
that in a calcareous soil under various management, most of the native Cd of the soil
was only slightly available, being mostly bound to CARB and RES Cd.

Han and Banin (1999) studied the transformation of added soluble Cd in a
loessial calcareous soil incubated at the field capacity regime under controlled
conditions. The soil had a loamy texture, intermediate carbonate content (23.2%)
and intermediate CEC, and Cd(NOs), salt was added in the rates of 0, 0.09, 0.54 and
0.9mg Cd kgfl soil. Then after Cd fractions were determined for 1 h, 1 day, 1, 3, 6,
12, 24, and 48 weeks of incubation time, respectively. They reported that within the
first 1 h from the start of incubation time, under the field capacity regime, added
soluble Cd was transformed from the Exchangeable + Soluble fraction mainly into
the carbonate fraction (60-75%). Jalali and Khanlari (2008) have found that the
proportion of Cd associated with the most weakly bound fraction (EXCH) tended to
decrease, with corresponding increases in the other five more strongly binding
fractions during the incubation. In this study, Cd was added to five calcareous
soils at the rate of 8 mg kg~ of Cd as chloride. The samples were incubated for 3 h
and 1, 3,7, 14, 21, and 28 days at 25 C and constant moisture. After incubation, Cd
in amended and control soils was fractionated by the sequential extraction proce-
dure. Most of Cd added to soils appeared in the EXCH fraction after 3 h which
decreased markedly within the first 3-24 h following Cd addition.

Rajaie et al. (2006) studied the effect of incubation time, soil texture, and
application of enriched compost on chemical forms of Cd. In this study, a clay
loam calcareous soil [Fine, mixed (calcareous), mesic Typic Calcixerepts] was
converted to sandy loam by adding acid-washed pure quartz sand and both the
original clay loam and the produced sandy loam were treated with 30 g kg~ ' of
municipal waste compost. The compost had been enriched with different amounts of
CdSO, to obtain Cd concentrations ranging from 5 to 60 mg Cd kg~ in treated soils.
After 0, 1, 2, 4, 8, and 16 weeks of incubation, a sequential extraction scheme was
used to fractionate Cd of incubated samples into soluble + exchangeable, carbonate-
bound, organically bound, Mn-oxide-bound, amorphous Fe-oxide-bound, crystalline
Fe-oxide-bound, and residual forms. They found that Cd mostly was converted to
soluble + exchangeable, carbonate-bound, and organically bound Cd forms
(82-88%) and those for carbonate fraction were dominant and showed the highest
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capacity for retention. The proportion of soluble + exchangeable fraction in the
sandy soil was higher than those for the clay loam after the incubation period
suggesting the role of the fine fractions on immobilizing added metals. The study
showed that more than 80% of applied Cd immediately converted to carbonate and
organic forms and did not change during the remained incubation time. Although the
presence of a large amount of cadmium in the first three steps of extraction procedure
shows a relatively high Cd bioavailability in soils under study, it can be concluded
that the calcareous nature of these soils plays a key role in cadmium retention because
a major portion of the soluble Cd entered carbonate fraction immediately after
addition to the soils.

13.3.3 Salinity and Cadmium Fractionation

Very limited information is available on the effect of salinity on the bioavailability
and fractionation of cadmium in calcareous soils. In an experiment, Abbaspour
et al. (2007) evaluated the effects of salinity on distribution of added Cd among soil
fractions in a calcareous soil from Central Iran. In this work, soil was treated with
20 mg Cd kg{l as Cd(NO3),-4H,0 and 50 mmol kg*l of NaCl, and then incubated
at 60% water-holding capacity (60% WHC) and constant temperature (25°C) for
12 weeks. Various fractions of Cd were extracted from the soil after 2 and 12 weeks
of incubation using a sequential extraction technique. Results showed that the
overall distribution pattern of the unspiked Cd in the calcareous soil was RES >
SS > OM > EXC > MnO > AFeO. This may show the positive effect of CaCOj3
on the specifically sorbed (SS) Cd. The applied Cd was mainly associated with the
SS and MnO fractions, nonetheless addition of NaCl increased the EXC Cd fraction
in unspiked and spiked soils, when the time passed a decrease of Cd in the SS
fraction and a partial increase of Cd in the MnO, AFeO, RES and OM fractions
were observed in the calcareous soil. The study showed slowly transformation and
partitionation of Cd applied to the soil in soluble form among the solid-phase
component of the soil. EXC forms of Cd are the most mobile and bioavailable
form, so that closely related to plant uptake (Shuman 1979).

13.3.4 Salinity and Cadmium Speciation

Cd** is the predominant ionic species in soil solution, while it can form ionic
complexes such as CdCI*, CAOH*, CAHCO5*, CdCl;~, CdCl,>~, Cd(OH); ™ and Cd
(OH),> as well as complexes with organic substances. Studies have shown that
chloride-induced salinity, mainly NaCl, increased Cd concentration in cultivated
plants (McLaughlin et al. 1994; Weggler-Beaton et al. 2000; Miihling and Lauchli
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2003). In a large-scale study, on wheat fields of northeastern North Dakota, Norvell
et al. (2000) found that accumulation of Cd in grain was strongly and positively
associated with soil salinity. In a greenhouse study, Khoshgoftar et al.(2004)
applied different levels of NaCl (0, 60, 120, and 180 mM) and 120 mM NaNOs3,
via irrigation water, on a Cd-contaminated soil under cultivation of different
genotypes of wheat. They found that increasing the NaCl concentration of irrigation
water was associated with a significant (p < 0.05) increase in Cd concentrations in
shoots, whereas application of NaNOj had no significant effect on Cd concen-
trations in shoots. They implied that three probable mechanisms are responsible to
elevated Cd solution concentration including competition of Na with other cations
for sorption sites, complex of cations with added C1™, and increased ionic strength
in soil solution. Khoshgoftar et al. (2006) found that the major Cd species present in
MINTEQAZ2-calculated soil solution, treated with NaCl-containing irrigation water,
were free Cd** ion, CdCI'*, CdSO,’, and CAHCO™ species. McLaughlin et al.
(1997b) reported that tuber Cd concentrations of potato (Solanun tuberosum L.)
were related to activities of the chloro-complexes rather than to Cd** activities in
saline/sodic soil solutions which occurs under high chloride concentration
in soil solution. Weggler-Beaton et al. (2003) found that with increases in Cl
concentrations in soil solution, Cd—chloro complexes became the dominant species
in solution. They found that shoot Cd concentration was most closely correlated
with the CdCI* activity in solution while the activity of free Cd** was only weakly
correlated. The effect of Cl on Cd uptake could be explained by the fact that
CdCl1,>~" complexes in soil solution are also available for plant uptake (Smolders
et al. 1997).

Ghallab and Usman (2007) conducted a greenhouse experiment with two levels
of Cd (0.5 and 10 mg Cd kg™, in the form of CdCl,), and five salinity levels of
irrigation water (0, 8.6, 17.1, 34.2, and 68.4 mM NaCl) to determine the effect of
NaCl-induced salinity on the solution speciation and availability of Cd in two, clay
loam and sandy, calcareous soils. In this study, a chemical equilibrium modeling
system (MINEQL+) was applied to predict solution speciation of Cd, which
predicted that Cd was present mainly as free Cd** ions followed by CdCI* and
CdSO,° in the soils irrigated with deionized water. However, Cd species in the
soil solution were significantly altered by increasing chloride concentration, with
Cd—chloro complexes becoming the dominant Cd species in the soil solution. They
showed that added NaCl resulted in a large decrease in the ratios of Cd*/Cdr and
CdSO,/Cdy, and increase in the ratios of CdCl,> "/Cdy. For example, under the
highest level of Cd (10 mg Cd kg ') and NaCl (68.4 mM), the predicted percentage
of free Cd** decreased from 71.3 to 19.8% and from 50.4 to 17.8%, respectively, in
solutions of clay loam and sandy calcareous soils. In addition, the predicted
percentage of CdSO, decreased from 10.3 to 1.1% in clay loam soil and from
16.2 to 1.3% in sandy calcareous soil. In contrast, the predicted percentage of
CdCl,> " increased from 18.4 to 78.2% in clay loam soil and from 33.0 to 80.8% in
sandy calcareous soil. It was observed that CdCl,> " species were present mainly as
CdCI* and, with increasing chloride concentrations in soil solution, followed by the
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uncharged CdCL". But, the proportion of the negatively charged CdCl;~ was very
small (<1%), even at very high CI concentrations.

13.4 Cadmium Detoxification

Calcareous soils represent potential adsorptive surfaces for heavy metals by means
of carbonate and phosphate components. The presence of carbonate minerals in
soils directly affects the mobility and reactivity of heavy metals through the surface
interaction and indirectly through their affects on soil pH (McBride 1980). Phos-
phatic components are the important reaction products of added phosphorus with
calcium carbonate as well as in calcareous soils, depending upon Ca:P ratio (Griffin
and Jurinak 1973; Chand et al. 1991).

Thakur et al. (2006) conducted a laboratory investigation to determine the
mechanism of cadmium sorption by pure calcium carbonate and to examine
whether reaction products of phosphate with calcium carbonate serve as a sink
for sorption of toxic heavy metal cations like cadmium. Calcium carbonates were
treated with orthophosphoric acid in Ca:P ratio of 5:3, 3:2, 4:3 and 1:1, representing
the Ca:P ratios of carbonate apatite, tricalcium phosphate, octacalcium phosphate
and dicalcium phosphate and then equilibrated for 2 months. They found that
cadmium was effectively retained on CaCOs3 by the mechanism of chemisorption
at lower Cd** concentrations as the pH of the equilibrium system remained constant
(8.6) up to initial Cd** concentrations of 10~* mol, coinciding to 100% sorption of
Cd** from the solution. At higher concentrations, precipitation of CdCO5 on CaCO5
surface or as a separate phase predominated. Enrichment of CaCO; with P reduced
the Cd-sorption. The chemisorption of Cd probably involved the exchange of Ca>*
by Cd** from CaCOs surface.

Brown et al. (2004) showed that soil amendments containing phosphorus reduce
Cd availability in soils near a former Zn and Pb smelter in Joplin, Missouri, USA.
Soil collected from the field was amended in the laboratory with phosphorus added
in different ways, including as 1% P-H;PO,4, a high-Fe by-product + P-triple
superphosphate (TSP) (2.5% Fe + 1% P-TSP), 1% P-TSP, 3.2% P-TSP, 1%
P-phosphate rock, sludge compost at 10% + 0.32% P-TSP, and sludge compost at
10% + 1% P-TSP. After treatment of the plots, Ca(OH), (71% purity) was applied
evenly and rototilled into each plot to bring the pH to 7.0. The amount of lime
required ranged from 200 ton ha~' (3.2% P-TSP) to 50 ton ha™' (10% compost +

0.32% P-TSP) and no lime for the compost-alone treatment. The indicator plant
was tall fescue (Festuca arundinaceae), which grew in the field. They found that
P-TSP and 1% P-H;PO, were the most effective treatments for reducing plant
concentrations of Pb, Zn, and Cd. In this study, they applied high amounts of Ca
(OH), to maintain soil pH about 7.0 and this would be an important factor
controlling solubility of heavy metals and the formation of carbonate components
for these metals should be addressed.
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13.5 Remediation Techniques

Soil remediation is one of the permanent alternatives to remove metal contaminants
from soils. The remediation of metal-contaminated soils involves physical, chemi-
cal, and biological techniques. Physical techniques are based on approaches gener-
ally applied in mining and the mineral processing industry to extract the desired
metal-bearing particles from mineral ores (Dermont et al. 2008). These approaches
involve mechanical screening, hydrodynamic classification, gravity concentration,
froth flotation, magnetic separation, electrostatic separation, and attrition scrubbing
(Dermont et al. 2008). Chemical techniques are based on application of leaching
solutions containing chemical reagents to enhance the solubility of metals and to
transfer the metals from the soils into extractant solution. Depending on the metal
type, degree of contamination, and soil characteristics different chemical reagent
including acids, salts and high-concentration chloride solutions, chelating agents,
surfactants, and reducing or oxidizing agents can be used in chemical extractions.
The metal partitioning in the soil fractions also has a key role in reagent selection.
For example, the carbonate-bound fraction is the predominant metal fraction in
calcareous soils so that application of a chelating agent such as ethylenediaminete-
traacetic acid (EDTA) causes co-dissolution of CaCO5 and Ca’* interferences in
target heavy metal complexation by EDTA in high Ca** solution (Di Palma and
Ferrantelli 2005; Papassiopi et al. 1999). Papassiopi et al. (1999) reported that 90%
of applied EDTA was consumed to dissolve CaCOj3 and less than 10% of remained
EDTA was utilized to complex heavy metals in a leaching experiment of a
calcareous soil.

13.6 Phytoremediation

Most of the physical and chemical approaches are economically prohibitive due to
their modern engineering-type techniques. On the other hand, more ecologically
friendly approaches such as phytoremediation had been suggested widely. The
use of green plants for reclamation of contaminated land can be a low-cost and
ecologically sustainable alternative to other techniques. The effectiveness of
phytoremediation of heavy metal-polluted soil depends on (1) the soil properties,
(2) the metal content, (3) climatic factors, and (4) the plant. Among the soil pro-
perties, pH is closely related to heavy metal bonding in soils (Sauvé et al. 2000)
with weak or negligible bonding at acidic pH (Jensen et al. 2000) and strong
bonding at neutral to alkaline pH (Sukreeyapongse et al. 2002). Two characteristics
of the selected plant to be considered in phytoremediation approaches include their
ability to accumulate large concentrations of heavy metals in their tissue which is
the so-called “hyper accumulator” and the high biomass producers that accumulate
lower metal concentrations in their tissue, but compensates for this by a large
production of biomass. Jensen et al. (2009) conducted a field and growth chamber
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experiment to assess the suitability of willow (Salix viminalis) for remediation of
two, strongly and moderately, polluted calcareous soils. They stated that although
the concentration of Cd in willow leaves grown on strongly polluted calcareous
soils was high (80 mg kg™ "), it is unsuited on this strongly polluted soil because of
poor growth. For a tree species to be suitable for phytostabilization, the root system
should be able to both retain and tolerate high concentrations of available metals
(Dominguez et al. 2009). Dominguez et al. (2009) investigated the performance of
Holm oak (Quercus ilex subsp. ballota) seedlings in Cd stabilization in another
greenhouse study. They found that seedlings had a high Cd retention capacity in
fine roots (up to 7 g kg~ ') and low rates of Cd translocation to the leaves (transfer
coefficients below 0.03). Also the chlorophyll fluorescence measurements (an
indicator of plant stress) only differed slightly from the control treatment and
showed that this species has a relatively high tolerance to Cd; therefore, may be
useful for the phytostabilization of soils contaminated by Cd. Thlaspi caerulescens
is one of the hyper accumulators known to accumulate Cd (McGrath 1998; Wang
et al. 2006). These species are able to uptake and translocate high amounts of Cd
to above-ground parts as a defense mechanism minimizing metal phytotoxicity.
Nevertheless, in a critical review Kirkham (2006) stated that plants are limited in
the amount of Cd that they can accumulate, even when chelates are used to
solubilize the Cd for uptake. Consequently, phytoremediation will be of limited
use in removing Cd from the soil.

13.7 Conclusion

This chapter has shown that calcareous soils have a natural ability to retain Cd in
insoluble forms with limited treatment on living organism compared to neutral and
acidic soils. Nevertheless, under the salinity condition the presence of chloride
anions are known to reduce soil sorption of Cd, and an increase in CI concentration
in the soil or soil solution has been shown to increase Cd concentration in plants.
Three probable mechanisms are responsible for elevated Cd solution concentration:
competition of Na with other cations for sorption sites, complex of cations with
added Cl, and increased ionic strength in soil solution.
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