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       Copper (Cu) contamination to agricultural soils is on the rise worldwide due to 

extensive use of Cu-containing fertilizers, fungicides, farm manures, and waste disposal 

in agricultural lands. In south Florida, Cu accumulation in soils under citrus production 

has been accelerated as a result of increased application of Cu-based fungicides for 

battling canker disease. In this study, laboratory analysis, greenhouse experiments, and 

field trials were conducted to investigate the status of soil Cu contamination in south 

Florida, the effectiveness of chemical remediation using lime-based water treatment 

residue (Ca-WTR) and the biogeochemical processes controlling Cu availability in Ca-

WTR amended soils. 

      Soil samples were collected from 18 representative commercial citrus groves in the 

Indian River area of South Florida and characterized for Cu chemistry and availability. 

Total Cu in the surface soils ranged from 4.74 (4 yrs grove) to 228 mg kg-1 (30 yrs 

grove), with approximately 50% of the soil samples having a total recoverable Cu 

concentration above or close to the critical Cu level of total Cu: 85 mg kg-1. On average, 

48% of the total recoverable Cu was Mehlich-3 extractable, indicating high availability of 
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the soil Cu. The largest proportion (25 to 58% of total Cu) of soil Cu was present as 

organically-bound. Both total recoverable Cu and Mehlich-3 extractable Cu were 

significantly correlated with this Cu fraction (P<0.001).  Most of the Cu was accumulated 

in the surface soil layer (0-15 cm), but vertical leaching occurred in some soils with pH < 

6.5.   

       Two typical soils (a Spodosol and an Alfisol with a total recoverable Cu ~ 100 mg 

kg-1), which are dominant under citrus production in the Indian River area, were 

selected for remediation studies. The results from incubation studies indicated that 

amendment of Ca-WTR (pH 9.1, containing mainly CaCO3 and minor CaO) significantly 

raised soil pH. Water soluble and exchangeable Cu fraction decreased by 62% in the 

original and by 90% in the Cu-enriched soils (added with 400 mg Cu kg-1), whereas 

oxides-bound and residual Cu in the soils increased accordingly. Similar results were 

obtained from column leaching experiments. The cumulative amount of Cu in the 

leachates from 10 leaching events was reduced by 80% and 73%, respectively for 

Alfisol and Spodosol at the highest Ca-WTR amendment rates (20 g kg-1 for Alfisol and 

100 g kg-1 for Spodosol).  

       Greenhouse studies with ryegrass (Lolium perenne L.) and lettuce (Lactuca sativa 

L.) as indicator crop plants indicated that the growth of plants was inhibited in the 

slightly Cu-contaminated soils (~100 mg kg-1), but no plant survived in the severely Cu-

contaminated soils (added with 1000 mg kg-1). Amendment of Ca-WTR at 5-20 g kg-1 for 

the Alfisol (pH 5.45) and 5-100 g kg-1 for the Spodosol (pH 4.66) significantly reduced 

plant Cu concentrations and thus improved plant growth as evidenced by a significant 

increase in plant biomass yield (P<0.01). 
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       The effectiveness of Ca-WTR amendment (at three metric ton per hectare) in 

reducing Cu loading in surface runoff water was evaluated at two commercial citrus 

grove field sites for three years.  The results showed that soil amendment with Ca-WTR 

generally raised soil pH and Mehlich-3 extractable Ca, but decreased Mehlich-3 

extractable Cu. The mean concentration of Cu in surface runoff water was reduced by 

35% in the naval orange site and 14% in the grapefruit site during the 2006-2009 period. 

Ion speciation analysis using the MINTEQ model for the runoff water samples from the 

amended and control sites indicated that Cu complexes with dissolved organic matter 

dominated Cu speciation and Ca-WTR application decreased the concentrations of free 

Cu2+ by 49.6% and 21.2%, respectively for the two sites.  The field observation agreed 

with the results from lab simulation experiments that Ca-WTR was effective in reducing 

Cu bioavailability and leaching/runoff losses from Cu-contaminated soils.  
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CHAPTER 1 
LITERATURE REVIEW 

Copper Application in Agriculture  

Copper compounds were the first fungicide used for agricultural crops, starting in 

the vineyards of Bordeau, France in 1885. The mixture of Cu and lime (Bordeaux 

mixture), applied to vines to control downy mildew, was the basis of a wide range of 

commercial Cu formulations and represented the beginning of chemical application in 

crops. Since 1920, a number of inorganic and organic Cu fungicides have been 

developed and used in horticulture and agriculture.  They include basic copper sulfate, 

copper hydroxide, and copper oxychloride, copper carbonate, copper ammonium 

carbonate, copper naphthenate, copper oleate, copper oxide, copper 8-quinolinolate, 

copper salts of fatty and rosin acids, and copper-zinc sulfate complex (Gianessi and 

Puffer, 1992).    

Copper compounds have been the key chemicals in numerous fungal and 

bacterial diseases as foliar sprays in many crops. Their use, over the past 100 years, 

has contributed to substantial improvement in yields and quality of many horticultural 

crops such as citrus, almonds, walnuts, tomatoes, peaches, peanuts, peppers, and 

beans (Delas, 1963; Epstein and Bassein, 2001; Reuther and Smith, 1953; Reuther et 

al., 1952). Copper compounds are recommended for the control of brown rot, greasy 

spot, melanose, blast, brown leaf spot, sheath blight, shothole, anthracnose, bacterial 

canker, speck and spot, early and late blight, leaf curl, cercospora leaf spot, rust, 

bacterial leaf spot, frogeye spot, common blight, halo blight, walnut blight, and downy 

and powdery mildew (Gianessi and Puffer, 1992). However, repeated use of Cu-

containing fungicides, pesticides and herbicides resulted in Cu accumulation in soils 
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and negatively impacted on the environment (He et al., 2004; Van-Zwieten et al., 2004). 

To control heavy metal contamination of soil and food, the USEPA and the European 

Union have established maximum heavy metal limits for soil. The current soil cleanup 

criteria for Cu in the USA is 600 mg kg-1 (USEPA, 1999), and the upper limit of total soil 

Cu set by the European Union for receiving Cu-containing sewage sludge is 140 mg kg-

1 (Department of Environment, 1993). 

Copper accumulation in soil is mostly resulted from anthropogenic inputs. The use 

of Cu as fungicides has been a continuing source of soil Cu pollution, especially in the 

tropical and subtropical regions. In the United States, the annual use of Cu fungicides is 

estimated at 4.5 million kilograms. Copper use is heavily concentrated in the fruit, nut, 

and vegetable producing regions, including California and Florida, which account for 

85% of copper use in agricultural fungicides (Gianessi and Puffer, 1992) (Table 1-1).  

Citrus production ranked number one in Cu use, which accounts for 25% of total 

Cu use in the US crop production. These fungicides are used to manage various citrus 

diseases including brown rot, melanose, citrus scab, and greasy spot (Mozaffari, 1996). 

No other alternative pesticide is as effective as Cu to treat citrus melanose (Gianessi 

and Puffer, 1992). Compared with disinfectants and antibiotics, which induce resistance 

in plants, Cu products were more effective in canker control, especially in preventing 

canker infection of fruit (Timmer et al., 2006; Williams et al., 2006).  

Copper Concentrations and Distributions in Lithosphere and Soils 

For natural soils, Cu is inherited from parent materials. Baker and Senft (1995) 

reported 70 mg kg-1 as the average Cu concentration in the lithosphere. Different types 

of rocks contain different Cu concentrations (Table 1-2).  
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Soils differ widely in Cu concentrations, depending on parent materials, land use, 

and distance from pollution sources (Reimann and Caritat, 1998). For world soils, Cu 

concentrations in uncontaminated soils range from 2 to 30 mg kg-1, which falls in the 

lower end of concentration range in rocks (Adriano, 1986; Ma et al., 1997; Wang et al., 

2003). In soils, Cu is associated with organic matter, oxides, clays and other silicate 

minerals.  Copper shows high mobility in acid and oxidizing environments, while it has 

limited mobility in reducing and alkaline environments. Therefore, Cu is relatively mobile 

among heavy metals during the hypergenic processes. 

Copper Speciation and Behavior in Soils 

Since most of the applied Cu is retained in soil, total soil Cu increases 

proportionally with the age of agricultural production resulting from Cu fungicides 

application (Mirlean et al. 2007).  Although the annual contributions are small, long-term 

production results in high Cu concentration in soils, which is significantly greater than 

soils with native vegetation (He et al., 2006b; Wightwick et al., 2008). Total Cu 

concentrations in top soils under agricultural use in various countries are presented in 

Table 1-3. 

When determining potential risks associated with soil contamination, total Cu in 

soil is a poor measure. This is because Cu is reactive and interacts with other soil 

components in soil. Copper compounds from agricultural sources have higher water 

solubility than those from smelting and mining sources (Sauve et al., 1997; Sauve, 

2002). Bioavailability and potential toxicity of Cu in soil and its ecotoxicological 

significance are determined by its chemical forms and association with various soil 

components, and by solid-solution equilibrium at the solid-water interface. These 

chemical processes, such as precipitation–dissolution, adsorption–desorption, and 

15 



 

chelation, depend on soil properties, the nature of metal associations with other soluble 

ionic species and organic matter, plant and microbiological processes, and 

environmental factors (Carillo-Gonzalez et al., 2006; Yu et al., 2002). 

Plant-availability of Cu in soils is largely influenced by the free activity of Cu2+ in 

the soil solution. Soil pH is critical in many chemical processes controlling Cu availability, 

including precipitation and chemisorptions (Alva et al., 2000). Increasing soil pH 

increases the proportion of insoluble Cu such as Cu hydroxide, carbonate and 

phosphate (Alva et al., 2000).  Three types of soluble complexes can be formed 

between metal ions and ligands: ion pairs, soluble metal-organic ligand complexes, and 

chelation. Soil pH also affects ion pairs, complex formation, surface charge, and organic 

matter solubility. Cu-based antifungal treatment can increase the local concentration of 

soluble Cu in acid soils but to a less extent in moderately acidic or neutral soils. Sauve 

et al. (1998) concluded that the relation between soil solution Cu activity (pCu= -log 

[Cu]), pH, and total Cu concentration (CuT) can be expressed as:  

pCu = 3.42 + 1.4 pH – 1.7 log CuT  (n = 64, r2 = 0.85) (1) 

The well-known high affinity of copper for organic matter has two consequences. 

In the presence of dissolved organic matter (OM), Cu mobility increases as Cu form 

organic complexes (Hsu and Lo, 2000). Higher Cu mobility and availability to 

earthworms was reported in soil amended with sewage sludge (Kizilkaya, 2004). On the 

other hand, particulate OM, by virtue of its high CEC, can effectively adsorb Cu ion. 

High molecular weight organic compounds can also bind and strip Cu from the solution, 

because they can be insoluble and therefore, semi-immobile (Moolenaar et al., 1998; 

Spark et al., 1997). For instance, Temmingghoff et al. (1998) reported that humic acids 
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enhanced Cu mobility, but the process was strongly affected by Ca concentration and 

pH of the soil solution. Soil pH and organic matter accounted for approximately 70% of 

the variability in Cu partitioning and 80% of the variability in bioavailable Cu in 40 soils 

collected from the USA, Canada, and UK (Impelliteri et al., 2003). McBride et al. (1997) 

reported the following equation for Cu, which takes dissolved OM into account: 

pCu= 1.28+ 1.37 pH – 1.95 log CuT  + 1.95 log OM   (n = 68, r2 = 80) (2) 

Clay content and soil structure also affect soil Cu retention. Clay-rich soils 

generally have higher retention capacity than soils with minimal or no clay. Selectivity of 

Cu2+ adsorption varies with clay minerals. Vermiculite is more effective in adsorbing 

Cu2+ than montmorillonite, apparently due to more specific adsorption sites (Malla, 

2002). Abd-Elfattah and Wada (1981) observed the following selective adsorption for Cu 

ion: Fe-oxides, Halloysite, Imogolite > Humus, Kaolinite, Allophane > Montmorillonite. In 

extremely reducing environment, it may occur as metallic metal (Cu0). But in most cases, 

Cu solubility is influenced indirectly by other processes. As stated above, Cu associates 

with Mn oxides through co-precipitation and substitution. When Mn is reduced, this part 

of Cu will be released (Reimann and Caritat, 1998). Parat et al. (2002) showed that Fe 

contributed to the binding of Cu through its inclusion in Fe oxyhydroxides by sequential 

extraction procedure. As Fe is the main agent in the formation of clay–humus 

complexes, it could also be indirectly responsible for most of the Cu present in the clay 

fraction. However, clay content and redox potential are less important in affecting Cu 

release than soil pH, organic matter, and Cu speciation in agricultural soils. 

 Many chemical and biochemical processes are involved in the partition of heavy 

metals between the solid and liquid phase in a soil (Islam et al. 2001). A number of 
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chemical equilibrium models are available to predict solution phase speciation of Cu 

(Cancès et al. 2003; Tipping et al. 2003; Weng et al., 2002). All these models have the 

database of parameters for the sorption-desorption and dissolution-precipitation 

reactions of metals (Hayes and Traina, 1998).  Chemical fractionation, which is 

determined by sequential extraction using selective chemical reagents, has proven 

useful in investigating the metal fractionation in soils and the result can support the 

hypotheses derived from models. Water soluble and exchangeable fractions are 

considered to be bioavailable, oxide-, carbonate-, and organic matter-bound fractions 

may be potentially bioavailable, and the residual fraction is mostly unavailable to either 

plants or microorganisms (Shuman, 1991). Delineating these metal fractions in soils is 

considered essential for understanding Cu availability and mobility in soils. Recent 

advancements in microscopic and molecular-scale tools and data analysis have made it 

possible to investigate trace element speciation in natural samples (Strawn and Baker, 

2008).  These powerful modern techniques such as X-ray absorption fine structure 

(XAFS) provide precise determination of Cu fractionation in soil.  

In addition to chemical fractionation, another approach to study relations between 

Cu and soil constituents and how Cu is disseminated in the environment by runoff is 

physical fractionation. Over the last decade, these methods were used successfully for 

studying soil organic matter dynamics (Christenson, 1992). More recently, particle size 

fractionation has been used to analyze the distribution of metal elements among 

different soil particles. Flores-Velez et al. (1996) studied the acidic vineyard soils 

contaminated by Cu and emphasized the importance of the coarse plant residue larger 

than 50 μm forming the particulate organic matter (POM) fraction for the retention of 
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metals. Research of Besnard et al. (2001) in champagne vineyard soils showed that two 

fractions were mainly responsible for Cu retention in soils, i.e., the clay-size fraction less 

than 2 μm and the organic debris larger than 50 μm or coarse POM. The POM 

contained up to 2000 mg Cu kg-1 and the clay fraction contained up to 500 mg Cu kg-1. 

The most Cu-contaminated plots showed the highest accumulation of organic carbon 

and Cu in the coarse sand and fine sand fractions. Zhang et al. (2003b) found Cu 

retention in various fractions in Florida sandy soils under commercial citrus production 

tends to increase with decreasing aggregate size, suggesting that surface retention 

mechanisms control the distribution of Cu among different size fractions, and they are 

readily transported to surface waters through suspended fine particles. 

Potential Impact on Soil Quality and Crop Production  

Excessive Cu has potential negative effects on soil flora and fauna. Copper toxicity 

to citrus has been studied since the early stage of last century. Westgate (1952) 

reported Cu problem in old vegetable fields that had received years of Cu sprays with 

the symptoms of plants having brown, stubby roots, iron chlorosis of the leaves, and a 

general stunting. Ford (1953) reported that where there were high Cu concentrations 

and a pH below 5.0 citrus feeder roots of severely iron deficient trees were ashy gray, 

rather shriveled, and highly corked with no visible evidence of an actively growing root 

tip. Copper precipitation is the basis for the decrease in Cu toxicity with an increase in 

soil pH. Leonard and Stewart (1952) stated that Cu is less available to plants on limed 

than unlimed soils. They reported that grapefruit leaves from the plots with soil pH at 4.0 

had 76 mg kg-1 Cu but where the pH was 5.6 the leaves contained only 14 mg kg-1. 

Reuther et al. (1953) concluded that toxicity effect of high Cu concentration in soils of 

high exchange capacity was not as great as in soils with a low exchange capacity. They 
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also reported that the negative effect of high Cu was less in old grove soils than in a 

virgin soil as high phosphate concentrations in old grove soils reduced Cu toxicity.  

Particularly in sandy acidic soil, 100 to 150 mg total Cu kg-1 (Alva et al., 1993) or 20 mg 

kg-1 of either diethylenetriamine pentaacetic (DTPA) or 0.1 M HCl extractable Cu (Walsh 

et al., 1972) decreased productivity of Cu-sensitive crops.  

Bacteria, fungi, and mollusks are generally the most sensitive to Cu, as compared 

with flowering plants and vertebrate animals (Giller et al., 1998). Soil respiration was 

reduced in soil amended with 50 mg Cu kg-1 (Chang and Broadbent, 1981). Lukas et al. 

(2004) concluded that approximately 300 Cu mg kg-1 were responsible for significant 

reductions in microbial biomass carbon even though the orchard soils had similar or 

elevated levels of total organic carbon. The ratio of microbial biomass carbon to soil 

total organic carbon, defined as microbial quotient, a measure of soil organic matter 

quality, was significantly lower in Cu-contaminated soils. Solutions containing 1 mg Cu 

L-1 are toxic to fungal spores. The mycorrhizal fungus Glomus mosseae colonized fewer 

onion (Allium cepa L.) roots in soil amended with 15 mg Cu kg-1 (Gildon and Tinker, 

1983) and G.intraradices colonized fewer citrus roots in soil amended with 34 mg Cu kg-

1 (Graham et al., 1986). Concentrations of 80 to 110 mg Cu kg-1 in orchard and other 

soils reduced earthworm populations (Edwards and Bohlen, 1996). Earthworms 

(Eisenia feuda) in soils containing 53 mg Cu/kg DW showed a 50% reduction in cocoon 

production in 56 d (Spurgeon et al. 1994). Concentrations for toxic Cu levels may vary, 

which depend on several factors including organisms, acute or chronic toxicity, 

extraction method, and soil characteristics such as pH, exchange capacity, and organic 

matter (Driscoll, 2004). 
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Cu Release from Soil and Transport from Land to Aqueous Environment 

Increased Cu concentrations were detected in waters and sediments, which may 

have negative impact on water quality and ecosystem functions (He et al., 2006a; 

Hoang et al. 2008; Ribolzi et al., 2002). Transport of Cu from land to surface waters 

through surface runoff and/or leaching has been suspected to be one of the nonpoint 

sources. The concentrations and loads of Cu in runoff water from agricultural fields were 

related to soil Cu accumulation due to repeated use of Cu-containing fungicides (Zhang, 

et al., 2003a). 

The applied Cu fungicide is only partially trapped in the soil surface because of its 

transport to aquatic environment through surface runoff and leaching. The inputs of Cu 

into surface water from agricultural production systems is a potential problem since the 

aquatic organisms are more sensitive to Cu. High Cu concentrations can cause a 

significant decrease in populations of aquatic invertebrates and fish. In aquatic 

invertebrates, Cu disrupts gill epithelium at high concentrations and in fish, it interferes 

with osmoregulations; death is caused by tissue hypoxia associated with disrupted ATP 

synthesis (Eisler, 1998). Adverse sublethal effects of Cu on behavior, growth, migration, 

and metabolism occur in different species of fishes at nominal water concentrations as 

low as 4 mg L-1 (Eisler, 1998). The sensory physiology and predator avoidance 

behaviors of juvenile coho were both significantly impaired by Cu at concentrations as 

low as 2 µg L-1 (Sandahl et al., 2007). Copper can cause demise of trout and other fish, 

which are acid-sensitive, especially in soft or acidic waters. Cupric ion (Cu2+) is the most 

readily available and toxic inorganic species, although it accounts for <1% of total Cu in 

the surface water body (Eisler, 1998). There is an environmental caution in Cu fungicide 
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labels produced in U.S, suggesting toxicity to fish and aquatic organisms and 

phytotoxicity to Cu-sensitive cultivars. 

In recent years, Cu concentrations as high as 300 mg kg-1 have been measured in 

the sediments of the St. Lucie Estuary, an important surface water body in South Florida 

(He et al, 2004; 2006), which is 15 times greater than its background level (20 mg kg-1). 

The high Cu concentrations are suspected to potentially affect fish health in the Estuary 

and the Indian River Lagoon. Florida Department of Environment Protection (FDEP) 

(1999) reported that Cu concentrations exceeded Class III standards in two citrus runoff 

water samples and has attracted public attention. Zhang et al. (2003a) studied the 

dissolved Cu losses in runoff in Florida sandy soils under commercial citrus and 

vegetable production and the relationship between soil-extractable Cu forms and 

dissolved Cu concentrations in runoff water. They found that mean dissolved Cu in the 

field runoff water was significantly correlated with the extractable Cu by 0.01 M CaCl2. 

The results indicate that 0.01 M CaCl2–extractable Cu can be used to predict readily 

released Cu in sandy soils. This may be due to the fact that the 0.01 M CaCl2 test is the 

closest approximation of the “pool” of Cu in the soil that is susceptible to leaching loss. 

Apparently, the Cu in the runoff came mainly from the water-soluble fraction in soil, 

which was extractable with the 0.01 M CaCl2. 

During intense surface runoff and erosion processes, Cu can be predominantly 

transported by suspended particles in runoff water (Gilbin et al., 2000; Xue et al., 2000), 

which can be related to the affinity of Cu to some components of suspended sediments 

like organic matter, clay minerals and hydrous metal oxides (Flemming and Trevors, 

1989). Ribolzi et al. (2002) studied the speciation and origin of particulate Cu in runoff 
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water from a Mediterranean vineyard catchment. Their research indicated that fungicide 

treatments in vineyards can lead to contamination of a large area of surface water by 

particulate copper during storm events. The mean Cu concentration of the suspended 

particles was 245 mg kg-1, of which 1% was exchangeable, 4% acid-soluble, 10% 

oxidizable, 23% reducible, and 63% residual, which indicated the importance of soil 

erosion during a storm flow. The residual Cu fraction, i.e., the one firmly bound to the 

minerals since it is incorporated in the crystalline structure, constitutes the essential 

element of particulate Cu in the catchment. Since the residual Cu is not very soluble it is 

therefore not likely toxic to organisms. However, the reducible fraction, which is mainly 

associated with iron (Fe) and manganese (Mn) oxides, may cause environment impacts, 

since the reducible fraction is particularly sensitive to reducing conditions and can 

therefore be solubilized in the aquatic ecosystems.  

Remediation of Cu-contaminated Soils 

To address the potential Cu contamination at agricultural sites, In situ stabilization 

is advantageous over other remediation methods as it is low-cost and less disruptive to 

agricultural production. The stabilization technique, which reduces element mobility in 

soils by adding chemical agents is termed as chemical stabilization, is effective for a 

wide range of polluted sites (Alvarenga et al., 2009; Bolan and Duraisamy, 2003). 

Chemical stabilization in soil can be achieved by adding ameliorants able to adsorb, 

complex, or precipitate contaminants. The goal is to reduce elemental phytotoxicity to 

the crops and element release to the aquatic environment by decreasing their mobility 

and bioavailability (Kumpiene et al. 2007).  

Stability of Cu in soil is strongly pH dependent – the mobility of Cu is usually the 

lowest at slightly alkaline pH but increases under highly alkaline conditions (pH>10) due 
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to the formation of OH- complexes (van der Sloot et al., 1997). Application of coal fly 

ash to soil, which usually increases soil pH and the amount of carbonates, is efficient for 

controlling Cu mobility (Jackson and Miller, 2000). However, in the same study, 

increasing soil pH to above 8 by the application of coal fly ash (15% by weight) and red 

mud–gypsum (15% by weight) showed less than 50% and 10% efficiency, respectively.  

Soil organic matter plays a dual role in controlling Cu solubility. Peat and high 

organic soils can retain significant amounts of Cu at lower pH while Cu mobility 

increases as Cu – humic acids (HA) and Cu – fulvic acids (FA) complexes are formed in 

the presence of dissolved OM, especially at high pH (Kabata-Pendias and Pendias, 

2000). Recent studies indicate that the mobility and availability of Cu can be reduced by 

OM applications. Kiikkila et al. (2002) incorporated a range of organic amendments 

including woodchips and bark chips mixed with compost, sewage sludge, leaf material, 

and peat into a metal polluted forest soil.  They reported that compost, compost 

mixtures, and sewage sludge provided new exchange sites for cations as well as other 

binding sites in the soil without affecting microbial community. It is assumed that the 

added organic matter provides additional sites for binding metals and this process will 

continue as long as the organic matter is not decomposed. Diaz-Barientos et al. (2003) 

reported an increased retention of Cu in a sandy soil amended with either olive mill 

wastewater or urban compost. Acid extractable Cu fraction decreased in soils amended 

with four different mixtures of sewage sludge and cotton waste, and composting of 

sewage sludge prior to the application was recommended (Sanchez-Monedero et al., 

2004). Zhang et al. (2004) investigated the solubility and fractionation of Cu, Cd, Ni, Pb, 

Zn from a potting soil that was amended with 0 to 100% yard-waste compost. Both 
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water solubility and sequential extraction studies revealed that concentrations of water-

soluble heavy metals were very low. Application of fly-ash stabilized sewage sludge 

also reduced Cu leaching and availability to corn and significantly increased dry mass of 

corn (Su and Wong, 2004). Mixing organic matter and fly ash can offset a decrease in 

soil pH due to the decomposition of OM (Jackson and Miller, 2000). As assessed by a 

batch test, the amount of leached Cu decreased by 98.2% and Pb by 99.9% in soil 

induced by the addition of coal fly ash and natural organic matter (peat). Metal leaching 

from the treated soil was lower by two orders of magnitude compared to the untreated 

soil in the field lysimeters (Kumpiene et al., 2007). 

Clay minerals have also been tested as an amendment to stabilize soil polluted 

with Cu. Soil treated with palygorskite (>4%) could decrease Cu mobility by 59%  after 

the percolation of a water volume corresponding to the annual rainfall and greatly 

reduce the risk of groundwater pollution (Alvarez-Ayuso and Garcia-Sanchez, 2003).  

The suggested mechanism of Cu retention is the reaction with silanol groups, which is 

consistent with the facility of cations to hydrolyze. Industrial by-products like sugar foam, 

dolomitic residue and to a lesser extent, gypsum and phosphogypsum, can also reduce 

the mobility and availability of Cu in soil (Garrido et al., 2005). The addition of Ca 

caused the release of the most exchangeable fraction to the soil solution and the 

precipitation as metal carbonates, oxy-hydroxides or both, especially at the increased 

favorable soil pH. In addition, the formation and retention of Fe and Al-hydroxy polymers 

also increased the metal sorption capacity of the soils. Lothenbach et al. (1997) 

reported Cu immobilization by montmorillonite, but a subsequent field experiment with 
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clay-rich gravel sludge (Lothenbach et al., 1999) showed that soil pH limited the 

increases in available Cu in the treated soils.   

Minimal research was conducted on Fe, Al, and Mn oxides amendment.  McBride 

and Martinez (2000) reported that both Mn oxides and Fe hydroxides with large surface 

areas significantly reduced free Cu2+ activity in soil solution, probably due to changes in 

dissolved organic carbon (DOC) concentration caused by amendments-induced 

changes in soil pH. However, Hartley et al. (2004) tested several iron amendments, 

such as goethite, iron grit (Fe(0)), iron(II)/(III) sulfates plus lime, but they were not 

effective for Cu stabilization.   

Phytoremediation is the use of special and engineered metal-accumulating plants 

for extraction or immobilization of metals in soils (Baker et al., 1994). Yoon et al. (2006) 

evaluated the potential of 36 plants (17 species) growing on a site where total Cu varied 

from 20 to 990 mg kg-1 in North Florida. No hyperaccumulator species were identified, 

which are suitable for phytoextraction. However, some plants with a high 

bioconcentration factor (BCF, metal concentration ratio of plant roots to soil) and low 

translocation factor (TF, metal concentration ratio of plant shoots to roots) have a 

potential for phytostabilization. Some plants that can extract heavy metals from soils 

and concentrate them in their harvestable parts are recognized as hyperaccumulators.  

Chinese native herbs E. splendens, growing dominantly on old Cu-mine deposit, has 

been identified as a Cu tolerant and accumulating plant species in the mined areas 

(Yang et al., 2005). It has a local nickname “copper flower” because it grows only on 

highly Cu-contaminated soils. In a field of a mined area, this plant accumulated 2,288 

mg kg−1 Cu in the roots and 304 mg kg−1 Cu in the shoots. Phytoextraction using E. 
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splendens can effectively reduce the plant-available Cu level in the polluted soils and 

the shoot biomass yield of this plant as high as 11,000 kg ha−1 can be achieved when 

grown in the field with favorable water and nutrient supplies. These characteristics make 

the plant a great candidate for the phytoremediation of Cu-contaminated soils (Jiang et 

al., 2004). Phytoextraction by hyperaccumulators has also been proposed for soils with 

low to moderate Cu concentrations. Murakami and Ae (2005) found there is a great 

potential for Cu phytoextraction by the Gold Dent maize and the Milyang 23 rice from 

paddy soils with low to moderate contamination under aerobic soil conditions. 

Conclusions and Perspectives 

Copper functions as an essential micronutrient to plants, but is toxic when present 

in excess amounts. Soil pollution with Cu has become an increasingly concerned 

challenge due to the continued dependence of Cu fungicides to control plant diseases. 

Bioavailability and potential toxicity of Cu in soil and its ecotoxicological significance are 

determined by the specific forms and solid-solution equilibrium of Cu at the solid-water 

interface, which depends on the soil properties, the nature of Cu associations with other 

soluble ionic species and organic matter, plant and microbiological processes, and 

environmental factors. Soil acidification, often caused by fertilization or acid deposit, can 

greatly enhance Cu activity in soils, thus exacerbating its phytotoxicity. 

Generally, copper input from agricultural practice can be a significant source of Cu 

pollution to surface waters. Problems arise from runoff following fungicide applications. 

The majority of particulate Cu is associated with the residual fraction, which is not very 

soluble and is therefore not likely to be toxic to organisms. The dissolved Cu released 

from soils can be predicted by the extraction method. Modern analytical techniques 

allow for precise determination of the binding of Cu to soil components.  This facilitates 
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better risk analysis and improved remediation strategies, and helps explain results from 

recent studies that have investigated Cu mobility and bioavailability in the soil 

Chemical stabilization mostly achieved by raising soil pH or adding organic 

ameliorants can reduce Cu phytotoxicity to crops and release to the aquatic 

environment by decreasing mobility and bioavailability of Cu.  Phytoremediation of soil 

Cu has achieved some progress in recent years and appears promising as a cost-

effective approach. However, hyperaccumulators still have several shortcomings to be 

introduced into fields contaminated with low to moderate toxic-metals. Further studies 

are needed to obtain more information on phytoremediation for the development of best 

management practices to control the availability and mobility of Cu in soils. 
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Table 1-1.  Use of copper as a fungicide (Gianessi and Puffer, 1992) 

Crop Treated area (ha) Rate (kg/ha) Total quantity (kg) 
Citrus 221,433 2.1 1,158,629 
Rice   59,774 4.9     718,205 
Almond   96,926 2.0     488,872 
Walnut   69,972 2.6     445,376 
Tomato   81,758 1.8     370,392 
Peach   28,112 7.6     212,717 
Peanut   49,263 3.4     166,712 
Grape   38,484 2.6      99,613 
Others 256,277      844,690 
Total 901,998   4,505,207 

 

Table 1-2.  Copper concentrations in selected rocks (Reimann and Caritat, 1998) 
Rock type Cu concentration (mg kg-1) 
Gabbro, Basalt 90 
Shale, Schist 45 
Ultramafic rock 40 
Greywacke 24 
Coal 20 
Granite, Granodiorite 12 
Limestone   6 
Sandstone   2 

 

Table 1-3.  Summary of previously reported concentrations of Cu in top soils of 
agriculture fields 

Cu concentration 
(mg kg-1) Country 
mean range 

 
Crops 

Years of 
Cu use References 

France 458   100–1500 grapes NRa FloresVelez et al., 1996
Italy 297 NR grapes NR Delusia et al., 1996 
Germany 1280 NR grapes NR Tiller and Merry, 1981 
Spain 144     40–301 grapes >100 Arias et al., 2004 
Brazil 2198   1214–3216 grapes 100 Mirlean et al., 2007 
Australia 73    24–159 grapes 40–100 Wightwick et al., 2008 
US NR    67–400 citrus >100 He et al., 2006b 
Australia NR 103–737 orchard 2-55 Zwietena et al., 2004 
Costa Rica. NR    20–4000 Banana >100 Thrupp, 1991 

a NR, not reported. 
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CHAPTER 2 
ACCUMULATION AND AVAILABILITY OF COPPER IN CITRUS-GROVE SOILS AS 

AFFECTED BY FUNGICIDE APPLICATION 

Introduction 

Florida is well known for its citrus production. In the last two decades, increased 

amounts of Cu-containing fungicides have been used to treat canker diseases, 

especially for grapefruit trees (Timmer et al., 1998; Stover et al., 2002). As a result, 

significant amounts of Cu have been accumulated in the soils, causing phytotoxicity and 

accelerating transport to the environment, particularly in low pH soils. Hence, it is 

important to monitor the extent of Cu accumulation in soils under citrus and other 

horticultural crop production. 

In soil, Cu is subject to various chemical reactions including sorption on colloidal 

surfaces, complex with humic substances and precipitation as sparingly soluble 

compounds (Alloway, 1995; Sauve et al., 1997). Several one-step extraction methods 

can be used to determine available Cu in soil, including Mehlich-3, Mehlich-1, CaCl2, 

NH4OAc, and HCl (Brun et al., 2001; Yu et al., 2002; Zhang et al., 2003a). These 

procedures allow defining pools of extractable metals in particular chemical conditions. 

Sequential extractions are used to predict the chemical fractionation of Cu in soils, 

which can help understand Cu behavior in soils and subsequently the mobility and 

availability of Cu to the environment (He et al., 2006; Pietrzak and McPhail, 2004; Yang 

et al., 2005).  

Although significant research has been conducted on the transformation and 

availability of Cu in soils, limited information is available in citrus soils. This study used 

representative soils under citrus production in Florida to improve understanding of the 

impacts of agricultural practices on Cu dynamics in soil.  The specific objectives of this 
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study were to a) estimate and compare Cu availability in soils using various extraction 

procedures, and b) understand the processes and soil properties that control Cu 

availability and mobility in sandy soils.  

Materials and Methods 

Soil Collection and Characterization  

Eighteen soils (9 Alfisols and 9 Spodosols) were collected from representative 

commercial citrus groves in the Indian River area, south Florida. They were selected 

based on their use of Cu-based fungicide, citrus cultivar and planting history, and soil 

properties. General characteristics of the study sites are presented in Table 2-1. For 

each location triplicate samples were randomly collected at 0-15 cm depth, with 3 soil 

cores being combined to make a composite sample. To study the vertical movement of 

Cu, profile soil samples were collected at 0-5, 5-15, 15-30 cm and then every 30 cm 

increment up to 120 cm depth. A total of 6 representative profile samples were collected.  

The soil samples were air-dried, ground, and passed through a 2-mm sieve prior 

to physical and chemical analyses. Soil pH (1:1 soil: water ratio) and electrical 

conductivity (1:2 soil: water ratio) were measured in deionized water using a 

pH/ion/conductivity meter (Denver Instrument, CO). Total soil carbon (C) was 

determined by combustion using a C/N analyzer (Vario MAX CN Macro Elemental 

Analyzer; Elemental Analysensystem GmbH, Hanau, Germany).  

Soil Cu Analysis and Fractionation 

Total recoverable Cu in the soils was determined following EPA method 3050B. In 

brief, 1.0 g of soil was digested with repeated additions of nitric acid (HNO3) and 

hydrogen peroxide (H2O2). Labile Cu in the soils was estimated by three extraction 

methods: (i) 0.01 M CaCl2 [1:10 ratio of soil/0.01 M CaCl2]; 60-min reaction time (Zhang 
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et al., 2003a), extracting water-soluble and readily exchangeable Cu; (ii) 1M ammonium 

acetate (NH4OAc) [1:4 ratio of soil/1M NH4OAc solution]; 60-min reaction time (Reed 

and Martens, 1996), including water soluble and exchangeable Cu; and (iii) Mehlich-3 

[1:10 ratio of soil/Mehlich-3 solution (0.2 M CH3COOH + 0.25 M NH4NO3 + 0.015M 

NH4F + 0.013M HNO3 + 0.001MEDTA, pH 2.0)]; 5-min reaction time (Mehlich, 1984), 

including water soluble, exchangeable, and part of CaCO3- and organically-bound Cu. 

At the end of extractions, the soil suspensions were centrifuged at 7500 ×g for 30 min 

and the supernatant was passed through a Whatman #42 filter paper to remove any 

suspended materials.  

To understand the relationship between chemical fractions and availability of Cu, 

soil Cu was fractionated into five different fractions following the modified procedure of 

Amacher (1996). Soil samples (2.0 g) were sequentially extracted with 20 mL of 0.1 M 

Mg(NO3)2, 20 mL of 1 M NaOAc, 40 mL of 0.1M Na4P2O7, and 40 mL of 0.2M 

ammonium oxalate + 0.2M oxalic acid, and 0.1 M ascorbic acid (pH 3) for water soluble 

and exchangeable, carbonate-bound, organically bound, and oxides-bound Cu fractions, 

respectively. After each extraction, the suspension was centrifuged at 7500 ×g for 30 

min, and the supernatant was filtered through a Whatman # 42 filter paper.  The soil 

residues were rinsed three times with 5 ml of ethanol and evaporated to dryness before 

next extraction. Residual Cu was calculated by subtracting the sum of the four fractions 

from their total recoverable soil concentration. 

Copper concentrations in the extracts and digested solution were determined 

using an inductively coupled plasma optical emission spectrometer (ICP–OES) (Ultima, 

JY Horiba Group, Edison, NJ) following EPA method 200.7. The National Environmental 
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Laboratory Accreditation Conference (NELAC) 2003 standards were followed for quality 

assurance and quality control of chemical analyses. For Cu analysis with ICP-OES, the 

detection limit was 0.8 µg L-1 with a recovery of 95-105%. 

Data Analysis 

All data were analyzed using SAS program (version 8.2, SAS Institute, 2004). 

Correlation analyses were conducted between total recoverable Cu, extractable Cu 

concentrations and different Cu fractions. Differences in the citrus soil Cu concentration 

among the sites were tested by means of a one-way analysis of variance (ANOVA). 

Tukey’s test was performed to determine significant differences among the soils. 

Stepwise regression analysis was also used to calculate the relationships between total 

recoverable Cu and extractable Cu concentration. Statistical significance is accepted at 

α = 0.05. 

Results and Discussion 

Copper Accumulation in Relation to Citrus Planting History  

The dominant soils in the Indian River area under commercial citrus production are 

Spodosols and Alfisols. The soils are mostly sandy with sand content above 85%, acidic 

to neutral, with low organic matter content and low buffering capacity (Zhang et al., 

2003b).  Surface soil pH varied from 3.8 to 7.3, with an average of 5.5. Total organic 

carbon content ranged from 3.3 to 11.1 g kg-1 (Table 2-2).    

Total recoverable Cu included all Cu in the soil except for those residual bound in 

the mineral crystal structure and therefore, is generally lower than total Cu 

concentration. Total recoverable Cu concentrations in the soils ranged from 4.74 to 228 

mg kg-1, which were all higher than the background level of 3.7 mg kg-1 in Florida soils 

(Ma et al., 1997).  Copper accumulation in the soils was related to citrus planting history. 
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The low total recoverable Cu (4.74 mg kg-1) was measured in the soil from the youngest 

citrus grove (since 2004) whereas the highest total recoverable Cu (228 mg kg-1) was 

observed in the soil from an old grove (since 1975) (Table 2-2). Apparently Cu has 

accumulated in the soils with an increase of 27% in the 4-yr grove and by 60 times in 

the 33-yr grove.  

In addition to plant history, citrus cultivar also affects Cu accumulation in the soil. 

In general, grapefruit production systems received more Cu in fungicides than orange 

production systems as the former is more susceptible to fungal diseases such as canker 

and melanose. Among different products, Cu-containing fungicides have been 

considered the most effective (Timmer et al., 2006).  One single application of Cu-based 

fungicides may introduce 3 to 5 kg Cu ha-1. Furthermore, three to six applications per 

year would correspond to an annual load of approximately 10-30 kg Cu ha-1. Soil 

number 8 9, 10 and 11 were all planted with red grapefruit and belonged to the same 

soil type with similar management practices and therefore, their significant difference in 

total recoverable Cu concentration can be attributed to citrus production. It was 

estimated by simple linear regression that total recoverable Cu in the soil increased by 

1.9 mg kg-1 or 4.3 kg Cu ha-1 yr-1.  Considering that fruit harvest removes only a small 

fraction of Cu from the soil, the majority of the applied Cu may have been lost into 

surface runoff water or deeper soil layers along soil profiles.   

Effects of pH on Downward Movement of Copper in Soils 

Based on the soil properties and Cu content, 6 soils were selected for vertical 

distribution study. Soil pH affected the downward movement of Cu (Fig. 2-1). Total 

recoverable Cu decreased more rapidly with depth in relatively high-pH soils (Soils 4 

and 12) than low-pH soils (Soil 2). Up to 441 mg kg-1 Cu in Soil 12 was accumulated in 
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the top 5 cm with minimal downward movement and decreased markedly with soil depth, 

whereas Soil 2 had lower Cu concentration in the top 5 cm but Cu had been significantly 

leached through the soil profile, accumulating at the 90 cm depth.  

These results suggest that pH play a critical role in Cu downward movement in 

these soils, since these soils had similar properties except for pH (USDA, 1980) (Tables 

2-1 and 2-2). Soils that had pH>6.5 (Soils 4 and 12) had most of the Cu concentrated in 

the top 5 cm soil layer with minimal amount being leached downward even after over 30 

years of  citrus cultivation (Fig.2-1). In these soils, Cu downward migration along soil 

profiles was restrained and therefore its pollution to groundwater was minimal. Low pH 

enhances Cu leaching losses. When soils had pH<6.5, particularly in very acidic soils 

(pH<5.5) such as Soils 1 and 10, downward movement of Cu was significant. For 

instance, >50 mg kg-1 of total recoverable Cu was measured at the 15-30 cm soil layer 

in Soil 10 (Fig. 2-1).   

Copper Availability as Affected by Cu Accumulation and Soil pH  

Soil available Cu as estimated by Mehlich-3 ranged from 2.31 to 119 mg kg-1, with 

a mean of 31.3 mg kg-1, while NH4OAc-extractable Cu ranged from 0.20-10.9 mg kg-1, 

and CaCl2-extractable Cu were 0.01-1.50 mg kg-1 (Table 2-2).   

The soil available-Cu extracted by the three methods was correlated among 

themselves in addition to total recoverable Cu.  Except for CaCl2-extractable Cu, 

significant correlation was observed for all pairs (r = 0.892-0.941, p<0.001; data not 

shown).  Based on the regression slope of Mehlich-3 and NH4OAc extractable to total 

recoverable Cu (Fig. 2-2), 48.9% of the total recoverable Cu was extractable by 

Mehlich-3 and 4.5% of the total recoverable Cu was extractable by NH4OAc. When 

CaCl2-extractable Cu was divided into two groups based on soil pH, it was highly 
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correlated to total recoverable Cu. The regression slope to total recoverable Cu was 

greater at pH < 6.5 than pH>6.5 (Fig. 2-3).  This suggests that water-soluble soil Cu 

was affected by soil pH, which decreased rapidly at high pH.  

Total recoverable Cu alone may not provide adequate information regarding Cu 

bioavailability in soils as only a small portion of the total recoverable Cu is available to 

plants or subject to leaching. Plants influence Cu availability, especially in the 

rhizosphere. For example, root activity lowers rhizosphere pH, and root exudates 

mobilize Cu by forming Cu-OM complex (Dessureault-Rompré et al., 2008), and 

transform Cu into metallic nanoparticles near the roots to reduce Cu toxicity (Manceau 

et al. 2008). Various extraction methods have been used to estimate available Cu in 

soils.  Mehlich-3 procedure is commonly used to measure labile Cu in soil, which 

includes water soluble, exchangeable, and a variable portion of soil Cu bound to organic 

matter, oxides and carbonates (Mehlich, 1984). These fractions of Cu are readily 

dissolved in mild acidic/chelation (containing EDTA) conditions like the rhizosphere. 

CaCl2 is an analog of soil solution and extracts mainly water-soluble plus a part of 

exchangeable Cu that can be readily taken up by the roots. The NH4OAC extraction is 

intermediate between the two procedures.   

In this study, Mehlich-3 and NH4OAc extractable Cu were largely explained by the 

total recoverable Cu, as attested by their high correlation coefficient.  However, the 

correlation of CaCl2 extractable and total recoverable Cu was affected by soil pH.  The 

CaCl2 extraction method is appropriate for estimating Cu availability in polluted soils.  

Brun et al. (2001) recommended 0.1 M CaCl2 extraction as the best suitable for the 

determination of Cu availability to plants in acid-neutral soils. Zhang et al. (2003a) 

36 
 



 

studied the losses of dissolved Cu in runoff in Florida sandy soils under commercial 

citrus. They reported that mean dissolved-Cu concentration in surface runoff water from 

agricultural fields was significantly correlated with 0.01 M CaCl2 extractable Cu. The 

results from this study together with those from previous reports indicate that CaCl2 

extractable Cu may be a better indicator of Cu availability in soil as it reflects the effects 

of both total Cu and pH. 

Soil Cu Fractionation and Availability   

Sequential fractionation has proven useful for distinguishing Cu association with 

different soil fractions (Ma and Rao, 1997). The Cu fractions in the surface soil 

decreased in the order of organic bound (48.2%) > oxides-bound (29.8%) > residual 

(16.5%) > carbonate-bound (4.2%) > exchangeable (1.3%) (Fig. 2-4).The fact that 

organic-bound Cu dominated soil Cu (from 43% to 62%) indicates its role in controlling 

the fate and transport of Cu in soils. In addition, oxides-bound Cu was also significantly 

correlated to total recoverable Cu and accounted for one-third of Cu in the soils.  

To understand which fraction is bioavailable, Mehlich-3 extractable Cu was 

correlated with various Cu fractions.   Mehlich-3 extractable Cu was significantly 

correlated with organic-bound Cu fraction (r= 0.96, P<0.001). In addition, Mehlich-3 

extractable Cu was also highly correlated with carbonate- and oxides-bound Cu but less 

with exchangeable Cu.  This occurred since a larger proportion of the former two 

fractions is associated with the labile Cu pool in the sandy soils. In comparison, 

NH4OAc and CaCl2 extracted a smaller amount of Cu than the Mehlich-3 procedure 

(Table 2-2), but the CaCl2-extractable Cu was more closely related to water soluble and 

exchangeable Cu than the other fractions (r=0.83, P<0.01), which agrees with the mild 

37 
 



 

nature of the reagent, implying that this part of Cu was more readily leachable into 

groundwater or surface waters. 

Copper fractions were similar among different soils, indicating that Cu further 

conversion from available to less available fractions (aging) takes longer than the 

current citrus cultivation history in this study. In the sandy soils under citrus production, 

Cu was mainly bound to organic materials, oxides, and clay minerals (residual). 

Approximately half of the soil Cu was tied with organic matter; which is unexpected in 

sandy soil with low organic matter but consistent with other reports on acidic soils 

(Flores-Veles et al., 1996; Fernandez-Calvino et al., 2009).  Similar results were also 

obtained by Strawn and Baker (2008) who examined Cu speciation in a contaminated 

agricultural soil via advanced x-ray spectroscopy. This may be attributed to the 

formation of inner-sphere complexes of Cu with humic acids (Komarek et al., 2010), 

which are very stable. The other possible reasons include low concentration of clay and 

oxides in the sandy soils. Similarly, Cu can be specifically adsorbed on the surfaces of 

Fe, Al and Mn oxides, thereby Cu being also concentrated in the oxide fraction. 

Generally, the water soluble and exchangeable Cu is readily bioavailable whereas the 

oxide-, carbonate-, and organic matter-bound fractions are potentially bioavailable 

because they are sensitive to environmental changes such as decomposition of organic 

matter, redox potential and pH, and can be mobilized under changing chemical 

environment (Alva et al., 2000; Shuman, 1991). Therefore, development of best 

management practices (BMPs), like raising soil pH etc., for preventing Cu loss into the 

environment and phytotoxicity needs to take consideration of reducing the release and 

transport of the readily and potentially available Cu from land to water. 
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Conclusions 

The repeated uses of Cu-based fungicides have caused significant accumulation 

of Cu in the soils under citrus production.  The available Cu as estimated by chemical 

extraction was enhanced by the increase in total recoverable Cu and the decrease in 

soil pH as a result of soil contamination by the anthropogenic input of Cu. However, the 

downward movement of Cu along soil profiles was mainly controlled by soil pH. Among 

the commonly used soil tests, CaCl2 extractable Cu was a improved indicator of Cu 

availability in the sandy soils as it reflected the effects of both soil Cu accumulation and 

soil pH change. Most of the Cu in the soils was associated with organic matter and 

oxides. The organic- and oxides-bound Cu were highly correlated with extractable Cu 

and are potentially available or subjected to leaching loss.  These findings merit 

attention in the development of BMPs for remediating Cu-contaminated soils. 
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*GF=grapefruit, NAV=navel orange, VAL=Valencia orange 

No. Citrus culltivar Cu use history Soil orders Soil texture 
1 Red GF 1988 Alfisol Sand  
2 NAV 1988 Alfisol Sand 
3 Red GF 1973 Alfisol Sand  
4 Red GF 1966 Alfisol Sand 
5 NAV 1982 Alfisol sand 
6 VAL 1970 Alfisol Loamy sand 
7 VAL 1970 Alfisol Loamy sand 
8 Red GF 2005 Spodosol Sand  
9 Red GF 1973 Spodosol Sand 
10 Red GF 1994 Spodosol Sand 
11 Red GF 1975 Spodosol Sand 
12 White GF 1975 Alfisol Sand 
13 VAL 1975 Alfisol Loamy sand 
14 White GF 1989 Spodosol Sand  
15 Murcott 1989 Spodosol Sand 
16 Red GF 1989 Spodosol Sand 
17 White GF 1955 Spodosol Sand 
18 Murcott 1959 Spodosol Sand  

Table 2-1.  General properties of the evaluated soils  
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Cu 
Soils pH (H2O) EC 

Total 
Organic C Total 

recoverable  
Mehlich-3 
Extractable  

NH4OAc extractable  
CaCl2 

Extractable 

  ( S cm-1) 
__ g kg-1 __ ______________________________________________ mg kg-1 _____________________________________________

1 5.03±0.03 129±9.2 3.29±1.96 43.17±19.41 20.75±7.86 1.43±0.52 0.89±0.04 
2 5.34±0.49 155±66.6 7.82±1.36 96.47±11.13 30.52±4.12 2.73±0.42 1.50±0.46 
3 5.82±0.61 142±76.7 5.29±1.14 102.55±20.22 42.94±9.40 3.61±1.73 1.41±0.28 
4 6.65±0.91 194±130.7 4.26±0.64 122.60±18.57 60.18±10.50 2.79±2.31 0.19±0.09 
5 5.09±0.06 212±63.8 5.26±0.49 48.75±11.03 26.27±3.01 2.16±1.53 0.42±0.20 
6 7.34±0.65 118±81.2 7.20±3.54 54.43±1.53 24.52±7.64 0.85±0.12 0.02±0.01 
7 7.31±0.33 130±57.4 6.46±1.61 32.45±2.34 14.36±2.95 0.59±0.08 0.01±0.00 
8 6.38±1.05 107±43.9 5.29±0.47 4.74±0.02 2.31±0.14 0.20±0.10 0.01±0.00 
9 4.81±0.17 268±155.0 8.59±1.19 70.12±6.66 44.80±4.75 1.20±0.56 0.99±0.11 
10 3.85±0.06 194±15.8 7.24±1.77 44.67±26.52 18.00±5.04 1.05±0.14 0.96±0.15 
11 4.92±0.21 129±27.8 11.05±0.45 67.53±3.49 40.34±12.06 0.55±0.06 0.65±0.05 
12 7.29±0.58 113±61.4 5.64±2.44 228.49±97.73 119.08±33.75 10.90±2.11 0.26±0.64 
13 6.00±0.74 224±27.9 6.45±0.77 60.44±19.49 41.53±15.98 0.93±0.31 0.78±0.00 
14 4.39±1.54 164±8.7 3.37±0.43 27.84±18.96 19.06±12.71 0.62±0.22 0.14±0.02 
15 4.55±0.09 278±7.3 4.19±1.13 19.28±1.09 13.91±0.44 0.46±0.10 0.12±0.09 
16 3.91±0.25 195±35.4 6.22±3.03 39.00±6.02 24.62±1.58 0.98±0.21 1.32±0.58 
17 4.42±0.35 147±7.0 5.31±0.74 63.40±7.88 36.73±20.10 1.22±0.99 0.47±0.66 
18 4.19±0.91 105±14.3 7.57±0.08 41.47±12.82 20.02±3.48 0.59±0.26 0.36±0.08 

Table 2-2.  Selected chemical properties and Cu concentration of the soils  
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Figure 2-2.  Relationship between Mehlich-3 extractable and NH4OAc extractable Cu 

and total recoverable Cu concentration in soils. 

 

 

Figure 2-3.  Relationship between CaCl2 extractable Cu and total recoverable 
concentration Cu in soils. 
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 Figure 2-4.  Copper fractions as a percentage of total recoverable Cu in surface soils. 
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CHAPTER 3 
IMMOBILIZATION OF CU IN CONTAMINATED SANDY SOILS USING 

CALCIUM-WATER TREATMENT RESIDUE 

Introduction 

Soil contamination with Cu causes soil degradation, phytotoxicity, and increased 

Cu transport from land to surface and ground waters (Alloway, 1995). Because of its 

persistent nature, remediation of Cu-contaminated soils is of great challenge. Physical 

methods such as scavenging or burial are effective but often too expensive for a large 

scale remediation. Phytoremediation is cost-effective, but requires a long time to 

accomplish desired results. Amendment-induced chemical stabilization is often used to 

remediate agricultural soils. The amendments decrease Cu leachability and 

bioavailability via chemical processes such as precipitation, adsorption, and/or chelation.    

Amendment selection is often based on its affinity for the contaminants.  In soils, 

Cu is often associated with carbonates, phosphates, organic matter, oxides, clays and 

other silicate minerals.  Copper stability in soil is strongly pH dependent.  Copper is 

mobile in acidic and highly alkaline conditions, but its mobility is usually the lowest at 

neutral to slightly alkaline pH (Celardin et al., 2004; Boudesocque et al., 2007).  A range 

of amendments have been tested for Cu immobilization, including fly ash, clay minerals, 

compost, sewage sludge, peat, phosphates, and lime (Jackson and Miller, 2000; 

Stuckey et al 2008; Alvarez-Ayuso and Garcia-Sanchez, 2003; Alva et al. 2005; 

Besnard et al. 2001; Kiikkila et al. 2002; Paramasivam et al 2009; Cao et al 2004; Liu 

and Zhao, 2007; Nzegbule, 2007). These materials reduce Cu’s mobility and toxicity to 

biota by raising soil pH and chemisorbing or precipitating Cu in soils (McBride and 

Martinez, 2000).  
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Application of industrial byproducts to agricultural soils to enhance plant growth 

has been reported extensively (Jackson and Miller, 2000). Water treatment residue 

(WTR) is a byproduct of water purification process to remove suspended and dissolved 

solids, organic matter, and other contaminants.  It has a relatively simple composition, 

which radically differs from wastewater treatment biosolids. A number of studies have 

examined the effect of various WTR on plant growth and nutrient uptake, with few 

focusing on remediation, especially the mechanisms of heavy metal immobilization 

(Basta et al., 2000; Elliott and Dempsey, 1991; Rengasamy et al., 1980; Silveira et al., 

2006).  

Calcium WTR, containing mainly CaCO3 and minor CaO, has potential for 

reducing Cu loading in surface runoff water in Florida soils due to its strong acid-

neutralizing capacity based on our field observation (He et al., 2009); however, its 

mechanisms are not well understood. In this study, laboratory incubation and column 

leaching experiments were conducted to understand the mechanisms of Cu 

immobilization by Ca-WTR and to estimate the optimal rates of Ca-WTR to remediate 

Cu-contaminated soils. 

Materials and Methods 

Sampling and Characterization 

Alfisol and Spodosol are the dominant soils under citrus production in the Indian 

River area, South Florida, which received increased amounts of Cu-containing fungicide 

(He et al. 2004).  Soil samples were collected at 0-15 cm from existing citrus groves.  

The soils used were: Riviera fine sand (Loamy, siliceous, active, hyperthermic Arenic 

Glossaqualfs) and Wabasso sand (sandy, siliceous, hyperthermic alfic alaquods). After 

collection, the soil samples were air-dried and passed through a 2-mm sieve prior to use. 

46 
 



 

The Ca-WTR used in this study is a byproduct of drinking water purification collected 

from Utility Authority facility, Fort Pierce, FL.   

 The pH and EC of soil and Ca-WTR were measured in deionized water at the soil: 

water ratio of 1:1 and 1:2 using a pH/ion/conductivity meter (DIM 200, Denver 

Instrument, Denver, CO). Particle composition of the soil sample was determined with 

the micropipette method (Miller and Miller, 1987). Total organic carbon (C) was 

determined using a C/N analyzer (Vario Max, Elemental Analysensystem GmbH, Hanau, 

Germany). Total recoverable Cu in soil was determined following EPA method 3050B. 

Soil extractable Cu and nutrients were determined by Mehlich-3 extraction (Mehlich, 

1984).  Copper concentrations in the digested solutions or extracts were determined 

using an inductively coupled plasma optical emission spectrometer (ICP–OES, Ultima; J. 

Y.  Horiba Group., Edison, NJ, USA) following EPA method 200.7. The NELAP 2003 

standards were followed for quality assurance and quality control of chemical analyses. 

For Cu analysis with ICP-OES, the detection limit was 0.8 µg L-1 with the recovery of 90-

110% for internal quality check and 95-105% for 2nd source QC samples. Their physical 

and chemical properties are presented in Table 3-1. 

Incubation Study 

The Spodosol had lower pH and higher buffer capacity than Alfisol collected in this 

study (Table 3-1).   In the batch experiment, 2 kg of soil was mixed with different rates 

of Ca-WTR, with half of the soil being used in the column experiment.  The Alfisol was 

amended with 0, 5, 10, and 20 g kg-1 and the Spodosol with 0, 5, 50, and 100 g kg-1 Ca-

WTR.  In addition to the original soil, a Cu-enriched soil at 400 mg kg-1 Cu as Cu(NO3)2 

was included.  Ca-WTR was applied to the Cu-enriched soil immediately to simulate 

field condition of high Cu concentration in the top soil after fungicide application. There 
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were three replications for each treatment. The amended soils were then incubated at 

room temperature (23°C) for 70 d with soil moisture being maintained at 70% of water 

holding capacity (WHC) by adding water to compensate for water loss. At the end of 

incubation, subsamples were taken to determine pH, and Mehlich-3 extractable Cu.  In 

addition, soil Cu was fractionated into water soluble and exchangeable, carbonate-

bound, organic-bound, oxide-bound, and residual Cu fraction following the modified 

procedure of Amacher (1996).  

Column Leaching Study 

The column leaching experiment was conducted using a randomized complete 

block experimental design with three replicates of each treatment. Soil (1 kg) was 

packed into a PVC column (40 cm height by 7.5 cm diameter) to reach approximately 16 

cm high. The bulk density of the packed soil column was 1.4 g cm–3. The bottom of the 

column consisted of a Plexiglas plate containing several 5-mm-wide holes. The plate 

was covered with a nylon cloth to prevent soil loss during leaching.  Two disks of filter 

paper (Whatman # 42) were placed on the top of soil to prevent disturbance by applied 

water.  

The soil columns were saturated with deionized water from the bottom for three 

days to reach field-holding capacity prior to leaching. Deionized water (350 mL) 

(approximately 1 pore volume) of was applied to the top of each soil column at a rate of 

2 mL min-1 every 3 days using a peristaltic pump. Leaching was continued for 30 days 

with a total of 10 leaching events. This application rate of leaching solution did not 

cause water ponding on the top of the column. For each leaching event, leachates were 

collected into a 1000-mL beaker below the soil columns and filtered through a 0.45-µm 

membrane filter for the analysis of pH, EC, DOC and Cu concentrations. At the end of 
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the leaching experiment, soils were removed from the columns and mixed thoroughly.  

Subsamples (each 300 g) of the soils were air-dried and analyzed for 0.01 M CaCl2 and 

Mehlich-3 extractable Cu and other metals. 

Statistical Analysis 

All results were expressed as a mean of three replicates with a standard error, and 

treatment effects were determined by the analysis of variance according to the general 

linear model procedure of the Statistical Analysis System (version 8.2, SAS Institute, 

2004). Differences among the treatment means were separated by the Least Significant 

Difference, at the 0.05 probability level. 

Results and Discussion 

Addition of Ca-WTR Increased Soil pH and Decreased Extractable Cu  

Both the Alfisol and Spodosol soil were acidic, sandy and with low organic carbon. 

Addition of Ca-WTR significantly raised soil pH (Fig. 3-1). At 5 g kg-1, soil pH was 

elevated to 6.4-6.9 in the Alfisol and to 6.2 in the Spodosol soil. The Ca-WTR was a 

byproduct of drinking water purification containing mainly CaCO3 and minor CaO with 

minimum contaminant: pH 9.06, electrical conductivity (EC) 659 µS cm-1, Mehlich-3 

extractable Ca 292 g kg-1, and Cu 0.32 mg kg-1 and total recoverable Cu 0.40 mg kg-1.  

Copper loading at 400 mg kg-1 decreased soil pH by 0.26-0.45 units (Fig. 3-1). As 

a consequence, the mobility and phytotoxicity of Cu in soil may be enhanced. The 

mechanisms of pH decrease from external Cu loading or contamination involves the 

replacement of exchangeable H+/Al3+ on clay minerals and oxides. Similar results were 

reported by Yu et al. (2002) in red soils, in which adsorption of one mole of Cu2+ 

resulted in the release of 1.1 to 2.6 mole of proton (H+), depending on soil properties 

such as contents of clay minerals and oxides, and on Cu2+ adsorption mechanisms. 
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Theoretically, one mole of Cu2+ adsorbed can release one mole of protons if only mono-

dentate adsorption mechanism is involved, two moles of protons if a bidentate 

adsorption occurs on hydroxylated surfaces or through cation exchange reaction (one 

Cu2+ replacing two H+) on exchange complex (Padmanabham, 1983), and three moles 

of protons if a concurrent reaction of Cu2+ hydrolysis and a bidentate adsorption of Cu2+ 

and/or hydroxyl Cu happens on the hydroxylated surfaces of oxides (Summer, 1998). 

Higher application rates of Ca-WTR resulted in higher soil pH (Fig. 3-1).  At 20 g 

kg-1 and 100 g kg-1 (equivalent to field application rates of ~44.8 and 224 Mg ha-1 

incorporated into a soil depth of 15 cm), the soil pHs were increased to 6.7-7.2 in the 

Alfisol soil and 7.1-7.2 in the Spodosol soil. The initial pH of Spodosol (4.18) was lower 

than the Alfisol (5.83) while the buffer capacity was higher (Table 3-1). Therefore, more 

amendments were required in the Spodosol than in the Alfisol. In general, high 

application rates should be avoided, which may lead to negative effect on soil properties 

or crop yields (Titshall et al., 2007). Furthermore, Cu mobility in soils can increase at pH 

values above ~7.5 due to increased solubility of soil organic matter (SOM) and the 

formation of Cu-SOM complexes (Fernández-Calviño et al., 2008 and Fernández-

Calviño et al., 2009). Application of coal fly ash (pH = 12.2) was effective in reducing Cu 

mobility, however, increasing soil pH to above 8 (15% by weight) decreased its 

efficiency (Ciccu et al., 2003).   

To determine the long-term effectiveness of Cu-immobilization by Ca-WTR, the 

soils were incubated for 70 d under 70% WFC. Melich 3 extractable Cu in the Ca-WTR 

amended soils decreased during the 70-d incubation (Fig. 3-2), indicating that a portion 

of Mehlich-3 extractable Cu (water soluble, exchangeable, part of CaCO3- and 
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organically-bound Cu) (Mehlich, 1984) was converted into more strongly bound 

fractions. The extractable Cu generally decreased with increasing application rate (Fig. 

3-2), which resulted in increasing pH (Fig. 3-3). Amendment at 5 g kg-1 Ca-WTR 

reduced the extractable Cu by 24-36% in the Alfisol and 22-47% in the Spodosol. Based 

on a linear model of the extractable Cu vs soil pH, increasing soil pH by one unit 

decreased the extractable Cu by 12-90 mg kg-1. At pH 6.5, the extractable Cu was 

reduced by 28-30% in the Alfisol and by 42-44% in the Spodosol.  

Ca-WTR amendment has a strong acid-neutralizing capacity. It is likely that less 

water soluble Cu compounds such as Cu(OH)2 were formed at the raised soil pH. In 

addition, exchangeable Al3+ and Fe3+ were replaced by Ca2+ and precipitated as 

Al(OH)3 and Fe(OH)3 when soil pH is above 5.5 (Lindsay, 1979). These newly formed 

oxides and hydroxides provide additional sites for sorbing Cu. As pH increased, there is 

an increase in negative surface charge of metal oxides, thus reducing Cu concentration 

in soil solution. In addition, some adsorbed Cu may be also occluded by the newly 

formed oxides and become inaccessible to chemical extraction (Ma et al., 2006; Sayen 

et al., 2009).   

Addition of Ca-WTR Converted Labile Cu to More Stable Cu Forms  

Sequential fractionation was conducted to further distinguish different Cu forms in 

soil matrix. Among the five Cu fractions based on sequential extraction, water soluble 

and exchangeable Cu (WE-Cu) is more liable (Ma and Rao, 1997).  Addition of Ca-WTR 

drastically reduced WE-Cu while increased oxide-bound and residual Cu fractions (Fig. 

3-4). Although the best results were obtained at the highest dose, lower dose at 5 g kg-1 

was effective in reducing WE-Cu fractions. At 5 g kg-1, Ca-WTs reduced WE-Cu by 62% 

in the original soils, and by 90% in the Cu-enriched soils (Fig. 3-5). Ca-WTR introduced 
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a significant amount of CaCO3/CaO, which can control Cu mobility to a great extent by 

surface precipitation of CuCO3 (Lindsay, 1979). The retention of Cu through co-

precipitation with carbonates is associated with the release of Ca2+, Mg2+, Na+ and H+ 

into the soil solution at equal molar ratios.  

The precipitation of newly-formed Cu phases in a soil represents an important 

mechanism of Cu immobilization. These phases may include Cu(OH)2, 

CuCO3/Cu2(OH)2CO3, CuO and various Cu-hydroxysulfates if sulfates are present 

(Komárek et al., 2009; Ma et al., 2006, Ponizovsky et al., 2007, and Strawn and Baker, 

2009). The carbonate-bound Cu was reduced by Ca-WTR at the high Ca-WTR rates 

(10-100 g kg-1), probably because the binding of Cu is stronger to oxides than 

carbonates (Jalali, 2008), as evidenced by the increase in the oxide fraction (Fig. 3-4). 

The conversation of labile Cu to more stable Cu forms was also supported by an 

increase in the residual fraction (Fig. 3-4). 

Addition of Ca-WTR Reduced Leachable Cu in Soil Columns  

The incubation studies provided insight into Cu transformations as affected by Ca-

WTR amendment, whereas column studies were to determine Cu mobility, particularly 

downward movement in term of its environmental risks (Tyler and McBride, 1982). As 

expected, the highest leachable Cu concentrations occured in the first leaching event 

for all samples (Fig. 3-5). In the absence of Ca-WTR, higher Cu concentrations were 

leached during the leaching period.   At the beginning, 0.71-0.97 mg L-1 Cu in the 

original soils, and 12.12-18.1 mg L-1 Cu in the Cu-enriched soils were detected (Fig. 3-

5). For the original soils, the decrease in leachable Cu concentration consisted of two 

phases.  It involved an initial rapid decrease, followed by a slow but steady decrease 

(Fig. 3-5). In comparison, leachable Cu concentrations were constantly low in the 

52 
 



 

amended soils, even at the lowest rate of 5 g kg-1. For the unamended Cu-enriched 

soils, Cu concentrations in the leachate were above the U.S. EPA drinking water limit of 

1.30 mg L-1 (USEPA, 2004).  In comparison, Cu concentrations in the amended soils 

were below the limit at the end of the 10 leaching events even at the lowest treatment 

rates (Fig. 3-5).  

After ten leaching events, the cumulative loss of Cu decreased with increasing Ca-

WTR application rates for all soils (Table 3-2). Compared with the original soils, 

application of Ca-WTR at 5.0 g kg-1 decreased Cu leaching loss by 56-66% in the 

original soils and by 55-59% in the Cu-enriched soils. In comparison, at the highest 

rates (20 g kg-1 for Alfisol and 100 g kg-1 for Spodosol), the cumulative amount of Cu 

lost in the 10 leaching events decreased by 35% in the original soils and by 73-80% in 

the Cu-enriched soils. These results suggest the amendment of Ca-WTR can 

significantly reduce Cu leaching losses from sandy soils. This agrees with the 

incubation studies results, which showed a significant portion of labile Cu was converted 

to more stable forms in the amended soils (Fig. 3-4). 

The decrease in cumulative losses of Cu with Ca-WTR application rate followed a 

quadratic model (P<0.05) (Fig. 3-6).  With increasing application rates the cumulative 

losses of Cu dramatically decreased, particularly for the Cu-enriched soils, but the 

decrease diminished with further increases in WTR. This indicates there was an optimal 

level of WTR application rate, above which the benefit may be limited. The cumulative 

losses of Cu in the Cu-enriched soils was greater in Alfisol than Spodosol, indicating 

higher Cu leaching potential in Alfisol soils, likely because of its lower organic matter 

and clay contents for holding Cu (Table 3-1).   
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A great challenge to chemical remediation of metal-contaminated soils is to 

determine the optimal amendment rates (Kumpiene et al., 2007). The calculated Ca-

WTR rate for achieving the lowest Cu loss was ~15 g kg-1 for the Alfisol and 75 g kg-1 

for the Spodosol. However, high amendment rates are not recommended for economic 

consideration. In addition, high rates may lead to negative effects on soil quality and/or 

crop yield. The results from our field survey indicate that the relationship between 

readily available Cu (by CaCl2 extraction) and total recoverable Cu is affected by soil pH, 

and a pH value of 6.5 is optimum for reducing Cu availability in soils (Fan et al., 

unpublished).  Based on this criterion and the response curve of pH to Ca-WTR 

application rates (Fig. 3-1), the optimal rates of Ca-WTR were 3-8, and 30 g kg-1 for the 

Alfisol and Spodosol soils.  

In addition to total Cu in the leachate, Mehlich-3 extractable Cu in the leached 

soils decreased with increasing Ca-WTR application rates. Application of Ca-WTR at          

20 g kg-1 to the Alfisol soil and 100 g kg-1 to the Spodosol soil decreased Mehlich-3 

extractable Cu by 34- 66% and 53 to 64%, respectively. For CaCl2 extractable Cu, the 

reduction was 55-89% and 50-52%, respectively (Table 3-2). Both Mehlich-3 extractable 

Cu and CaCl2 extractable Cu were significantly correlated with the leaching loss of Cu (r 

= 0.86 and 0.73, respectively). There was no significant difference in the proportion of 

extractable to the total Cu in the soils before and after the leachings (Fig. 3-2). These 

results suggest that leaching had a minimal effect on the overall Cu distribution in the 

soils and the amendment of Ca-WTR increased soil Cu holding capacity and 

established a relatively stable equilibrium of Cu in the contaminated soils. 
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Conclusions 

Copper input to agricultural soils resulted in soil pH decrease and Cu loss 

acceleration. Application of Ca-WTR effectively increased soil pH and converted labile 

Cu into more stable forms. Ca-WTR significantly reduced leachate Cu concentrations 

and the cumulative amounts of Cu loss. The cumulative loss of Cu as a function of Ca-

WTR treatment rates can be described by a quadratic model. From the environmental 

and economic considerations, the optical Ca-WTR application rates can be estimated 

based on soil pH of 6.5 for significant reduction of available Cu in the soil. As a by-

product from drinking water treatment facility, Ca-WTR can be obtained at minimum 

cost and contain minimum detectable contaminants, and therefore has a potential for 

the remediation of Cu contaminated soils, particularly in those acidic sandy soils. 

 

 



 

 

Table 3-1.  Physicochemical properties of the soils used in this study 

Property 
Cropping 

history 
pH (H2O) EC 

Sand 

(> 0.05 

mm) 

Silt 

(> 0.002 and 

< 0.05mm) 

Clay 

(< 0.002 mm) 

Organic 

matter 

Recoverable 

Cu 

Mehlich-3 

Extractable Cu 

   
S cm-1

-------------------------------g kg-1------------------------------- ---------mg kg-1--------- 

Alfisol 
Red GFa 

/1988 
5.83±0.14b 132±11 986 ± 5 3 ± 1 11 ± 1 3.29±0.97 63.2±12.34 39.9±7.86 

Spodosol 
Red GF 

/1994 
4.18±0.16 194±18 928 ±8 52 ± 1 20 ± 2 7.24±1.77 114±19.41 72.3±5.04 

Ca-WTR  9.06±0.01 659±24 12 ± 4 136 ± 5 852 ± 5 -- 0.40±0.05 0.32±0.05 

bMean ± SE (n = 3). 

aGF=grapefruit 

 
 
 



 

Table 3-2.  Mehlich-3 extractable Cu (mg kg-1) in the soils after 10 leaching events 
Treatments 

rate 
Mehlich-3 extractable Cu (mg kg-1) CaCl2 extractable Cu (mg kg-1) 

g kg-1 Original soil Cu enriched soil Original soil Cu enriched soil 

 Alfisol 

0 27.8a 299.0a 0.063a 0.503a 

5 21.4ab 225.6b 0.023b 0.432b 

10 13.8b 213.8b 0.020b 0.263c 

20 9.6b 198.1b 0.007c 0.244c 

 Spodosol 

0 60.2a 215.1a 0.035a 0.799a 

5 33.8b 211.2a 0.026b 0.791a 

50 30.1b 105.5b 0.020c 0.362b 

100 21.9c 101.6b 0.016c 0.349b 
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Figure 3-1.  Relationship between soil pH and WTR application rates. 

 
 

 



 

 
 

 

Figure 3-2.  Changes of Mehlich-3 extractable Cu in soils with incubation time as 
affected by Ca-WTR application rates. A) Alfisol. B) Spodosol. C) Alfisol + 
400mg Cu kg-1 soil. D) Spodosol + 400mg Cu kg-1soil. 
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Figure 3-3.  Relationship between Mehlich-3 extractable Cu and soil pH. 

 



 

 

Figure 3-4.  Cu Fractionation in soils amended with different Ca-WTR rates. A) Alfisol. B) 
Spodosol. C) Alfisol + 400mg Cu kg-1 soil. D) Spodosol + 400mg Cu        kg-

1soil.
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Figure 3-5.  Changes of water soluble /exchangeable Cu with Ca-WTR application rates. 
A) Alfisol. B) Spodosol. C) Alfisol + 400 mg Cu kg-1. D) Spodosol + 400 mg 
Cu kg-1. 

 
 

 



 

 
 

Figure 3-6.  The concentrations of Cu, in leachate from two soils in ten leaching events. 
A) Alfisol. B) Spodosol. C) Alfisol + 400 mg kg-1 Cu. D) Spodosol + 400 mg 
kg-1 Cu. 
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Figure 3-7.  Cumulative loss of Cu after 10 leaching events as a function of Ca-WTR 

treatment rates. 

 
 
 
 
 
 
 
 

 

 



 

CHAPTER 4 
AMENDMENT OF CALCIUM WATER TREATMENT RESIDUE (CA-WTR) REDUCES 

CU BIOAVAILABILITY IN CU-CONTAMINATED SOILS  

Introduction 

Contamination of agricultural soils with Cu as a result of fungicide application 

reduces soil quality for crop growth. Only a small fraction of the total Cu present in the 

soil is available for plant uptake. Although most Cu-based fungicides are highly water 

soluble, the Cu can be strongly bonded, adsorbed, or precipitated to soil particles when 

it is applied to soil (He, et al. 2005). These processes are, in turn, influenced by soil 

factors such as pH, organic matter content, redox potential, and composition of clay 

minerals.  The leaching potential of Cu, though low in almost all soils, could be high in 

sandy soils. The phytotoxicity of Cu depends on the level of acidity or alkalinity of the 

soil given the same level of total concentration (Ginocchio et al. 2002; Gray et al., 2006). 

Generally, Cu has higher phytotoxicity in acidic soils with a low cation exchange 

capacity than in slightly alkaline conditions. Fine texture soils with high concentrations of 

organic matter, carbonates, clay, and oxides can have a larger holding capacity for Cu.  

Li et al. (2010) studied a wide range of soils with different properties and climate 

characteristics and concluded that soil pH, organic carbon (OC) content, and cation 

exchange capacity (CEC) can explain over 80% of the variance in Cu toxicity across 

soils from Asia and Europe.  

When determining potential risks associated with soil contamination, total Cu in 

soil is often a poor measure. In general, the availability of Cu in soil can be estimated 

using chemical extraction procedures. Most extracting solutions contain multiple 

reagents including chemically aggressive strong acids, reducing and oxidizing agents, 

metal chelators and dilute salts, e.g.  Mehlich-1, and Mehlich-3, EDTA, DTPA, and 
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0.01M CaCl2 solution (Lindsay and Norwell, 1978; Aten and Gupta, 1996; McBride, et al. 

2003). The extracting solution should thus be chosen carefully according to the purpose 

and specific soil characteristics 

Soil excavation and landfilling, the traditional approaches for remediating metal-

contaminated soils, are not economically feasible or environmentally sound for a large 

scale remediation. Phytoremediation is cost-effective, but requires longer time to 

accomplish desired results as compared to other approaches. Therefore, chemical 

approaches are frequently adopted for the remediation of agricultural soils. Soil 

amendment is one of the best management practices and sustainable approaches to 

remediate metal-contaminated surface soils from agricultural production systems. The 

reduction of the mobile metal content in the soil solution will minimize metal leaching 

into the groundwater, and transporting to neighboring areas. Liming materials are 

perhaps the most common and safe materials for in situ soil remediation (Gray et al., 

2006). Calcium water treatment residue (Ca-WTR) is a byproduct of water purification 

process to remove suspended and dissolved solids, organic matter, and other 

contaminants.  It has a relatively simple composition (pH 9.06, containing mainly CaCO3 

and minor CaO). In previous work, treatment with Ca-WTR was shown to significantly 

reduce mobile Cu levels of acidic Cu-contaminated soils in a batch study (Chapter 3). 

In the present study, Ca-WTR was mixed at different proportions: from 5 g kg-1 to 

100 g kg-1 soil to two representative sandy acidic soils in south Florida. Cu-enriched 

soils (incubated with 1000 mg Cu kg-1 soil) were also investigated as a highly 

contaminated site for comparison. Ryegrass (Lolium perenne L.) and lettuce (Lactuca 

sativa L.) were grown on the treated and control soils for eight weeks. The main 
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objectives of the current study were to determine if Ca-WTR would (a) reduce Cu 

accumulation in plant and (b) improve plant growth. 

Materials and Methods 

Soil Samples and Ca-WTR Collection  

Alfisol and Spodosol are representative citrus grove soils in South Florida, which 

received increased amounts of Cu-containing fungicide.  Soil samples were collected to 

a depth of 15 cm from the surface of a Riviera fine sand (Loamy, siliceous, active, 

hyperthermic Arenic Glossaqualfs) and a Wabasso sand (sandy, siliceous, hyperthermic 

alfic alaquods) in the Indian River area, South Florida. The soil samples were air-dried 

and passed through a 2-mm sieve prior to physical and chemical analyses and green 

house study. The Ca-WTR, a byproduct of drinking water purification containing mainly 

CaCO3 and minor CaO, was collected from the Fort Pierce Utility Authority facility. 

Selected properties of the soils and Ca-WTR are presented in Tables 4-1 and 4-2.  

Greenhouse Experiments 

Pot experiments were conducted in a greenhouse with a mean of 10-h sunlight 

photoperiod. According to the properties of the two soils (Spodosol had lower pH and 

higher buffer capacity), 2 kg （oven dried basis) soil amended with Ca-WTR at the rates 

of 5, 10, 20, 50 g kg-1 for the Alfisol and 5, 10, 50, 100 g kg-1 for the Spodosol was 

weighed and homogenized into a 2-L plastic container. Soil moisture was adjusted to 

70% field-holding capacity. There were two levels of Cu for each soil: with or without 

being enriched with 1000 mg kg-1 Cu in the form of Cu(NO3)2. Non-amended soils were 

carried through the experiment as controls. After three days, water-soaked and 

sterilized ryegrass seeds were planted at a rate of 100 seeds per pot after one week 

germination. Similarly, 4 seedlings (30 days old) were grown per pot for lettuce. 
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Fertilizers were applied at the beginning to each pot at the rate of 250 ppm N (as 

NH4NO3), 200 ppm K (KNO3), and 50 ppm P (as KH2PO4). All treatments were 

replicated three times. The lost moisture was supplemented every other day with 

deionized water by weighing and evaluating the fresh weight of the plants.  

After 8 weeks’ growth, the plant shoots and roots were harvested (cutting the 

shoots, taking the soil column with the roots from the pot, loosening soil by carefully 

crushing the column, and washing away any soil particles clinging to the roots), rinsed 

with tap water followed by deionized water, and oven dried at 70°C for 72 h. Fresh and 

dried biomass was recorded. Dried plants were ground using a micro stainless ball mill 

≤ 0.4 mm prior to digestion. The soils in the pots were sampled at the end of the 

experiment, air-dried, and passed through 2-mm sieve prior to analysis of available 

nutrients, Cu, and related chemical properties.   

Chemical Analyses of Soil and Plant Samples  

The pH and EC of soil and Ca-WTR were measured using a pH/ion/conductivity 

meter (DIM 200, Denver Instrument, Denver, CO). Total organic carbon (C) and total N 

was determined using a C/N analyzer (Vario Max, Elemental Analysensystem GmbH, 

Hanau, Germany). Percent organic matter was determined by multiplying percent 

organic C by 1.724. Total recoverable Cu in soil was determined following EPA method 

3050B. And soil extractable Cu and nutrient analyses were performed by 0.01 M, 0.1 M 

CaCl2 and Mehlich-3 extraction method (1:10 soil:solution ratio) (Mehlich-1984). Ground 

plant samples (0.4 g) were digested with 5 ml of concentrated HNO3 using an A.I. 

digestion system (A.I. scientific, Inc., USA).  The concentrations of Cu and other 

elements in soil extracts and digested samples were determined using inductively 
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coupled plasma optical emission spectrometry (ICP-OES, Ultima, J. Y. Horiba, Edison, 

NJ, USA) following USEPA method 200.7. Quality Assurance/Quality Control (QA/QC) 

plan included a blank, a duplicate, a spike and a Standard Reference Material (SRM) 

analysis every 20 samples with an acceptable recovery of 95-105%. 

Statistical Analysis 

All treatments were replicated three times. Treatment effects on pH, extractable 

Cu, plant Cu, and plant biomass were determined by analysis of variance using the 

Statistical Analysis System software (release 9.1 for Windows; SAS Institute, Cary, NC, 

USA). Least significant difference (LSD) analysis was conducted to determine the 

differences among the treatments at the 0.05 probability level. A type I error (α) of 5% 

was used for all statistical analyses.  

Results and Discussion 

Effects of Ca-WTR Amendment on Soil pH and Extractable Cu  

Both soils were acidic, but the Spodosol had lower pH (pH=4.66) than Alfisol 

(pH=5.45). The Ca-WTR was alkaline and had a higher electrical conductivity (EC) than 

the soils. The organic matter content of the Spodosol was approximately two times 

higher than that of the Alfisol. Both soils had high amounts of sand (>90%). The Ca-

WTR consisted of mainly clay and silt (13.6 and 85.2%, respectively), a minimal amount 

of organic carbon and non-detectable heavy metals. Higher Cu concentration was 

measured in the spodosol due to the long period of fungicide application (Table 4-1). On 

the other hand, the Alfisol contained higher concentrations of Zn, Fe and Al than the 

Spodosol. Other properties of the two soils were similar (Table 4-2).  

Copper loading at 1000 mg kg-1 reduced soil pH by 0.6 units for the Alfisol and 

0.48 pH units for the Spodosol (Table 4-3). The mechanisms of pH decrease from 
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external Cu loading or contamination may result from the replacement of exchangeable 

H+/Al3+ on clay minerals and oxides. Similar results were reported by Yu et al. (2002) in 

red soils, in which adsorption of one mole of Cu2+ resulted in the release of 1.1 to 2.6 

mole of proton (H+), depending on soil properties such as contents of clay minerals and 

oxides and on Cu2+ adsorption mechanisms (Padmanabham, 1983; Summer, 1998). 

The application of Ca-WTR significantly increased soil pH from acidic to neutral 

(Table 4-3).  At 5 g kg-1, soil pH was elevated by 0.93 to 1.01 units in the Alfisol and 

1.24 to 1.71 units in the Spodosol soil. At 50 g kg-1 and 100 g kg-1 (equivalent to field 

application rates of ~89.6 and 224 Mg ha-1 incorporated into a soil depth of 15 cm), the 

soil pHs were increased to 7.25-7.3 in the Alfisol soil and 6.98 -7.25 in the Spodosol soil.  

The initial pH of Spodosol (4.66) is lower than the Alfisol (5.45) while the buffer capacity 

was higher (Table 4-1). Therefore, higher rates of Ca-WTR amendments were applied 

in the Spodosol than in the Alfisol. During the plant growing period, soil pH values had 

minimal variation, remaining at relatively constant levels for both soils of each treatment.  

Furthermore, the standard errors of mean pH values for each treatment were generally 

small and in the range of 0.1 to 0.3 pH units.  

Soil extraction with Mehlich-3 and CaCl2 was used to gain insight into the mobility 

and bioavailability of Cu in soils. Analysis of variance indicated that the Application of 

Ca-WTR to soil significantly reduced available Cu as estimated by both methods. The 

extractable Cu generally decreased with increasing Ca-WTR application rate. Mehlich-3 

extractable Cu was reduced by 20-40% whereas CaCl2 extractable Cu was reduced by 

over 70% as compared to the control.  CaCl2 (0.01M) is a mild extractant for Cu and it 

measures the soluble pool of Cu in soil (Sauve et al., 1996). Mehlich-3 solution is a 
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more aggressive extractant for Cu due to its strongly acidic nature. Chaignon et al. 

(2003) observed significantly higher Cu concentrations in tomato (Lycopersicon 

esculentum Mill.) roots grown on strongly acidic soils as compared to calcareous or 

mildly acidic soils with the same Cu concentration. Organic matter (OM) plays a very 

important role in Cu retention in soils by means of complexation with humic and fulvic 

acids (Strawn and Baker, 2009). These results indicate that Ca-WTR amendment not 

only has a strong acid-neutralizing capacity but also can convert labile Cu to more 

stable Cu forms in the amended soils. As the pH of the soil increases more Cu in the 

soil solution is adsorbed onto the soil surface due to an increase in surface negative 

charge (Naidu et al., 1998); Cu may form inner- and outer-sphere complexes with newly 

deprotonated functional groups present in soil colloids (Bolan and Duraisamy, 2003); or 

may form precipitates at high metal loadings and high pH (Lindsay, 1979). Perhaps less 

water soluble Cu compounds such as Cu(OH)2 and CuCO3 were formed at the raised 

soil pH. In addition, exchangeable Al3+ and Fe3+ were replaced by Ca2+ and precipitated 

as Al(OH)3 and Fe(OH)3 when soil pH is above 5.5. These newly formed oxides and 

hydroxides provide additional sites for sorbing Cu. As pH increased, there is an 

increase in negative surface charge of metal oxides, therefore reducing Cu 

concentration in soil solution. Moreover, some adsorbed Cu may be also occluded by 

the newly formed oxides and become inaccessible to chemical extraction (Ma et al., 

2006; Sayen et al., 2009).  

Effects of Ca-WTR Amendment on Plant Cu Concentration  

Copper concentrations in ryegrass shoots decreased significantly with increasing 

Ca-WTR application rates (Figure 4-2). The highest concentrations of Cu occurred in 

the control for the original Alfisol and Cu enriched Alfisol with 5g kg-1 Ca-WTR as no 
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plant could grow in the Cu-enriched Alfisol. The results for Spodosol were similar, 

except that the highest Cu concentration in the plant was greater in Alfisol than 

Spodosol. These observations confirm the results of soil analysis where similar 

conclusions about the Cu binding effect of soil organic matter were drawn.  

Nevertheless, less Ca-WTR was needed for reducing plant Cu concentration in Alfisol 

than Spodosol below the upper critical toxicity level (30-35 mg kg-1, Macnicol and 

Beckett, 1985). For lettuce, the plant Cu concentration decreased only at the high Ca-

WTR rates. The concentration of plant Cu in Cu-enriched soils was slightly higher than 

that in the original soils. However, there were no significant differences in plant Cu 

concentration between the treatment of low Ca-WTR rates (5-10 g kg-1) and the control. 

Besides, plant Cu concentrations were much lower in lettuce than in ryegrass under the 

same treatment level.  Similar results were reported by other researchers (Sauve etal. 

1996; Kulli et al. 1999; Krebs et al. 1999). This may be explained by the selective 

transport mechanism of ions within the plants (Kabata-Pendias & Pendias, 1992). 

However, more research is needed to investigate this mechanism. 

Shoot Cu concentration of both ryegrass and lettuce was negatively correlated 

with soil pH (p<0.05), indicating increased Cu availability with lowering soil pH. Shoot 

Cu concentration of ryegrass was closely related to Mehlich-3 extractable Cu (p<0.01) 

and yielded a higher level of statistical significance to 0.01M CaCl2 extractable Cu in soil 

(p<0.001). However, no correlation was found between shoot Cu concentration of 

lettuce and extractable Cu in the soils (Table 4-4). Obviously there were varietal 

differences in Cu acquisition between these two plant species, but the mechanism was 

not well understood.  Mulchi et al. (1991) reported a fairly strong correlation between 
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Mehlich-3 extractable soil Zn and Cu and the concentrations of these metals in tobacco. 

However McBride et al. (2003) reported no relationship between Cu concentration in a 

clover and CaCl2- or M3-extractable Cu in soil probably because of a soil-plant barrier to 

the accumulation of Cu in excess of normal levels. Nevertheless, they still 

recommended dilute CaCl2 as a universal soil extractant for estimating short-term trace 

metal availability to crop plants. The study of Aten and Gupta (1996) also showed that 

the concentrations of Cu, Zn, Cd, and Pb in plants grown on 35 soils in Switzerland 

were more correlated with soil extractable Cu obtained with weak extractants (0.1 M 

NaNO3 and 0.05 M CaCl2). Brun et al. (1998) recommended the 0.1 M CaCl2 extraction 

as the best suitable for the determination of Cu (bio)availability in acid-neutral soils; on 

the other hand, 0.05 M EDTA or 0.005 M DTPA  are preferable for alkaline soils (Brun 

et al., 2001, Chaignon et al., 2003 and Komarek et al., 2008).  

Effects of Ca-WTR Amendment on Plant Growth/Dry Matter Yields and Cu Uptake  

Ryegrass was chosen as an indicator plant because of its use as animal fodder 

and tolerance to low fertility. Lettuce is an important leafy vegetable consumed directly 

by humans. The overall shoot growth for the two plant species affected by the 

amendments was very similar. Regression analyses of shoot dry matter yield (DMY) 

with Ca-WTR application rate had similar quadratic relationships associated with the 

two soils for both ryegrass and lettuce (Fig. 4-1).  

Overall, plant biomass yields increased with WTR application rates at the low 

levels (5-20 g kg-1for Alfisol and 5-50 g kg-1 for Spodosol), reached maximum at the 

moderate level (10-50 g kg-1) and started to decrease at the high levels (>20 g kg-1 for 

Alfisol and >50 g kg-1 for Spodosol) (Fig. 4-1). However, the differences in plant yields 

between the treatments were smaller in the original soils than the Cu enriched soils.   
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For the original Alfisol and Spodosol, only lettuce grown in the control original 

Spodosol had some chlorosis (old leaves turn yellow), but the roots were normal, 

indicating a slight Cu-contamination condition. The amendment at10 g kg-1 Ca-WTR 

resulted in the maximum growth for ryegrass (133% of the control for Alfisol and 149% 

of the control for spodosol), while the maximum yield of lettuce occurred at the Ca-WTR 

rates of 20 g kg-1 and 50 g kg-1, respectively for the Alfisol and Spodosol (145% of the 

control for Alfisol and 206% of the control for Spodosol). These results indicate that the 

application of Ca-WTR at proper rates is beneficial to plant growth even in slightly Cu 

contaminated soils. 

Both ryegrass and lettuce grew very poorly with minimal biomass yield in the Cu-

enriched soils (Fig. 4-1). The loading of 1000 mg kg-1 Cu caused death of most plants 

and severe Cu toxic effects on plants were indicated by strong chlorosis and necrosis of 

plant leaves and impairment of root growth as described by Lepp (1981). Chlorosis 

initially appeared in the older leaves, and moved progressively up to the youngest. The 

amendment of Ca-WTR significantly improved plant growth with a dramatic increase in 

biomass yield at the application rate of 5g kg-1, but the increase became less at higher 

application rates, and the yield of ryegrass started to decrease at the WTR rate of 20 g 

kg-1 for both soils. The yield of lettuce reached the maximum at the WTR rate of 50 g  

kg-1 for both soils (Fig. 4-1).  

A negative relationship occurred between the shoot dry matter yields and shoot Cu 

concentrations for both plant species. The coefficients of correlation (r) were -0.47 and -

0.55, respectively for ryegrass and lettuce (p<0.05). This is in agreement with the 
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results of Gharbi et al. (2005) regarding plant response to Cu toxicity.  The addition of 

Ca-WTR changed soil pH and the availability of Cu and other nutrients.  

The uptake of Cu by ryegrass decreased with increasing amendments rate for all 

soils (Table 4-5). In comparison, Cu uptake by lettuce was less affected by Ca-WTR 

amendment, probably due to its soil-plant barrier to accumulation of Cu in excess of 

normal levels.  The positive effect of Ca-WTR on reduced uptake of heavy metals by 

plants has generally been explained by the increase in soil pH. Moreover, according to 

the Terrestrial Biotic Ligand Model (TBLM), Ca and Mg ions can compete with divalent 

metals for biotic ligands (e.g., roots) (Thakali et al., 2006). Alva et al. (1993) reported 

that increased Ca availability in the rooting environment, applied either as CaCO3 or 

CaSO4, significantly decreased concentrations of Cu in the fibrous roots and therefore 

ameliorated the effects of Cu phytotoxicity. The Ca-WTR introduced a large amount of 

Ca ions, which may compete with Cu for plant uptake. 

Effects of Ca-WTR Amendment on Uptake of Other Nutrients 

The Ca-WTR increased soil pH and subsequently influenced the availability of 

other nutrients. Phosphate deficiency is often a liming factor, as soluble P can react with 

Ca to form a series of products of phosphates with decreasing solubility (i.e. slightly 

soluble dicalcium phosphate, very low solubility tricalcium phosphate). In this study, no 

symptoms of P deficiency (purpling of some leaves) were observed. Ahmed et al. (1997) 

reported that long-term P deficiency problems were not evident at the field scale, 

although P concentrations in lawn grass tissue decreased in neutral to alkaline pH in the 

pot experiment.  

We also observed that increasing amending rates led to a decrease of zinc (Zn) in 

the tissue. The concentration in Cu-enriched soils at the highest WTR treatment rates 
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was 6-8 mg kg-1 dry matter, which was lower than the sufficient Zn concentration (10 

mg/kg) (Reuter and Robinson, 1997). In most studies, Zn availability is considered more 

sensitive to soil pH increase (Smith, 1994). And this might partly explain the yield 

reduction at high treatment rates. No other deficiency symptoms were observed.  

Conclusion 

Overall, Ca-WTR proved to be a promising amendment for the in situ 

immobilization of Cu in slightly to severely Cu- polluted soils. Application of Ca-WTR at 

adequate amounts could effectively improve plant growth and reduce plant uptake of Cu 

in Cu-contaminated soils. In general appropriate amounts of WTR addition to soils 

should not lead to serious effects on either soil chemical properties or the crop.Ca-WTR 

is available in very large quantities and at a low price, making it an economically viable 

option. Questions relating to possible adverse effects on soil structure or other soil 

properties, plant nutrient imbalance from superfluous amendments application, and the 

long-term stability of heavy metal binding, in particular under acidifying conditions still 

remain to be answered.  
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Table 4-1.  Selected physical and chemical properties of tested soils and calcium type 
water treatment residue (Ca-WTR) 

 

Property Alfisol Spodosol Ca-WTR 
(H2O) 5.45 4.66 9.05 pH (KCl) 4.48 3.5 8.69 

EC (µS cm-1) 140 151 659 
Total C (g kg-1) 3.29 9.24 112 
Total N (g kg-1) 0.29 0.69 0.19 
Organic matter (g kg-1) 5.7 15.9 -- 
Particle distribution  ( g kg-1)    
Sandy  945 909 12 
Silt  43 51 136 
Clay  12 40 852 

 
Table 4-2.  Total recoverable soil elements in soils 

 

Soils Al Ca Fe K Mg Na P Cu Ni Mn Pb Zn 
 ----------------------------g kg-1---------------------------- ---------------mg kg-1---------------- 
Alfisol 1.87 1.04 1.62 0.06 0.45 0.06 0.22 84.7 0.59 62.5 7.49 59.2
Spodosol 1.02 1.19 1.03 0.05 0.4 0.07 0.18 134 0.87 59.4 5.29 26.9
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Table 4-3.  Effect of Ca-WTR amendment on soil pH and extractable Cu 

 

Mix Ca-WTR 
application Rate pH (H2O) Mehlich-3 

extractable Cu 
CaCl2 
extractable Cu 

 g kg-1  mg kg-1

Original Alfisol         
 0 5.45 39.9 0.63  
 5 6.38 35.6 0.33 
 10 6.56 26.3 0.20 
 20 7.00 24.8 0.17  
 50 7.30 25.1 0.20 
Cu enriched Alfisol     
 0 4.85 929 1.01  
 5 5.86 853 0.86 
 10 6.50 779 0.53  
 20 7.07 758 0.28  
 50 7.25 743 0.29 
Original Spodosol     
 0 4.66 68.3 0.035  
 5 5.90 46.4 0.026 
 10 6.39 52.9 0.030 
 50 6.66 53.2 0.020  
 100 7.25 46.1 0.011  
Cu enriched Spodosol     
 0 4.18 882 0.82  
 5 5.89 853 0..51 
 10 6.18 599 0.29 
 50 6.69 636 0.17 
  100 6.98 656 0.15 
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Table 4-4.  Correlation coefficients (r) between plants (ryegrass and lettuce) shoots 
tissue concentration and soil pH and extractable Cu as estimated by Mehlich-
3, and 0.01 M CaCl2 extraction procedures 

 
 pH(H2O) Mehlich-3 extractable Cu CaCl2 extractable Cu 
Ryegrass tissue Cu 
concentration -0.53* 0.59** 0.80*** 

Lettuce tissue Cu 
concentration -0.55* 0.40NS 0.20NS

*p<0.05; **p<0.01; ***p<0.001; NS not significant. 
 
 
Table 4-5.  Total Cu uptake in shoots of ryegrass and lettuce determined at the end of 8 

weeks of growth. Letters indicate significant differences between least 
squares means within soil at a 95% confidence level (LSD) 

Ca-WTR 
application 
rate 

Ryegrass ( g pot-1) Lettuce ( g pot-1) 

g kg-1 Original soil Cu enriched soil Original soil Cu enriched soil 
 Alfisol 
0 591a 0d 150a 0c 
5 366b 359a 179a 23.0b 
10 290bc 315a 173a 70.3a 
20 230cd 216ab 189a 65.7a 
50 185d 156bc 136a 43.8ab 
 Spodosol 
0 161a 0d 57.5a 0c 
5 146a 339a 59.4a 40.1b 
10 166a 174b 89.1a 72.7a 
50 110b 131b 80.5a 87.2a 
100 107b 64.5c 77.8a 68.3ab 
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Figure 4-1.  Relationship between plant shoot dry matter yields after 8 weeks of growth 
and Ca-WTR treatment rates. A) ryegrass in Alfisol. B) lettuce in Alfisol. C) 
ryegrass in Spodosol. D) lettuce in Spodosol. 
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Figure 4-2.  Relationship between plants (ryegrass and lettuce) shoots Cu concentration 

and Ca-WTR treatment rates. A) Alfisol. B) Spodosol.  
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CHAPTER 5 
AMENDMENT OF CALCIUM-WATER TREATMENT RESIDUE (CA-WTR) ON CITRUS 

GROWTH AND COPPER LOADING IN SURFACE RUNOFF IN SOUTH FLORIDA   

Introduction 

There is a growing environmental concern about the extent of Cu pollution in 

agricultural soils resulting from utilization of fertilizer, fungicides, and pesticides. Copper 

based products have been used to fight against diseases and sustain adequate yields in 

citrus growing fields for over 100 years in the Indian River area, South Florida. Since the 

early 1900's, Cu has been applied for controlling citrus dieback in the rates ranging from 

10 to 25 kg Cu ha-1 yr-1 (Alva and Graham, 1991). The application dose has increased 

in recent years as a common practice to prevent and cure citrus canker (Albrigo et al., 

2005). Background concentration of Cu in the unpolluted surface layer of Floridian soils  

is averaged 3.7 mg kg-1 (Ma et al., 1997), whereas the concentrations ranging from 100 

to 1200 mg Cu kg-1 soil  have been documented in the Indian River area (SFWMD, 

2001–2006). Alva et al. (1993) reported that the half maximal effective concentration 

(EC50) values for citrus (Citrus limon and Citrus reticulata) seedlings are approximately 

200 mg kg-1 for aboveground biomass, grown in a sandy soil with a low CEC.  

Soil Cu has also been reported to be transported into the surface water through 

surface runoff and there is increasing concern that raised Cu levels in sediment may 

cause the degradation of aquatic ecosystems such as the St. Lucie River (Zhang et al. 

2003a; He et al., 2004; 2005).  

The stability of Cu in soil is strongly pH dependent – Cu is most mobile in an acidic 

soil and the mobility is usually the lowest at neutral to slightly alkaline pH, and increases 

under highly alkaline conditions. Most of the soils under commercial citrus production in 

the Indian River area of Florida are sandy, acidic, and low in organic matter in the 
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surface layer, but have a impermeable spodic or argillic horizon in the B horizon. As a 

result, Cu released from soil to surface runoff can be a nonpoint source of Cu for 

receiving water bodies.   

Considerable effort has been directed at developing reliable and cost-effective 

technologies to control metal bioavailability and mobility in contaminated soils. Physical 

remediation approaches, such as soil excavation and landfilling, are costly and affect 

soil quality and crop production. Phytoremediation is cost-effective but requires more 

time to achieve remediation goals. In comparison, chemical remediation can accomplish 

remediation goals within a short term at a reasonable cost. Compared to those ex situ 

approaches involving excavation, in situ stabilization can limit their mobility and 

bioavailability by inducing changes in metal biogeochemistry. In sites where the metal 

contamination is concentrated near the soil surface, the application of materials capable 

of immobilizing metals would often be appropriate. The most common practice is liming 

in the remediation of Cu-contaminated acidic soils (Gray et al., 2006). 

In laboratory simulation studies, treatment with Ca-water plant residue (Ca-WTR, 

pH 9.06, containing mainly CaCO3 and minor CaO) was shown to significantly reduce 

the leaching of Cu in acidic sandy soils (Chapter 3). In this study, field trials were 

conducted in parallel to evaluate the effectiveness of Ca-WTR amendment in reducing 

Cu loading in surface runoff and the effects on soil quality, Cu availability, and citrus 

growth.   

Materials and Methods 

Site Description and Amendment Characterization 

Two field sites located in the Indian River area, South Florida were selected for 

this study, one with navel orange and the other with grapefruit in a representative 
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commercial citrus grove with citrus trees planted in 1988. The soil was a Riviera fine 

sand (Loamy, siliceous, active, hyperthermic Arenic Glossaqualfs).  Each field site 

consisted of a control plot (number 31 for navel orange and 81 for grapefruit, 

respectively and a plot amended with Ca-WTR (C36 for navel orange and C86 for 

grapefruit, respectively). Selected properties of the soils from the two field sites are 

given in Table 5-1.  

Ca-WTR was collected from the Fort Pierce Utility Authority facility (FPUA), Fort 

Pierce, Florida. It is a byproduct of drinking water purification, containing mainly CaCO3 

and minor CaO, with a pH of 9.05 and negligible amounts of nutrients and heavy metals. 

This material is safe for agricultural use. Florida Department of Environmental 

Protection does not require permit for use of this type of material as a soil amendment. 

The FPUA annually generates approximately 5000 metric tons of this material, which is 

available at a minimal cost. This soil amendment was applied to the citrus groves 

annually using a mechanic spreader at the rate of 5 ton ha-1 (oven dry basis). The 

material was evenly applied to the soil surface under the citrus trees.  

Sample Collection and Analysis 

Soil samples were collected every six-months from 0-15 and 15-30 cm soil depths 

of each field plot. The soils were air-dried, ground, and passed through a 2-mm sieve 

prior to physical and chemical analyses. Soil pH (1:1 soil: water ratio) and electrical 

conductivity (1:2 soil: water ratio) were measured in deionized water using a 

pH/ion/conductivity meter (Denver Instrument, CO). Total soil carbon (C) was 

determined by combustion using a C/N analyzer (Vario MAX CN Macro Elemental 

Analyzer; Elemental Analysensystem GmbH, Hanau, Germany). Soil available metals 

were determined by extracting the soil with Mehlich-3 solution (Mehlich, 1984) and 
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measuring the concentrations of metal using an inductively coupled plasma optical 

emission spectrometer (ICP–OES) (Ultima, JY Horiba Group, Edison, NJ) following EPA 

method 200.7. Briefly, 4.0 g air-dried soil samples were weighed, into 50-ml polystyrene 

centrifuge tubes, and 40 ml of Mehlich-3 extractant were added. At the end of 

extractions, the soil suspensions were centrifuged at 7500 ×g for 30 min and the 

supernatant was filtered through a Whatman #42 filter paper to remove any suspended 

materials.  

Surface runoff water samples were collected by autosamplers (SIGMA 900MAX 

portable sampler), which were installed at the end of PVC drainage pipe that leads 

water from a furrow to the canal for each plot. The autosamplers were checked 

periodically to ensure normal performance and to collect water samples from the 

sampler to the laboratory for immediate analysis. Prior to filtration, pH and EC of the 

water samples were determined using a pH/ion/conductivity meter following EPA 

methods 120.1 and 150.1, respectively. Turbidity of water samples was measured using 

a turbidity meter (DRT-100B, HF Scientific Inc., Fort Myers, FL). Solid concentrations of 

the water samples were measured using a gravimetric method with oven drying. Sub-

samples were filtered through Whatman #42 filter paper. Portions of the sub-samples 

were further filtered through a 0.45 μm membrane filter for the measurement of anions, 

total dissolved P, and metals. The concentrations of anions (including F, Cl, Br, NO3
--N, 

PO4
3--P, and SO4

2—S) were measured within 24 hrs after sample collection using an 

ionic chromatograph (ICS 2000; Dionex Corporation Sunnyvale, Calif.) following EPA 

Method 300.0. The concentrations of dissolved macro- and micro-elements in water 

were determined using the ICP-OES. Ammonium was determined using an N/P discrete 
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autoanalyzer (EasyChem, Systea Scientific, Italy), and dissolved organic carbon (DOC) 

was determined using a TOC/TN analyzer (liquiTOC/TNb Elemental Analyzer, Elemental 

Analysensystem GmbH, Hanau, Germany). 

The information obtained from the measurements of solution was used to estimate 

chemical speciation using the chemical equilibrium model Visual MINTEQ, version 2.40 

(Gustafsson, 2010). The required input parameters included the major ionic species, pH, 

redox potential, temperature and ionic strength. The MINTEQ model contains a 

dissolved organic matter (DOM) submodel to compute the complexation of metals with 

DOM; it is a composite ligand model with a Gaussian affinity distribution (Christensen 

and Christensen, 1999). This study assumed that all DOM was DOC (Dean et al. 2005). 

The ionic strength was related to the conductivity measurements (Snoeyink and Jenkins 

1980) as according to the following equation: 

I ≈ 1.6 × 10-5 × EC  

Six-month old spring flush leaves were randomly sampled at mid-July each year 

from healthy trees in each field site for determining mineral concentrations. The leaf 

samples were washed in dilute detergent, rinsed several times in tap water, soaked in 

5% HCl for 20 seconds, and rinsed in distilled water. The plant samples were dried at 

70°C for 72 hours, ground using a micro stainless ball mill and passed through a 0.4-

mm sieve. Ground plant sample (0.40 g) was digested with 5 ml of concentrated HNO3 

using an A.I. digestion system (A.I. scientific, Inc., USA). The concentrations of P, Ca, 

Mg, K, Na, Cu, Zn, Pb, Cd, Cr, Fe, Mn, and Ni in the digester were determined using the 

ICPAES. Total N content was determined using a CN-analyzer (Vario MAX CN Macro 

Elemental Analyzer, Elemental Analysensystem GmbH, Hanau, Germany). 
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Representative citrus fruit samples were collected in the period of December-

January, each year for quality and nutrient analysis. External (fruit size) and internal 

quality properties of the fruit including juice, Brix, acid, and soluble solids were analyzed 

following the standard procedures at the postharvest laboratory, Indian River Research 

and Education Center, Fort Pierce. Subsamples of the fruit were cleaned using 

deionized water, cut into small pieces, and oven dried at 70°C, and the dried fruit 

material was ground to <1 mm prior to analysis. Fruit N, P, and metals were analyzed 

using the same procedure as leaf samples.  

Results and Discussion 

Soil Quality Characterization and Monitoring 

The soils were representative of dominant soils under agricultural production 

systems in the Indian River area. Most of the soils were very sandy, consisting of >90-

95% of sand, with low organic matter in surface layer, and with pH ranging from 4.4 to 

6.6 (Table 5-1). Soil available Cu, as estimated by Mehlich-3, was 112 and 102 mg kg-1 

in the surface layer for the control field and amended sites, respectively; whereas the 

corresponding values for the total recoverable Cu concentrations were 162 and 160   

mg kg-1. The subsurface layer had significantly lower Cu concentrations than the 

surface soil. 

Application of Ca-WTR increased soil pH. However, soil amendment generally 

decreased Mehlich-3 extractable Cu, which was likely due to raised pH by the applied 

WTR. The effect of soil amendment on the availability of Cu in soil will be further 

discussed based on the data obtained from leaf analysis. Theoretically, lime materials 

application can increase soil pH and thereby cause metal immobilization through (a) an 

increase in negative surface charge of organic matter and metal oxides (resulting in 
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increased cation adsorption), (b) promotion of hydrolysis reactions leading to the 

formation of precipitates, and/or (c) promotion of metal coprecipitation with carbonate 

(Naidu et al., 1994; Mench et al., 1998).  

Water Quality and Cu Speciation 

The physical and chemical properties including pH, EC, and concentrations of 

inorganic ligands and metals of the surface runoff water samples collected during the 

project life period are summarized in Table 5-2. These quality characteristics varied 

seasonally and among the field sites, as affected by soil properties, rainfall, irrigation, 

crop species, and management practices. The annual mean pH values of the runoff 

water samples from Ca-WTR treated plots (sites 36 and 86) were generally higher than 

those from the control plots (sites 31 and 81), due to the liming effect of the amendment. 

For instance, the mean pH value of runoff water samples is 7.64 for the C36 (Ca-WTR 

treated plot), and 7.05 for site 31 (the corresponding control plot). Similar results were 

obtained from the grapefruit field site (site 86 vs. 81) (Table 5-2). The application of Ca-

WTR tended to increase EC and decreased the concentrations of N and P and metals 

(Cu, Fe, Zn) in surface runoff waters whereas the concentrations of other elements 

were comparable between the Ca-WTR treated and the control plot (Table 5-2). These 

results indicate that Ca-WTR is effective in reducing Cu loading in surface runoff for the 

Cu-contaminated acidic soils, thus decreasing Cu transport from land to water   

Copper speciation in runoff waters was calculated using the thermodynamic 

equilibrium model MINTEQ. In the Gaussian model it is assumed that the concentration 

of individual ligands of the metal- DOM complex are normally distributed with respect to 

their log K (equilibrium constant) value (Allison et al. 1991). The equilibrium distribution 

of metal-DOM complexes is dictated by the relative log K values and the relative free 
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activities of all competing reactants. All reactions for protonation and metal 

complexation assume 1:1 stoichiometry between the complexing anions and the ligand 

(Allison et al. 1991). The concentrations of Cu-DOM complexes in runoff waters were on 

average reduced by 49.6% and 21.2%, respectively for the navel orange and grapefruit 

field sites, whereas the corresponding values for the concentrations of free Cu2+ were 

56.4% and 28.8% (Table 5-3).                           

Among the aqueous Cu species, Cu2+ is considered to be most bioavailable to 

aquatic organisms in acute exposures (Santore et al. 2001).  Increasing evidence 

indicates that bioavailability is not only controlled by the free metal concentrations but 

also by the kinetics of dissociation of metal complexes (Vasconcelos et al., 1997). 

Among complexed species of copper, hydroxyl species – Cu(OH)+ and Cu(OH)2(aq) – 

display some toxicity (Meador, 1991) while copper-inorganic carbon species (e.g. 

CuHCO3
+, CuCO3 and Cu(CO3)2

2−) and chloro species (CuCln−(n−2)) are much less toxic 

or not toxic at all (Devez et al., 2005; Huang and Wang, 2003; Wang et al., 2002). 

Most of the dissolved Cu (> 50%) in the runoff water was complexed with DOM, 

which is compatible with the results from soil Cu fractionation that organic-bound Cu 

was the dominant fraction in these soils (see Chapter 2). Similar results were reported 

by Sajwan et al. (2006) who reported that the fraction of organic Cu and exchangeable 

Cu (free Cu2+) in soils from Florida citrus groves and Savannah (Georgia) soils ranged 

from 32% to 59% and 1% to 4% of total Cu, respectively. He et al. (2006) also reported 

up to 70% of total dissolved Cu released from Florida soils was in organic complexes. 

The fraction of organic Cu complexes varies, depending on soil organic matter content. 
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Saeki et al. (2002) reported that the fraction of organic Cu complexes ranged from 1% 

to 56% of total Cu in soil solution that had soluble organic carbon from 1 to 102 mg/L. 

Fruit Nutrient Contents and Yields 

The concentrations of macro and micro-elements in citrus leaf and fruit samples 

collected from the 2006-2008 period are presented in Tables 5-6 and 5-7, respectively. 

Leaf N concentrations were 26.0-26.8 g kg-1 for the navel orange and 20.9-21.2 g kg-1 

for the grapefruit, which are within the optimal N range (25-27 g kg-1 for orange and 20-

22 g kg-1 for grapefruit) for the two crops. Soil amendment of Ca-WTR had a minimal 

effect on leaf N concentration of the citrus trees. Leaf P concentrations were slightly 

decreased by Ca-WTR application, but still within the optimal range (18-20 g kg-1 for 

orange and 11-13 g kg-1 for grapefruit). Soil amendment with Ca-WTR increased Ca 

and Mg concentrations in plant, which may be important for improving fruit quality and 

yield, particularly in acidic soils. The concentrations of Cu, Fe, Zn and Mn in citrus leaf 

samples were in the normal range (Reuter and Robinson 1997). No significant 

difference was found in leaf Cu concentration between the control and amended plots 

while leaf Fe concentration was decreased by Ca-WTR application (Table 5-4). Soil 

amendment with Ca-WTR tended to increase Ca, K, and Mg concentrations in fruit, but 

had a minimal influence on N and P concentrations in fruit (Table 5-5). The increase in 

Ca, Mg and K concentration in fruit may improve fruit storage life. The concentrations of 

heavy metals including Cd, Co, Cr, Ni, Pb and Mn in fruit were mostly not detectable, 

and soil amendment with Ca-WTR appeared to increase Cu, Fe and Zn concentrations 

in fruit, which may be beneficial to human health. These results indicate that soil 

amendment with Ca-WTR generally improve mineral nutrition of citrus trees, particularly 
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Ca and Mg and improve fruit mineral nutrition value by increased Ca, Mg, Cu, Fe, and 

Zn density in fruit. 

The data of fruit quality and yields for the 2006-2008 production period are 

presented in Table 5-6 and Fig. 5-3, respectively. Soil amendment with Ca-WTR 

increased fruit size by 9% for orange and 11% for grapefruit (Table 5-6). Internal quality 

of fruit was also improve as reflected in the increases in juice and solids content and 

Brix/acid ratio and a decrease in acidity. These results indicate that Ca-WTR 

amendment can improve fruit quality and enhance fruit maturity because of the 

improved nutrition condition with Ca, Mg, and K. Alva et al. (1993) reported that 

increasing rates of Ca, applied either as CaCO3 or CaSO4, significantly decreased the 

concentrations of Cu in the fibrous roots, which indicate that increased Ca availability in 

the rooting environment ameliorates the effects of Cu phytotoxicity. Based on the yield 

data of grapefruit yield for three years, and navel orange yield for one year (Fig. 5-3), it 

was quite convincing that Ca-WTR amendment increased fruit yield by 10 to 50%.  

Conclusions 

By integrating all the information from the analyses of soil and water quality, plant 

nutrition and fruit quality, it can be concluded that the amendment of Ca-WTR to Cu-

contaminated sandy acidic soils can reduce Cu loading in surface runoff water and 

nutrient (N, P) losses and improve soil conditions such as raised soil pH and Ca 

concentration and reduced Cu toxic stress. These in turn   improve citrus nutrition and 

subsequently fruit quality and yield. Further research should continue to focus on the 

sustainability of the treatment by investigating the long-term efficiency of Ca-WTR and 

the effect of the soil properties on the treatment efficiency. In addition, monitoring 
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should be conducted over longer periods, and toxicity assays could be developed to 

determine genotoxicity both in vitro and in vivo. 

 



 

 Table 5-1.  Soil selected properties of different field sites before initiation of the project 
 

Site Crop Site 
area Depth Texture (g kg-1) pH 

(H2O) 
Organic 
C CEC Cu (g kg-1) 

  m2 cm Sand Silt Clay  g kg-1 cmol kg-1 M3 extractable Total recoverable 

0-15 951±6 33.2±2.1 15.6±3.2 4.4±0.1 21.1±0.5 7.6±0.4 112±0.95 162±9 
31 / 36 Navel 

orange 1822 
15-30 986±2 10.5±0.9 3.0±1.1 4.3±0.1 7.9±0.5 2.8±0.5 80.0±6.2 156±11 

0-15 966±5 22.6±1.0 11.5±1.2 5.3±0.2 5.7±0.1 4.6±0.7 102±2.81 160±6 
81 / 86 Red flame 

Grapefruit 2242 
15-30 976±7 17.2±0.6 7.1±1.8 5.6±0.1 1.1±0.1 1.4±0.4 42.71±0.65 79.9±3 
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Table 5-2.  Mean concentrations of water quality related constituents in surface runoff samples from the four field sites 

from 2006 to 2009 
 

 

Site  pH EC TSS DOC  Inorganic ligands 

       F- Cl- Br- NO3
--N PO4

3--P SO4
2--S NH4

+-N 

   µS cm-1 g L-1 mg l-1  --------------------------------------------mmol L-1-------------------------------------------- 

31  7.05 921 0.51 30.0  0.0300 4.1467 0.0083 0.0849 0.0297 0.9355 0.0560 

36  7.64 1548 0.85 39.5  0.0270 7.2854 0.0126 0.0441 0.0158 2.3558 0.0340 

81  7.16 1296 0.71 33.2  0.0260 9.3217 0.0114 0.0534 0.0236 1.4511 0.0305 

86  7.49 1277 0.74 27.6  0.0172 8.1182 0.0124 0.0900 0.0069 0.9738 0.0201 

  Metals  

  Ca K Mg Na B Cd Co Cr Cu Fe Mn Mo Ni Pb Zn 

  -----------------------------------------------------------------------------mmol L-1---------------------------------------------------------------------------- 

31  1.76 0.78 0.69 2.80 0.0088 ND 0.0002 0.0002 0.0024 0.0048 0.0014 ND 0.0003 0.0001 0.0013

36  2.99 0.78 0.98 4.03 0.0071 0.0001 0.0003 0.0002 0.0015 0.0033 0.0050 ND 0.0005 0.0002 0.0009

81  2.53 0.42 0.83 4.38 0.0099 ND 0.0001 0.0001 0.0023 0.0097 0.0046 ND 0.0003 0.0002 0.0015

86  2.23 0.39 0.71 3.77 0.0065 0.0002 0.0003 0.0002 0.0020 0.0032 0.0005 0.0001 0.0006 0.0003 0.0007

 



 

 

 

 
Table 5-3.  Percentage distribution of various Cu species in surface runoff samples from 

the four field sites  

Sites Concent. 
Cu Cu+2 Cu-

DOM CuOH+ Cu(OH)2 Cu2(OH)2
+2 CuSO4 CuHPO4 CuCO3 CuHCO3

+

 mM ----------------------------------------------------------%------------------------------------------------------------ 

31 0.0024 15.0 77.3 3.7 0.1 <0.1 1.0 0.9 1.8 <0.1 

36 0.0015 12.1 53.9 10.7 0.7 0.1 1.6 0.4 20.0 0.1 

81 0.0023 17.1 71.8 5.2 0.1 <0.1 1.5 0.8 3.2 <0.1 

86 0.0020 15.5 58.8 10.0 0.5 0.2 0.9 0.3 13.4 0.1 
 

 

 
Table 5-4.  Selected elemental composition of citrus leaf samples from and the Ca-WTR 

amended and the control field sites 
Site N P K Ca Mg Fe Mn Zn Cu 

 --------------------------g kg-1--------------------------- -----------------mg kg-1---------------------

 2006 

31 28.6 1.79 27.39 44.77 2.69 50.6 41.9 52.4 16.5 

36 29.2 1.71 25.76 47.14 3.07 49.2 84.0 109.9 27.2 

81 21.6 1.37 11.58 40.39 4.10 45.6 82.0 116.0 57.8 

86 21.4 0.53 9.46 43.00 5.13 34.1 62.4 100.4 53.7 

 2007 

31 25.3 1.89 19.40 19.50 2.64 69.3 12.6 21.0 24.5 

36 27.0 1.98 20.50 17.00 2.65 45.2 9.0 21.4 18.4 

81 22.1 1.24 10.80 38.00 3.51 28.6 10.0 22.6 61.2 

86 22.3 1.39 13.20 47.10 3.77 18.1 8.1 17.0 73.5 

 2008 

31 24.0 2.01 18.80 17.70 2.54 46.3 20.4 22.1 15.2 

36 24.3 1.92 19.30 22.90 2.80 41.9 33.0 29.3 25.0 

81 19.8 1.54 11.80 40.70 3.74 51.2 102.2 110.7 27.1 

86 19.1 1.53 12.50 53.90 4.29 46.0 54.2 57.9 30.5 
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Table 5-5.  Selected elemental composition of citrus fruit samples from the Ca-WTR 

amended and the control field sites  

Site N P K Ca Mg Fe Mn Zn Cu 

 --------------------------g kg-1-------------------------- -------------------mg kg-1------------------ 

 2006 

31 11.57 1.22 11.46 4.65 0.86 25.69 U<0.1 3.82 5.63 

36 9.38 1.08 9.88 4.83 0.78 20.00 0.02 10.17 8.32 

81 8.39 0.96 10.51 6.67 0.84 12.98 U<0.1 8.30 8.66 

86 8.74 1.22 10.42 6.92 1.29 10.53 U<0.1 2.91 7.06 

 2007 

31 7.66 1.22 11.84 2.86 0.74 29.20 U<0.1 8.62 6.26 

36 6.95 1.11 13.74 3.82 0.75 15.60 U<0.1 5.38 3.82 

81 7.75 1.14 11.49 4.05 0.89 16.90 U<0.1 5.22 2.36 

86 5.82 1.01 12.44 6.04 0.74 35.20 U<0.1 2.92 6.23 

 2008 

31 11.60 1.18 10.28 2.83 0.86 26.68 U<0.1 5.26 5.15 

36 9.38 1.25 10.72 2.30 0.64 31.61 U<0.1 3.77 4.67 

81 8.39 0.99 9.80 4.55 0.75 25.43 0.03 6.64 4.36 

86 8.74 1.13 10.48 5.25 0.72 46.84 U<0.1 5.53 4.07 
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Table 5-6.  External and internal quality parameters of fruit samples from the Ca-WTR 

amended and the control field sites  

Field ID Fruit size 
(kg/fruit) 

Juice content 
(%) 

Brix 
(%) 

Acid 
(%) Ratio Solids 

 2006 

31 0.40 42.5 11.5 0.65 17.7 4.89 

36 0.46 40.2 11.6 0.57 20.4 4.66 

81 0.32 51.8 11.1 1.30 8.6 5.75 

86 0.33 51.0 11.3 1.30 8.7 5.76 

 2007 

31 0.30 35.1 11.2 0.60 18.5 3.93 

36 0.31 40.6 11.7 0.59 19.9 4.73 

81 0.40 45.9 10.8 1.08 10.0 4.96 

86 0.47 49.7 10.8 1.24 8.7 5.34 

 2008 

31 0.33 51.2 11.9 0.64 18.7 5.49 

36 0.35 52.9 11.9 0.61 19.5 5.66 

81 0.36 53.3 10.3 1.25 8.2 4.50 

86 0.41 54.1 10.2 1.10 9.2 4.50 
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Figure 5-1.  Dynamic changes of soil pH in the Ca-WTR amended and the control field 

sites.   
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Figure 5-2.  Dynamic change of Mehlich-3 extractable Cu in soils of the Ca-WTR 

amended and the control field sites. 
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Figure 5-3.  Citrus fruit yield of the WTR amended and the control field sites during the 

2006-2009 period. 
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CHAPTER 6 
SUMMARY, CONCLUSIONS AND PERSPECTIVE 

Soil pollution by Cu is on the rise worldwide due to anthropogenic inputs of both 

point and non-point sources.  Florida has a long history of citrus production. Copper-

containing fungicides have been increasingly used for preventing diseases and 

sustaining desired yields of citrus for over 100 years. As a result, substantial amounts of 

Cu have been accumulated in agricultural soils, with total Cu concentrations being over 

1000 ppm. Copper contamination causes soil degradation with reduced microbial 

activities and phytotoxicity with reduced fruit yield and quality.  It also poses a severe 

threat to the aquatic environment as Cu can be transported from land to water by 

surface runoff water or leaching. The mobility and availability of Cu in soils are 

controlled by many chemical processes, such as precipitation–dissolution, adsorption–

desorption, and chelation. Transport of Cu from land to surface waters through surface 

runoff and/or leaching has been identified as a problem, since aquatic organisms are 

more susceptible to Cu contamination than terrestrial plants. The concentrations and 

loads of Cu in runoff water from agricultural field are often correlated with soil Cu 

accumulation.  There is increasing public concern over Cu pollution to land and water. 

Research is needed to develop cost-effective remediation strategies for Cu-

contaminated soils in south Florida and elsewhere in the world.  

The remediation of heavy metal (such as Cu) contaminated soils includes physical, 

chemical and biological approaches. Physical approach involves scavenging of 

contaminated soils or washing out of contaminants using large quantity of water, which 

is often costly and causes degradation of the soil. Phytoremediation is cost-effective 

and environmentally friendly, but it takes longer time to accomplish the remediation 
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goals. In comparison, chemical remediation is less costly than physical but it can reach 

the goals within a short period. In this study, field survey, laboratory incubation and 

column leaching, greenhouse experiments and field trials were conducted to understand 

chemical transformation of Cu during the contamination and remediation processes and 

to evaluate the effectiveness of Ca-WTR for remediating Cu-contaminated soils, 

including reduction in the availability to plants, leaching potential, and loading of Cu in 

surface runoff as well as effects on citrus yield and quality. The results are summarized 

as follows.  

Copper transformation, availability and leaching potential in contaminated soils  

Significant accumulation and increased availability and mobility of Cu occurred in 

soils with increasing citrus production period. Copper contamination causes, to variable 

degree soil acidification, which in turn enhanced Cu leaching along soil profiles. 

Available Cu estimated by Mehlich-3, or NH4OAc extraction was highly correlated with 

total recoverable Cu, whereas the relationship between CaCl2 extractable Cu and total 

recoverable Cu was affected by soil pH, with a greater slope of the relationship curve at 

soil pH <6.5. Vertical movement of Cu in a soil profile was more pronounced at pH <6.5. 

The largest proportion of soil Cu was present as organically-bound, ranging from 43% to 

62%. Both recoverable Cu and Mehlich-3 extractable Cu were significantly correlated 

with this Cu fraction (P<0.001).  These results indicate that significant accumulation of 

Cu occurred in citrus grove soils due to fungicide application, and the availability and 

mobility of Cu in the soils were increased by Cu accumulation and soil acidification as a 

result of soil Cu contamination. However, the elevated soil pH could be a significant 

factor in decreasing Cu migration of from soil to water body. 
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Ca-WTR amendment affects Cu fractionation and leaching potential  

In laboratory incubation and column leaching studies, amendment of Ca-WTR (pH 

9.06, containing mainly CaCO3 and minor CaO), an industrial by-product was found to 

be effective to reduce Cu mobility and transport to water body by laboratory incubation 

and column leaching experiments.  The incubation study showed that Ca-WTR 

amendment significantly raised soil pH and decreased water soluble and exchangeable 

Cu by >62% in control soil and >90% in a Cu-enriched soils due to increases in oxides-

bound and residual Cu in the soils. The results from column leaching agreed with those 

from incubation study. The cumulative amount of Cu in the leachate after 10 leaching 

events was reduced by 80% and 73%, respectively for Alfisol and Spodosol at the 

highest Ca-WTR amendment rate (20 g kg-1 for Alfisol and 100 g kg-1 for Spodosol).  

These results indicate that Ca-WTR can effectively raise soil pH and convert labile Cu 

to more stable Cu forms in the soils. A pH value of 6.5 was found to be critical for 

lowering Cu availability in soils. Based on this criterion and pH response curve to Ca-

WTR application, the optimal rates of Ca-WTR can be estimated for different Cu-

contaminated soils. 

Ca-WTR amendment reduces Cu toxicity to plants and enhances crop growth 

A greenhouse study was conducted to test the ability of Ca-WTR to reduce the 

toxicity and uptake of Cu by crop plants in Cu-contaminated sandy soils.  Ryegrass 

(Lolium perenne L.) and lettuce (Lactuca sativa L.) were used as indicator crop plants 

and grown for eight weeks in the Cu-contaminated soils (Alfisol and Spodosol with and 

without incubation of 1000 mg Cu kg-1 soil) amended with different levels of Ca-WTR 

(from 5 g kg-1 to 100 g kg-1 soil). The growth of plants was inhibited in the lightly Cu-
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contaminated soils (about100 mg kg-1), but both the plants were killed in the severely 

Cu-contaminated soils (added with 1000 mg kg-1). Overall, plant biomass yields 

increased with WTR application rates at the low levels (5-20 g kg-1 for Alfisol and 5-50 g 

kg-1 for Spodosol), reached maximum at the moderate level (10-50 g kg-1) and started to 

decrease at the high levels (>20 g kg-1 for Alfisol and >50 g kg-1 for Spodosol). Copper 

concentrations in ryegrass shoots decreased significantly with increasing Ca-WTR 

application rates. For lettuce, plant Cu concentration decreased only at the high Ca-

WTR rates.  In addition, Ryegrass has a relatively higher potential for Cu uptake and 

translocation than lettuce in both soils.  

Effects of Ca-WTR amendment on copper loading in surface runoff and citrus growth  

Field trials were conducted in representative commercial citrus groves in the 

Indian River area, South Florida to evaluate the effectiveness of Ca-WTR for reducing 

Cu loading in surface runoff  and subsequent influence on soil Cu availability and citrus 

growth.  The concentrations of Cu in soils and surface runoff were monitored over a 3-yr 

period at two field sites on an Alfisol under navel orange and grapefruit production.  Soil 

amendment with Ca-WTR generally raised soil pH and Mehlich-3 extractable Ca, but 

decreased Mehlich-3 extractable Cu. The mean concentrations of Cu in surface runoff 

water were reduced by 35% and 14% during the 2006-2009 period for the navel orange 

and grapefruit site, respectively. The results of ion speciation of Cu in the runoff water 

using MINTEQ model indicated that Cu complexes with dissolved organic matter 

dominated Cu speciation and the application of Ca-WTR decreased the concentrations 

of free Cu2+ by 49.6% and 21.2%, respectively for the naval orange and grapefruit site.  

The field observation agreed with the results from our lab leaching studies that raised 
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pH increased Cu retention, likely through surface precipitation of CuCO3 and Fe and Al 

hydrolysis reactions leading to the co-precipitation of Cu with oxides or occlusion by 

oxides. Fruit quality was, to certain degree, improved and fruit yields in the plots 

receiving Ca-WTR were 10 to 50% higher than the control. This is probably because 

Ca-WTR amendment raised the pH of acidic soils and thus improved nutrient availability 

and other soil conditions. These results indicate that in situ application of Ca-WTR may 

provide a cost-effective remediation for the Cu-contaminated soils without affecting crop 

production.   

In conclusion, Ca-WTR is a promising soil amendment for chemical remediation of 

Cu contaminated soils. It is effective in reducing Cu toxicity to plants and decreasing 

leaching potential of Cu to surface and ground waters. In addition, Ca-WTR amendment 

creates a favorable environment for plant growth such as raised soil pH and increased 

Ca availability in the acidic soils, etc. However, Ca-WTR is highly water soluble and 

cannot last long in the acidic sandy soils such as those under citrus production in south 

Florida. Therefore, it is necessary to apply this material annually to maintain soil pH at 

desired levels (>6.5). Fortunately, Ca-WTR is produced in large quantities in the local 

water treatment plants as byproducts, which are available to the growers at a minimal 

cost.  Since soil Cu contamination is ever increasing concern in the Indian River area, 

South Florida, the data and information from this study should be useful for the 

development of best management practices for citrus management. 

Future research is needed to address emergent concerns with due attention to the 

following aspects. 
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Firstly, recent advancements in microscopic and molecular-scale tools and data 

analysis have made possible to investigate trace element speciation in natural samples.  

While chemical fractionation can provide thermodynamic information on Cu speciation 

in contaminated or remediated soils, microscopically focused XAFS allows for analysis 

of Cu in molecular scale due to the intensive X-rays generated by synchrotron sources. 

These results will provide direct evidence to show how Cu is distributed in contaminated 

soil and how this distribution and subsequently bioavailability and mobility of Cu in soil 

can be modified by WTR amendment.  

Secondly, part of Cu loss may be transported by suspended matter in runoff water, 

which is related to the affinity of copper to the surfaces of suspended constituents such 

as organic matter, clay minerals and hydrous metal oxides. Further study needs to 

characterize the amounts and forms of copper transported by suspended matter in 

contaminated or remediated soils, and identify the major pathways of losses from land 

to waters. 

Finally,  a further analysis over a longer monitoring period is needed to determine 

the chemical, physical, mineralogical, and biological influence of Ca-WTR under field 

condition, which will give an approximation of what could be expected in the future of 

the remediated soils. 

.
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