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ABSTRACT 

Cadmium (Cd) is a toxic heavy metal with no known biological function. Exposure of 

the human population to Cd is predominantly through cigarette smoke and Cd­

containing foodstuffs. Many phosphatic fertilizers contain Cd and their application to 

land used for food production results in increased concentrations of Cd in the soil. The 

fate of this Cd in soils is poorly understood. In this study, factors influencing the 

concentration and residence time of Cd in pastoral soils were investigated. 

m 

Total Cd concentrations in topsoil samples (0 - 7. 5 cm) from a regularly fertilized farm 

were found to range between 0.07 and 0.91 mg Cd kil (arithmetic mean of 0 .36 mg Cd 

kg-I ) .  The top soil Cd concentration was unrelated to soil type or parent material but 

correlated well with total phosphorus and total carbon. In a study of the distribution of 

total Cd throughout the profiles of 1 7  soil types on the farm, Cd concentrations 

generally decreased with depth and soil parent material contributed little to topsoil Cd 

loads. 

A comparison of pedologically matched fertilized and unfertilized soils on the same 

farm confirmed that phosphatic fertilizer was the dominant source of Cd. Fertilized sites 

showed a 3- to 20-fold increase in soil Cd loading. Increased Cd concentrations were 

detectable to 1 5  cm. These increased Cd loads were easily accounted for by an estimated 

phosphatic fertilizer input of 6 g Cd ha-I yr-l over 7 decades. 

Soil Cd concentrations were also influenced by stock camping behaviour, although the 

magnitude of this effect was much less than that due to fertilizer. 

To investigate conditions under which Cd may move deeper in the soil profile, 

laboratory-based leaching studies on repacked soil columns using various electrolyte 

leaching solutions were conducted. Columns leached with 2 .5  mM CaCh, CaS04 and 

Ca(N03)2 showed some limited movement of Cd, but columns leached with 2 .5  to 7.5 

mM KCl showed no significant redistribution of the added Cd. Under the soil conditions 

studied (pHH20 5 .45), cation exchange appeared the predominant driving force behind 

Cd mobility, not anion complexation. On the same soil, Cd mobility increased linearly 
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as leachate CaC12 concentration increased. By 50 mM CaCl2 most Cd was leached from 

the column. In view of the dominance of cr in coastal soil solutions, this mobility under 

the influence of CaCl2 may be important. 

In a further experiment, four soils differing in physical and chemical properties were 

leached with 2 .5  mM CaC12• The wide range of Cd mobility seen, could be explained by 

differences in soil pH (pHH20 4.95 - 6.02). The movement observed in these columns 

was adequately modelled using a simple convection-dispersion equation and adsorption 

isotherms. The movement of Cd observed and modelled in these laboratory studies 

suggests that leaching is likely to be a much more important mechanism of Cd loss from 

the soil profile than removal of animal products. This work was supported by findings 

from a field-based mass balance study of Cd inputs and accumulation in soil developed 

under pasture on a Wharekohe podzol. Despite clear accumulation of fertilizer-derived 

Cd in the surface of these pastoral soils, up to 44% of the applied Cd remained 

unaccounted for. The most likely reason for this was leaching. 

Accurate modelling of the residence time and plant availability of Cd in soils will rely 

on a quantitative understanding of the factors influencing Cd mobility in soils. This is 

an area requiring further research. 
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CHAPTER 1 

INTRODUCTION AND STRUCTURE OF STUDY 

1.1 INTRODUCTION 

New Zealand gains the majority of its overseas revenue from primary industry -

agriculture, horticulture and forestry. However, the success of these activities depends 

significantly on the quality of our greatest asset, our soil. Sustainable production relies 

on protection of the soil quality. In agriculture and horticulture this is achieved by the 

application of fertilizers and soil amendments to replace lost nutrients and also maintain 

the physical condition of the soil. 

During the last few decades, an awareness has developed that in applying these 

fertilizers and soil amendments, we may also be compromising the soil quality by 

coincidentally adding undesirable elements (B0ckman et al., 1990). In addition to the 

valuable nutrients, impurities, for example Cd (cadmium), As (arsenic), Cr (chromium), 

Pb (lead), Hg (mercury), Ni (nickel) and V (vanadium), are also present in the phosphate 

rock used to manufacture phosphatic fertilizer, and in sewage sludges (Mortvedt, 1996; 

McLaughlin et al. 1996). These heavy metals have a residence time in soils in the order 

of several thousands of years (Witter 1996), and are therefore likely to accumulate. 

Cadmium has claimed much attention in the literature due to its possible adverse effect 

on human health from both acute and chronic exposure (Herber, 1994). Soil has 

comparatively low concentrations of Cd, but it is present in considerably higher 

concentrations in some phosphatic fertilizers and sewage sludges. Once in the soil, Cd is 

relatively immobile and, as a surface derived contaminant, it accumulates in the surface 

layer. Here it poses the greatest risk to the ecosystem. As plant Cd concentrations have 

been found to increase with increases in soil Cd concentrations, this accumulation of Cd 

may, over time, increase the flow of Cd through the food chain. 

Even though animals such as livestock and humans tend to retain only a small 

proportion of their ingested Cd, the Cd that is retained is concentrated mainly in the 

kidneys and liver. In these tissues, Cd usually accumulates with age. If sufficiently high 

concentrations are attained, organ dysfunction may occur. 
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Concern from our Northern Hemisphere trading partners over heavy metal accumulation 

has prompted research work in New Zealand to understand better the behaviour of Cd in 

our own soils and environment. As a result of studies which showed low concentrations 

of Cd in native soils compared with soils exposed to superphosphate additions, the 

predominant soil Cd source in New Zealand agriculture has been identified as 

phosphatic fertilizer (Bramley, 1 990; Roberts et al. 1 994). 

The Cd issue affects only a small portion of New Zealand's meat export revenue - the 

sale of kidneys from ruminants (Smith, 1 993). In response to anxiety about Cd toxicity, 

New Zealand has established a stringent, self-imposed maximum residue limit (MRL) 

of 1 mg Cd kg-1 fresh weight Cd (compared to 2.5 mg Cd kg-1 set by Australia) for such 

meat products. However, this MRL threatens to become a trade barrier (Smith, 1 993). 

Importers of  New Zealand animal products now hold New Zealand to this limit and 

reject product which exceeds it. 

Though difficult to screen for, compliance with the 1 mg Cd kil criterion is effectively 

achieved by exporting only offal from young animals .  Although this meets our trade 

requirements, any perception of New Zealand having a 'heavy metal' problem tarnishes 

our image of a 'safe' and 'environmentally friendly' food producer. To preserve this 

image, we are therefore obliged to follow other countries as they tighten controls on 

heavy metal contamination of soils. 

Though a policy of zero Cd application through low Cd fertilizers may appear the 

answer, the solution is not that simple. Phosphate fertilizer is a necessary input to the 

farming system, and removal of the Cd impurity with current technology is difficult and 

expensive (Mortvedt 1 996). Furthermore, fertilizer is not the only source for soil Cd. 

Other sources, notably soil parent material and atmospheric deposition from air 

pollution, have been found to make significant contributions to European soil Cd loads. 

The chance that reducing fertilizer Cd content will only partially address Cd concerns 

led Furness ( 1994) to conclude: "If the health concerns expressed in New Zealand in 

relation to cadmium are of genuine concern, then all sources of cadmium should be 

evaluated" . 



The Cd accumulation rate in surface soil also depends on the rate of loss - through 

animal product and crop removal, and possibly by leaching to depth (Rothbaum et al. 

1 986, Loganathan et al. 1 997). However, although data are available on the first two 

means of Cd loss, little work has been done on Cd leaching in New Zealand soils. This 

mechanism needs to be investigated specifically for New Zealand soils and conditions 

(Roberts et al. 1 994). 

With a firm understanding of the sources, and behaviour, of Cd in New Zealand soils, 

constructive and informed decisions on ways to minimize the risk this element poses 

can then be made. 

1.2 STRUCTURE OF THE STUDY 

In view of the issues and background discussed above, the present study was designed 

to investigate the major sources of Cd to pastoral agriculture in New Zealand and 

evaluate its potential for leaching. 

Chapter 2 presents a literature review on Cd and discusses the routes of exposure and 

risks that this element poses to the general human population, including its transfer to 

the human food chain from soils via uptake by plants and animals. The various sources 

of Cd that have been identified are reviewed, and current Cd concentrations and 

accumulation rates in New Zealand pastoral soils are examined in terms of international 

trends. Finally, aspects of managing Cd in the pastoral system are discussed with an 

emphasis on ways of limiting its entry into the human food chain. 

From the literature review, soil Cd concentrations are seen to be central to the Cd issue. 

However, it was necessary to establish an appropriate methodology for determining 

these Cd concentrations. Basic considerations involved in trace metal analysis and the 

extraction methodologies developed for subsequent studies are described in Chapter 3 .  

Cadmium concentrations in soil are known to vary across the landscape. Unless the 

underlying factors causing this variation are understood, successful management of Cd 

within the pastoral farming system is difficult. In a country essentially free from 

3 
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atmospheric pollution, this variability generally evolves from a complex interaction 

between soil type, parent material, farm-specific fertilizer management and animal 

transfer. But, by confining studies to within the boundaries of a single pastoral fann, one 

source of variation, the effect of fertilizer management, can be minimized. Cadmium 

variation can then be evaluated in tenus of parent material, soil type and animal transfer. 

The results from a study which does this are presented in Chapter 4.  

Examination of the data collected in Chapter 4 indicated, however, that the above­

mentioned factors generally could not explain the observed variation in Cd 

concentrations. Instead, evidence was found which suggested a major influence from 

exposure to phosphatic fertilizer. This aspect was investigated in a subsequent study 

comparing the Cd status of soils on adjacent fertilized and unfertilized sites. These 

results are presented and discussed in Chapter 5 .  

The infonuation presented in both Chapters 4 and 5 ,  showed that the majority of soil Cd 

was derived from surface applied phosphatic fertilizer. The appearance of Cd at depth in 

some soils, therefore introduced the possibility of Cd redistribution down the soil 

profile. While extensive downwards movement of Cd could provide an important means 

for slowing Cd accumulation in the topsoil, even limited redistribution of Cd within the 

active rooting zone may impact significantly on Cd availability to plants because of 

changes in soil properties such as soil pH and organic matter content. 

Given the depth to which surface-derived Cd was observed in the profiles discussed in 

Chapters 4 and 5 ,  it appeared that leaching was most likely responsible for this 

redistribution. Conditions known to influence Cd mobility are reviewed and discussed at 

the beginning of Chapter 6. Following this review a study is presented in which the 

potential for Cd movement by leaching in several New Zealand soils was investigated. 

The results given in Chapter 6 are, however, difficult to transfer to the field situation 

because they are constrained to the parameters of the experimental set-up (effluent 

volumes, flow rates and Cd concentrations). A more practical approach is to use 

numerical simulation models which allow solute transport to be predicted under a wider 

range of soil and environmental conditions. Accordingly, numerical leaching models 
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were developed to describe Cd movement in four different soils using simple chemical 

equilibria and soil-water physics (Chapter 7). Of greatest interest was the ability of these 

simple models to predict the Cd movement found in the soil columns studied in Chapter 

6. This being satisfactorily demonstrated, the models were then used to investigate the 

potential for Cd loss from the active rooting zone of several New Zealand soils. 

The results of studies discussed in Chapters 4 to 7 provide substantial information on Cd 

concentrations, source, variation and behaviour in a selection of New Zealand soils. In 

the final section of this work (Chapter 8), this knowledge and understanding has been 

integrated to explain and predict the fate of Cd in a pasture soil for which a pasture 

development chronosequence exists. 

Final conclusions and recommendations are presented in Chapter 9 .  
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CHAPTER 2 

A GENERAL REVIEW OF LITERATURE ON CADMIUM IN THE 

ENVIRONMENT 

2.1 INTRODUCTION 

Of the heavy metals that we are releasing into our environment, Cd poses a major 

concern due to its toxic effect on human health, and its ease of entry into the food-chain 

through plant uptake (Mortvedt, 1 996). 

Several texts are devoted to the subject of Cd in the environment (Webb, 1 979;  Nriagu, 

1 980c; Mislin and Ravera, 1 986; Simpson and Cumow, 1 988; Stoeppler and Piscator, 

1 988; McLaughlin and Singh, 1 997), while other texts cover trace metals in general 

(Adriano, 1 986; Vernet, 1 991 ; Adriano, 1 992; Kabata-Pendias and Pendias, 1 992; Seiler 

et al., 1 994; Ross, 1 994d; Alloway, 1 995b). Review articles on Cd that relate to 

agriculture have also been published (Chaney and Hornick, 1 977; Bramley, 1 990; 

McLaughlin et al., 1 996). 

This literature review covers some background chemistry of Cd; its entry into, and 

effect on sectors of the biosphere related to agricultural-based food production; the 

sources that contribute Cd to agricultural and horticultural soils on a world-wide scale 

and typical Cd concentrations in the surface of these soils; and management policies 

relevant to minimising the impact of Cd on the human food-chain. 

2.2 CADMIUM CHEMISTRY AND INDUSTRIAL USE 

Cadmium for industrial use is obtained solely as a by-product of Zn and Pb production 

(Nriagu, 1980a). Its identification as a new, and previously unknown, element in 1 81 7  

by F .  Strohmeyer (Germany) came about by the unusual yellowing of a zinc carbonate 

sample when heated. The name cadmium is derived from the Greek name for zinc 

carbonate (also known as calamine), cadmia (Nriagu, 1 980a). 

Cadmium has the atomic number 48, an atomic mass of 1 12 .41 1 ,  and sits in Group lIb 
of the periodic table, below Zn and above Hg - the last of the d-block transition 
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elements. The metal has a melting point of 321 .07 °c and a boiling point of 767 °c 
(CRC Handbook of Chemistry and Physics, p 4-6) and it exists mainly in the Cd

2+ 

oxidation state. Of the eight stable isotopes, l12Cd (24. 1 3  %) and 1 1
4
Cd (28.73 %) are 

the most abundant (Thornton, 1986;  CRC Handbook of Chemistry and Physics, p 1 1 -

74). With a density greater than water, Cd fits into the group of elements often referred 

to as 'heavy metals' .  Although the term 'heavy metal' has been criticised as misleading 

for its lack of distinction between essential biological elements and the non-essential 

biological elements such as Cd and Hg, it remains in use (Tiller, 1 989). 

Ofthe stable compounds formed by Cd, the fluoride, chloride, bromide, iodide, nitrate 

and sulphate forms are water soluble and the sulphide, carbonate, oxide and hydroxide 

are insoluble (Forstner, 1 980). Cadmium is soluble in acids, especially nitric acid, but 

not in alkalis (Nriagu, 1 980a) . This characteristic of high solubility under acidic 

conditions and virtual insolubility above neutral pH has been found to hold in the soil 

environment. As a result, one means of limiting plant available Cd in surface soils, and 

therefore plant uptake, is to raise soil pH by the application of lime. Other variables also 

affect Cd solubility and mobility in soils. These are discussed in greater detail in 

Chapter 6. 

The chemistry of Cd is closely related to that of Zn and many Zn ore deposits contain 

Cd impurities (Ross, 1 994a) . Cadmium is strongly chalcophilic (has an affinity for 

sulphur) and forms CdS under natural conditions, usually as a coating on the weathered 

Zn sulphide mineral sphalerite (Thornton, 1 986). Prior to the 1 940' s  a considerable 

portion of the Cd in superphosphate fertilizer originated from Zn sulphide used to make 

the sulphuric acid component of the fertilizer (Walkley, 1 940; Peterson and Alloway, 

1 979). The similar ionic radii of Cd (0.97 A) and Ca
2+ (0.99 A) may allow substitution 

of Cd for Ca in Ca-containing minerals, for example calcite and hydroxy-apatite - the 

latter causing problems in production of high quality phosphatic fertilizer (Pierce et al. , 

1 982;  Thornton, 1 986; McBride, 1 994; Ghosheh et al., 1 996). Isomorphous substitution 

of Cd for Cu, Zn, Hg and Pb in sulphides similarly occurs (Sposito, 1983) .  Cadmium­

compounds are also isotypic with the corresponding compounds of Mg
2+, Fe

2+, C0
2+ and 

Ni
2+ (Brehler, 1 972) . 



Commercial uses of Cd include: pigments for plastics, ceramics, paints, coated fabrics, 

textiles, rubber, glass, enamels and printing inks (ranging from primrose yellow to 

maroon); batteries (e.g. nickel-cadmium alkaline batteries) ; plastic stabilizers 

(polyviny1chloride); electroplating of steel, iron, copper, brass etc. - the Cd confers 

resistance to corrosion; alloy manufacture; and other minor uses (Nriagu, 1980a; 

Forstner, 1 980). 

9 

Although recovery of Cd during Zn and Pb production prevents dispersion of  the 

element into the environment from raw ore processing, Nriagu ( 1980a) suggests that 

"the current uses of Cd are almost completely dissipative; less than 5% of the metal 

consumed is now recovered". Thus, this element ultimately ends up dispersed in the 

environment. The percentage recovery may have increased over the last decade - Kross 

et al. ( 1 995) cite a dissipation value of about 67%, presumably referring to the situation 

in the USA. However, it may also be dependent on countries having legislation 

requiring recycling of Cd-containing by-products and obsolete end products (e.g. Ni-Cd 

batteries). Forstner ( 1980), for example, reports that up to 20% of the total processed Cd 

in the Federal Republic of Germany in 1 975 came from recycled material. 

2.3 CADMIUM IN THE BIOSPHERE 

The greatest concern regarding Cd comes from its entry into the human food-chain. 

Therefore an understanding of the relationship between Cd concentrations at each 

trophic level is necessary to assess both the threat this element presents, and factors that 

determine the best means of protection. 

2.3.1 Pasture plants and horticultural crops 

Cadmium has no known essential biological function, but it is readily taken up by 

plants. However, it is not sufficiently phytotoxic to protect the human food chain from 

significant, long-term Cd exposure (Chaney and Hornick, 1 977; Kross et al., 1 995). 

Therefore, Cd-induced plant growth inhibition or plant death can not be relied on to 

prevent hazardous dietary intakes of the element. 
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Root absorption provides the major pathway for Cd  uptake with the extent of  absorption 

dependent on many factors, in particular soil pH and soil Cd concentrations (Van 

Bruwaene et al., 1 986; Homburg and Briimmer, 1 990). Some studies show increased 

plant uptake of Cd with increasing soil Cd concentrations (Williams and David, 1 973 

and 1 976; Mulla et ai. , 1 980; Kabata-Pendias and Pendias, 1 992; Bramley and Barrow, 

1 994; Loganathan et al., 1 997), while others, particularly those on the edible portions of 

crops, do not (Yost, 1 979; Mulla et al. , 1 980; Smilde and van Luit, 1983,  as cited in 

Mortvedt, 1 996; Mortvedt, 1987 ;  He and Singh, 1 993a) .  

Plant uptake of heavy metals varies both between and within plant species, and also 

between the parts of each plant (Van Bruwaene et ai. , 1 986; He and Singh, 1 993a; 

Mullins and Mitchell, 1 995). Highest Cd concentrations are generally found in the roots, 

followed by the foliage and then seed (Van Bruwaene et ai. , 1 986; Kabata-Pendias and 

Pendias, 1 992). Bramley and Barrow ( 1 994), for example, found several Australian 

pasture species retained more than 60% of the total plant Cd in their roots. In contrast, 

Capeweed - considered a Cd accumulator because of its greater Cd herbage 

concentrations compared with other plant species - translocated about 80% of its Cd 

into its foliage. 

For many plants grown in contaminated soil, Cd concentrations in the plant are 

generally the same order of magnitude as Cd concentrations in the substrate (Forstner, 

1 980). For example, Roberts et al. ( 1 994) present data from a New Zealand field survey 

in which pastoral soils averaging 0.4 mg Cd kg-1 produced Cd concentrations in grasses 

and legumes averaging 0 . 1 0  mg Cd kg-1 DM and 0.07 mg Cd kg-1 DM respectively. 

Bramley and Barrow ( 1 994) found common Australian pasture species to vary between 

about 0.5 to 2 mg Cd kg- 1 dry matter (DM) when grown on a soil containing 0.2 mg Cd 

kg-J - a soil Cd concentration typical in both Australia and New Zealand (section 2.6.2) .  

Plant uptake of Cd is  strongly dependent on the soil Cd pool which is  available to the 

plant (Van Bruwaene et al. , 1 986; He and Singh, 1 993a; Mullins and Mitchell, 1 995). 

This may be very small when compared to the total soil Cd store. In agreement with the 

findings of Williams and David ( 1 973) for horticultural plants, Loganathan and Hedley 

( 1 997) calculated that only 1 .5 4.5% of the Cd applied via phosphatic fertilizer could 
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be accounted for in the pasture plants over 1 0  years. These percentages contrast with 

those for macro-nutrients such as phosphorus, and subsequently influence Cd loss rates 

(see section 2 .7) caused by plant uptake and removal. 

2.3.2 Farm animals 

The predominant focus with regard to Cd entering the biosphere in New Zealand is its 

accumulation in the tissue of livestock produced for human consumption. A strong 

similarity in chemistry between Cd and Zn, an essential trace element (Barak and 

Helmke, 1 993), allows Cd to enter metabolic pathways for which Zn is needed (Kross 

et al., 1 995). 

The majority of an animal's Cd burden is stored in the kidneys and liver (Fitzgerald et 

al., 1 985; Van Bruwaene et al. , 1 986). Lee et al. ( 1 996) estimated that the kidneys and 

liver combined accounted for between 50 and 67% of total body Cd in sheep. A further 

6 to 26% of the body Cd was associated with muscle, which had one of the lowest Cd 

concentrations (s 0.004 mg Cd kg-1 fresh weight), and 16 to 25% with the digestive 

tract. Similar distributions could be expected in other livestock such as beef cattle and 

dairy cows (Fitzgerald et al., 1 985 ; Van Bruwaene et al., 1 986). 

Cadmium concentrations in milk appear, like muscle, to be very low. A survey of whole 

milk on sale in New Zealand produced an average concentration of 0 .33 llg Cd L-1 • This 

is somewhat lower than that found in dairy products from Queensland, Australia, where 

homogenized market milk contained on average 6 llg Cd L -I (Mitchell, 1 981).  Sharma 

et al. ( 1 982) reported that whole milk Cd concentrations from cows (20 llg Cd L- 1 ) were 

unaffected by Cd intake. However, more recently Rounce et al. ( 1 997) found Cd in 

sheep milk and pasture Cd to be significantly related at much lower milk concentrations 

(0.039 - 0.06 llg Cd L-1 , assuming 15% milk solids). 

Cadmium burdens in livestock originate from the animal's diet after birth, as the foetus 

is generally found to be virtually free of Cd (Koh, 1 988; WHO 1 992a; Rounce et al. , 

1 995). Increases in soil Cd concentrations therefore impact significantly on the animal 

Cd burden, in particular the liver and kidneys, through both direct soil ingestion and 

increased plant uptake (Lee et al., 1 996). 
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Although animals generally retain less than 1 % of their ingested C d  (Van Bruwaene et 

al., 1 986; Lee et aI., 1 994; Lee et al., 1 996), the dependence of accumulated Cd levels 

on age can lead to older animals, e.g. ewes over 3-5 years, having Cd concentrations in 

their kidneys which exceed the 1 mg Cd kil FW maximum residue limit which is 

monitored by New Zealand's Ministry of Agriculture and Fisheries (MAF) (Lee et al., 
1 996). For example, a survey of kidneys from New Zealand livestock found 22% of 

ewes, 25% of dairy cows and 32% of beef cows under 5 years of age exceeded this 

value (B. Marshall, unpublished data). 

The focus of Cd accumulation in livestock destined for human consumption can 

overshadow the fact that Cd i s  also present in the broader ecosystem. Populations of 

feral deer and sheep, isolated from major anthropogenic Cd inputs, have likewise been 

found to show accumulated Cd in the kidneys (Roberts et al., 1 994). Therefore 

reductions in animal product Cd concentrations can only proceed until a minimum, 

environment-specific level is reached. 

Despite the problems that Cd accumulation in the kidney and liver presents for offal sale 

and consumption, the efficiency with which these organs sequester Cd minimizes Cd 

concentrations in muscle and milk. In this respect, the animal becomes an important 

barrier against entry of Cd into the human diet - with the exception of offal 

consumption (Lee et al., 1 996; Van Bruwaene et al., 1 986). 

2.3.3 Humans 

Diet and cigarette smoke are major sources of Cd to the human population with the 

latter possibly equalling or exceeding that from food (Ryan et al., 1 982; Black, 1 988; 

WHO 1 992a; Herber, 1 994). 

Although some of the highest Cd concentrations can be found in leafy and root 

vegetables such as lettuce, spinach, carrot, parsnip; cereals/grains; shellfish and animal 

offal (Sherlock, 1 986), most Cd in the adult human diet comes generally from grains 

and cereal products and potatoes - by virtue of their large consumption volume 

(Chaney and Homick, 1 977; Marro, 1 996). From a total diet survey conducted in New 

Zealand it was found that potatoes and related products contributed 22% of the dietary 



1 3  

Cd, oysters provided 1 7% and breads 1 1  % for young males between 1 9  and 24 years of 

age (Vannoort et al., 1 995). 

Despite the concern over Cd accumulating in livestock, products from animals 

contribute only a small proportion of Cd to the diet - 3% from offal in the case of an 

average Australian diet (Marro, 1 996) and 6% from lamb liver in the case of New 

Zealand (Vannoort et al., 1 995). Hence, in spite of the large Cd concentrations found in 

lamb liver from the New Zealand study (255 llg Cd ki\ its low consumption 

compared to potatoes and bread whose Cd concentrations Vannoort et al. ( 1 995) 

report as 9 - 71 llg Cd kg" r and 1 1 .8 llg Cd kg" l respectively reduces the impact that 

offal consumption has on Cd intakes. The other single dominant dietary source of Cd for 

New Zealand consumers comes from oysters (392 llg Cd kg"\ However Vannoort et al. 

( 1 995) suggest that this food is likely to be only a minor component of the diet for most 

people. 

Absorption of ingested Cd has been estimated as 5% while adsorption of Cd from 

inhaled air, including cigarette smoke, is greater and ranges from 1 0  - 50% (Herber, 

1 994). The estimated total daily Cd intake for the non-smoking population in a non­

polluted area is 1 0  - 40 llg day"l (where water and air contribute insignificant amounts) . 

When stated in terms of body absorption, this equates to 0.5 - 1 .3 llg day"l , though the 

presence of antagonistic elements such as Ca, Zn and Se modify Cd absorption, 

accumulation and toxic effects (Crounse et al., 1983 ; WHO, 1992a). An estimated 

additional 1 - 2 llg day"l would also be absorbed by smoking 20 cigarettes per day 

(WHO, 1 992a). 

Acute Cd poisoning, now rare, can occur through ingestion of acidic food or beverage 

which has been held in Cd-containing or -coated vessels, or through inhalation of Cd 

fumes, in particular CdO (Yasumura et aI. , 1 980; Bemard and Lauwerys, 1 986; Herber, 

1 994). But, it is the possible threat of chronic Cd poisoning in the wider population that 

is driving current research on Cd entry into the food-chain. 

As for other animals, Cd in the human body is stored in the kidneys and liver in 

association with metallothionein these organs account for over 50% of the body ' s  Cd 
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burden (Yasumura et al., 1 980; Kross e t  al., 1 995). Its half-life in  the human body i s  

estimated between 20 and 30 years(Kross e t  al., 1 995). Figures from the US indicate 

that, although a small proportion of the human population (probably about 0 .6%) exceed 

1 00 mg Cd kg-! wet weight of kidney cortex, the mean Cd concentration is likely to be 

between 20 and 35  mg Cd kg-! wet weight (Ryan et al., 1 982). 

As a result of the elevated Cd concentrations in the kidney, this organ exhibits the 

earliest signs of Cd toxicity. Accordingly, in order to protect against the onset of disease 

through accumulated Cd, the threshold for onset of kidney damage (estimated as 200 

mg Cd kg-! wet weight of kidney cortex) is used to establish a maximum acceptable Cd 

dietary intake level (WHO, 1 992a). The resulting provisional tolerable weekly intake 

(PTWI) of 400 - 500 /lg Cd (non-smoking adult) (WHO, 1 992a) has been adopted by 

New Zealand as 7/lg Cd week-l kg- ] body weight (Dr. Bill Jolly, pers. comm.). Current 

information indicates that Cd dietary intakes for the general New Zealand population is 

about half this recommended maximum (Vannoort et al., 1 995). Even so, considerable 

biological variation occurs within the human population and Roels et al. ( 1981) 

calculate that critical kidney Cd concentrations for individuals range from 1 60 to 285 

mg Cd kg'l wet weight of  kidney cortex. 

Besides the adverse effects of Cd on the kidneys (renal dysfunction), long-term 

exposure to Cd is also suspected to cause emphysema, chronic obstructive pUlmonary 

disease, osteomalacia, anaemia, anosmia and perhaps cancer (Cd may be a carcinogen) 

(Mennear, 1 979; Yasumura et al., 1 980; Ryan et al., 1 982; Bemard and Lauwerys, 

1 986; WHO, 1 992a; Herber, 1 994; Kross et al., 1 995) .  Cadmium is also implicated in 

adverse effects on the nervous system and immune system (Chang, 1 992, and Murray 

and Thomas, 1 992 - as cited by Kross et al., 1 995). 

2.4 SOURCES OF CADMIUM TO AGRICULTURAL SOIL 

In general, metal concentrations in the soil are determined by parent material 

composition and soil forming factors (Peterson and Alloway, 1 979; Thomton, 1 986; 

Kabata-Pendias and Pendias, 1 992; Blaser and Zimmermann, 1 993). Exogenous 
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contributions are then superimposed on the natural variation o f  soil Cd concentrations 

(Merry and Tiller, 1 99 1 ). 

Cadmium additions to agricultural land on a global scale typically come from the 

deliberate use of sewage sludges and phosphatic fertilizers as soil amendments, and 

deposition of atmospheric Cd derived from industrial emissions (particularly from the 

non-ferrous metal industry, steel and iron manufacturing), coal, oil and wood 

combustion and refuse incineration (Pacyna et al. , 1 99 1 )  (Table 2. 1 ) .  However, not all 

exogenous sources of Cd are of anthropogenic origin. Natural sources also contribute to 

surface soil Cd concentrations via wind-blown dusts, forest fires, volcanic emissions, 

vegetation and sea salt sprays - though these are exceeded globally almost 1 0  fold by 

anthropogenic sources (Table 2. 1) .  

2.4.1 Soil parent material 

The considerable influence that soil parent material has on native soil Cd levels has been 

illustrated and discussed by various authors (Lund et al. , 1 98 1 ;  Pierce et al. , 1 982; 

Table 2.1 Estimated annual atmospheric emissions of Cd world-wide. 

Source 

Natural Sources 

Anthropogenic sources t 
(during 1975 - 1976) 

Source: Nriagu ( 1 980b) 

Volcanic 
Vegetation 
Wind-blown dusts 
Forest fires 
Sea salt sprays 
Total 

Mining, non-ferrous metals 
Production, non-ferrous metals 
Production, iron and steel 
Industrial applications 
Coal combustion 
Oil and petrol combustion 
Wood combustion 
Waste incineration 
Rubber tyre wear 
Phosphatic fertilizers 
Total 

Values given in parentheses are ranges given by Pacyna ( 1 986) 

Cd emission (x 1 03 kg yr-l )  

520 (40 - 7800) 
2 1 0  (50 - 2700) 
1 00 (50 - 850) 

1 2  ( 1 0  - 1 5 00) 
1 .0 (1 - 400) 

843 

2.8 
53 1 6  

72 
5 3  
62 

2 .8 
200 

1 350 
1 0  

1 1 8 
71 86 
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Chen et al., 1 99 1 ;  Holmgren et al. , 1 993). In the Santa Monica Mountains o f  Los 

Angeles and Ventura Counties (California) for instance, the average surface soil Cd 

concentrations can be directly related back to their original bedrock parent material 

(Lund et al., 1 98 1 ). While shale rock in this region contains 8 mg Cd kg-I , the basalt 

rock is much lower (0.01 mg Cd kg-I ) and this difference is reflected by the overlying 

soil. 

The parent material influence is reduced in more weathered and older soils because of 

mobilization and redistribution of elements within the soil profile and between 

neighbouring soils during pedogenic processes (Thornton, 1 983 ;  Adriano, 1 986). 

Table 2.2 Cadmium concentrations in some common crustal rocks. 

Rock Range Mean (mg Cd kg-
l 

rock) 

Igneous 

Granodiorite 0.0 1 6  - 0. 10  0.07 

Gabbro 0.08 - 0.20 0. 1 1  

Granite 0.001 - 0.60 0. 1 2  

Syenite 0.04 - 0.32 0 . 1 6  

Pitchstone 0.05 - 0.34 0. 1 7  

Basalt 0.006 - 0.60 0.22 

Obsidian 0.22 - 0.29 0.25 

Metamorphic 

Ecoiogite 0.04 - 0.26 0. 1 1  

Gneiss 0. 1 2  - 0. 16  0. 14  

Garnet schist 1 .0 

Sedimentary 

Sandstone 0 .01  

Limestone, dolomites 0.035 

Shale 0.3 

Bituminous shale 0 .3 - 1 1  0 .8  

Bentonite 0 .3 - 1 1  1 .4 

Mad 0.4 - 10  2 _6 

Source: Bewers et al. ( 1 9 87), as cited by Cook and Freney ( 1 988) and Kabata-Pendias and Pendias 
( 1 992). 
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Holmgren et al. ( 1 993) commented on this in their study of  trace elements in  USA 

agricultural soils. These workers found that Cd concentrations were lowest in the 

strongly weathered Alfisols and Ultisols, and highest in Aridisols which had 

experienced little weathering. But, where the overlying soil has not resulted from in situ 

weathering, the influence of the underlying bed rock may be completely masked 

(Thomton, 1 983) .  

In general, crustal rocks have been reported to range between 0.01 and 2.6 mg Cd kg-\ 
but mean levels are generally below 0.25 mg Cd kg- I (Table 2.2) (Bewers et al., 1 987, 

as cited in Cook and Freney, 1 988). Some sedimentary rocks, e.g. shale, marl and 

bentonite, can have much higher Cd concentrations and soil developed from them can 

show Cd levels sufficiently high to constitute natural pollution. Although some high Cd 

rocks have been found in New Zealand, up to 2.5 mg Cd kg-1 for one shale, the major 

rock types generally average below 0.2 mg Cd kg-1 (J. S .  Whitton, pers. comm.). 

The relationship between elemental concentrations in parent material and those in the 

soil developed from it (in situ) therefore provides information on the source of a soil ' s  

heavy metal content. With inorganic elements that occur naturally in the environment, 

assessment of anthropogenic pollution carmot be done solely on the basis of top-soil 

samples and requires instead a knowledge of the concentrations from the entire profile 

(Blaser and Zimmermarm, 1 993) (see section 2.5). Comparison of topsoil with either 

subsoil or soil parent material has been used in several instances to separate the effects 

of anthropogenic inputs and natural heavy metal (including Cd) soil concentrations 

(Schmidt and WaIter, 1 988;  Merry and Tiller, 1 99 1 ;  Blaser and Zimmermarm, 1 993;  

Holmgren et ai., 1 993). This distinction appears important in light of evidence 

indicating that Cd from anthropogenic origins has greater plant availability than that of 

lithogenic origins (Grupe and Kuntze, 1 988;  Filipinski and Kuntze, 1 990) (see section 

2.6). Anthropogenic Cd would therefore represent a greater risk to the food chain. 

2.4.2 Soil amendments 

Application of chemical fertilizers such as superphosphate, diammonium phosphates 

and lime are regarded as normal agricultural practices needed to maintain soil 

productivity for sustained cropping or grazing (Holmgren et al. , 1 993). However, the 
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use o f  sewage sludge, a common soil amendment overseas and frequently the subject of 

scientific studies into heavy metal contamination, is not widespread in commercial New 

Zealand agriculture. 

Liming material 

Limestones and dolomites generally have only low Cd concentrations - on average 

0.035 mg Cd kg-1 (Table 2 .2) - but information on this amendment as a Cd source to 

agricultural soils is not commonly available. Contents of trace elements in limestone 

formations can vary due to small veins and inclusions of other minerals and, as a result, 

soils amended repeatedly with trace metal-rich limestone could show increased trace 

metal concentrations (Mattigod and Page, 1983; Hansen and Schaeffer, 1995). 

Phosphatic fertilizers 

Cadmium contamination in New Zealand agricultural soils is widely believed to arise 

from the use of phosphatic fertilizer (Bramley, 1990; Roberts et al. ,  1994; Taylor and 

Percival, 1992; Loganathan et al., 1995 and 1997). Single superphosphate (SSP) 

describes phosphate containing material (e.g. bones, phosphate rock) which has been 

acidulated with sulphuric acid to produce a more soluble, faster release phosphate 

component. In New Zealand, it is manufactured from natural mineral calcium phosphate 

rock which, besides the predominant calcium- and phosphate- containing apatite 

minerals, also contains trace elements and impurities such as Mn, Co, Cu, Zn and Cd, 

As and uranium (U) in the mg kg-1 concentration range (Williams, 1977; Syers et aI. , 

1986). It is of concern that Cd present in this product has a high plant availability -

similar to Cd from CdC12 (Williams and David, 1973). 

During the manufacture of SSP very little of the original phosphate rock impurities are 

lost and instead they tend to remain in the final product in similar ratios to P as those in 

the raw material (Williams and David, 1973; Rothbaum et al. , 1986). The preservation 

of the P/Cd ratio during processing allows the Cd concentration in the fertilizer to be 

estimated where Cd concentrations have not regularly been determined. With the Cd 

issue being of only recent interest, this is often the case. 
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In contrast to the P concentration in phosphate rock, the Cd  concentration can vary 

widely (e.g. 2 to 134 mg Cd kg-l of rock; Syers et aI. , 1 986; Pulsford, 1 989; Bramley, 

1 990). Rock used by the New Zealand fertilizer industry generally lies at the higher end 

of the Cd range (Table 2.3), and thereby present a substantial threat of Cd accumulation 

in New Zealand soils (Bramley, 1 990). However, phosphorite sources for New Zealand 

manufactured fertilizer have changed over the last three decades and, as a consequence, 

so too has the Cd content of the final fertilizer product. 

Prior to 1 970, fertilizer production relied on the high P, high Cd guano-derived deposits 

of Ocean Island and Nauru Island (Table 2.3) .  But, post- 1970 these earlier sources 

began to be blended with the lower P, lower Cd containing rock of Christmas Island 

(Williams, 1 985).  Although both Ocean Island and Christmas Island are now closed (in 

Table 2.3 Cadmium and phosphorus contents of phosphate rock used in New Zealand 
to manufacture superphosphate. t 

Phosphate Rock 

Ocean Island 

Nauru Island 

Christmas Island 

North Carolina 

Jordon 

Sechura 

Cd content 
(mglkg rock) 

134 a 

99 g 

88 a 

1 00 b 
7 1  c 

75 - 1 1 0 d 

38 a 

30 - 50 d 

40 d 

54 a 
39 c 

4 _ S d 

1 1  _ 12 a ,  b 

P content PICd ratio in rock 
(%) (mg P/mg Cd) 

1269 
1 7  f 

1818  
1 6  (to 1 7) f 

1 5 .6 b 1 560 
1 5 .9 c 2239 
16 .8  d 2240 - 1 527 

4316  
16.4 e 
1 5 .2 d 5067 - 3040 

13.4 d 3350 

1 1 .9 c  305 1 

14.S  d 

1 3 . 1  b 

t Values in bold relate to the concentrations of Cd and P used to construct the Cd mass balances 
discussed in Chapter 8 .  

a Bramley ( 1 990) 
b Syers et al. ( 1 986) 
C Loganathan and Hedley ( 1 993) 
d Pulsford ( 1 989) 

e Bolan et al. ( 1 993) 
f During ( 1 984) 
g Williams ( 1 974) 
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1 979 and 1 988 respectively [Williams, 1 985]), Nauru rock continues to be used in 

conjunction with rock from North Carolina (USA), Jordan and/or Khouribga (Morocco) 

(M J Bedley, pers. comm.). Because the Cd contents of these new rocks are generally 

much lower than those of the South Pacific Islands (Table 2.3), their use has reduced 

substantially the Cd content of New Zealand produced S SP fertilizers. 

Although the current focus for Cd contamination of SSP centres on the Cd content of 

the raw phosphorite, SSP produced earlier this century may have also gained Cd from 

the sulphuric acid used in the acidulation process. Sulphuric acid derived as a by­

product of ZnS ore production often had a considerable Cd content itself and this was 

added to the final fertilizer product (Walkley, 1 940; Peterson and Alloway, 1 979) . In 

contrast, phosphatic fertilizer prepared with phosphoric acid contains less than 70% of 

the original rock Cd as a result of partitioning between the fertilizer and a by-product, 

phosphogypsum (Mortvedt, 1 996). 

The rate of Cd addition from phosphatic fertilizer depends on both the final fertilizer Cd 

content and the fertilizer application rate - which is based on P fertility requirements. 

Given a fertilizer rate of33 kg P ha- l y{\ Rothbaum et al. ( 1986) estimated that 5 g Cd 

ha-I was added annually to grassland experiments in England, but 20 g Cd ha-1 yr- l 

accompanied the application of 3 7  kg P ha-1 yr-l to a New Zealand soil. The difference 

in these addition rates was attributed to the higher Cd content of phosphate rock used in 

the manufacture of New Zealand SSP from 1 954. In more recent studies, however, Cd 

application rates are lower (9.7  - 1 4  g Cd ha-l yr-I for a P rate of 30 - 38 kg P ha-I yr-l ) 
and reflect the dilution ofthe Nauru rock with rocks lower in Cd such as Christmas 

Island and North Carolina (Loganathan et al., 1 995, 1 997). 

A unique feature of phosphatic fertilizers is the strong relationship between their P 

content and their Cd and Zn contents (Williams and David, 1 973). This strong P-Cd 

relationship in the fertilizer translates into a significant correlation between P and Cd in 

the surface layer of SSP fertilized soils and thereby indicates a strong link between Cd 

accumulation and phosphatic fertilizer application (Williams and David, 1 973 ; Mulla et 

al., 1 980; Billiard et al., 1 988 ;  Roberts et al., 1 994; Loganathan et al., 1 995) .  It appears, 

however, that this correlation does not extend to the soil solution (Mull a et ai., 1 980). 
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Zinc and C d  are closely associated in the natural environment (section 2 .2) and this 

includes an association in phosphate rock which persists in the final P fertilizer 

(Williams and David, 1 973). However, the Zn to Cd ratio in phosphatic fertilizers ( 1 0 : 1 )  

i s  much smaller than that found in either: non-agricultural soils ( 1 80: 1 to 1 120: 1 ;  

Roberts et al., 1 994); or terrestrial rock (approximately 250: 1 ;  Adriano, 1 986). Hence, 

the application of phosphatic fertilizer to soil decreases this ratio. Therefore the lower 

soil ZnlCd ratios in agricultural soils ,  compared to matched natural soils, provides 

another means of confirming phosphatic fertilizer as a major source of Cd (Holmgren et 

al., 1 993;  Roberts et al., 1 994; Loganathan et al., 1 995). 

2.4.3 Atmospheric cadmium of anthropogenic origins 

Industrialized regions throughout Europe and the United Kingdom experience 

significant Cd inputs from atmospheric pollution (Jones et al., 1 987;  Jackson and 

Alloway, 1 992; Kabata-Pendias and Pendias, 1 992; Tjell and Christensen, 1 992; 

Mortvedt, 1 996). Similarly, a regional budget calculated by Merry and Tiller ( 1 99 1 )  for 

South Australia had Cd inputs almost equally divided between phosphate fertilizers and 

atmospheric deposition (3 .3 and 3 .0  g Cd ha-l yr-l respectively). However, a study in 

Christchurch (New Zealand) showed that, while Cd deposition close to the city « 20 

km) could average over 2 g Cd ha- ! yr- ! ,  at distances above 36 km, this reduced to < 0. 1 

g Cd ha-] yr-l (Fergusson and Stewart, 1 992). These values suggest that Cd deposition 

from atmospheric pollution is of less concern in New Zealand than other countries. 

Land surrounding a major atmospheric point source commonly shows a halo of soil 

pollution in the down-wind direction. Metal concentrations can be elevated for up to 20 

km, or sometimes more (Chaney and Hornick, 1 977; Tiller, 1 988; Tiller, 1 989). 

Roadside soils also commonly show Cd pollution derived from tyre wear and exhaust 

emissions. This pollution is, however, limited to comparatively short distances 

(Williams and Harrison, 1986). 

2.4.4 Atmospheric cadmium of natural origins 

Cadmium deposition from the natural sources given in Table 2 . 1  are more difficult to 

quantify due to a paucity of measurements on emission or mobilization rates from these 

sources (Hutton, 1982). 
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Information on additions of Cd to coastal soils from sea salt spray is sparse and seldom 

considered in metal input budgets. An idea of the relative importance of this as a Cd 

source can be obtained, however, from a comparison of the Cd content of ice sampled 

from the Antarctic and Artic Oceans (0.3 pg Cd g-1 and 5 pg Cd g-1 respectively) (Wolff 

and Peel, 1 985).  Assuming that seawater in the Antarctic Ocean contains only naturally­

occurring Cd while seawater in the Artic Ocean has been influenced by atmospheric 

pollution, it can be seen that the Cd contribution possible from sea spray is likely to be 

much less than that from atmospheric deposition. 

Wind blown dusts are also seldom considered to be of major importance when 

constructing Cd budgets for atmospheric deposition (Hutton, 1 982; Merry and Tiller, 

1 99 1 ). Given the predominance of vegetative ground cover in New Zealand this is 

probably the case here also. At the remote site studied by Fergusson and Stewart ( 1 992), 

soil-derived atmospheric deposition of Cd was estimated to be only 0.02 g ha-] yr- ] . This 

is insignificant compared with the possible addition rate to New Zealand soils from 

phosphatic fertilizers ( 1 0+ g Cd ha-1 yr-l) (section 2.4.2). 

In contrast to the above Cd sources, volcanic activity has the potential to contribute 

significantly to atmospheric Cd loads (Hutton, 1 982). A study by Buat-Menard and 

Arnold ( 1978) indicates that, compared to background levels (0.01  - 0.04 ng m-3), 

airborne Cd concentrations around volcanoes may be significantly elevated (about 90 ng 

m-
3
) .  The central North Island of New Zealand has an extensive history of volcanic 

activity. However, analysis of ash from the Mount Ruapehu eruptions of October 1 995 

showed low concentrations of Cd « 0. 1 1  mg Cd kg-] dry ash) with water-soluble Cd 

concentrations less than 0.0054 mg Cd kg-l dry ash (S .  J. Cronin, pers. comm.). These 

values are well below the Cd concentrations present in New Zealand SSP (32 mg Cd 

kg-! Cd and 29 mg Cd kg- l for total water-soluble Cd respectively) (Loganathan and 

Hedley, 1 997) .  The indication is, therefore, that volcanic emissions may not always 

constitute a significant source of atmospheric Cd. 

2.5 CADMIUM DISTRIBUTIONS DOWN THE SOIL PROFILE 

Comparison of Cd concentrations in the surface soil with those from depth provides a 
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means of differentiating between anthropogenic Cd and Cd derived from in situ 

weathering of the parent bedrock material. Thus, the Cd distribution pattern within the 

soil profile as a whole, provides greater information on the probable sources of Cd than 

would be possible if only topsoil Cd concentrations were considered (Filipinski and 

Grope, 1 990; Haygarth and lones, 1 992; Blaser and Zimmermann, 1 993). Holmgren et 

al. ( 1 993) suggest a ratio of more than one for the surface soil Cd concentration/subsoil 

Cd concentration as a means of identifYing soils with anthropogenic contamination. 

While providing evidence for the source of soil Cd, the distribution of Cd within a soil 

profile is also important because of its effect on plant uptake. For example, increased 

uptake may occur where high Cd concentrations coincide with zones of intense root 

activity. This may be enhanced by the presence of other soil constituents, such as 

phosphorus, that stimulate root development (Williams and David, 1 977). In addition, 

Cd at different depths in the soil may have different plant availability because of 

changes in the chemical and physical properties of the soil, particularly soil pH and soil 

organic matter (Loganathan and Hedley, 1 997;  see also section 6.2) . 

2.6 CADMIUM CONCENTRATIONS IN SURFACE SOILS 

Entry of soil Cd into the food-chain comes predominantly from stores in the surface 

soil. A knowledge of Cd concentrations in the surface soil and how these compare with 

background Cd concentrations enables us to assess the present and future threat posed 

by Cd. This then permits the formulation and implementation of strategies to minimize 

the impact of Cd on the environment. 

Views differ as to the most useful way of reporting Cd concentrations. The degree of 

soil contamination is best determined by total Cd, but Cd risk to the food-chain is best 

assessed by methods that identifY plant-available Cd (De Temmerman et al., 1 984). In 

addition, inconsistency in soil sampling depth has introduced some confusion when 

comparing soil Cd levels on a global basis. Because the Cd concentration invariably 

decreases with soil depth (section 2.5), Cd concentrations reported for surface-soil 

samples taken to a deeper depth are diluted compared to those based on shallow 

sampling depths. Thus, Cd concentrations in New Zealand agricultural soils, where the 
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sampling depth is commonly 0 - 7.5 cm, may appear greater than those in European 

agricultural soils where sampling depths are more likely to be around 0 - 20 or 0 - 25 cm 

- the depth of the plough layer, Table 2.4 (TjeU and Christensen, 1 992; Roberts et al., 
1 994). 

A global range for the concentration of Cd in soils has been suggested as 0.06 - 1 . 1  mg 

kg-1 by McBride ( 1 994). The position of a soil in this global range will be influenced by 

human impact and environmental factors such as: its state of weathering; parent material 

concentrations (section 2.4. 1 ); and its capacity to adsorb and retain metals - sandy soils, 

for example, generally have lower trace metal concentrations than silty or clayey 

textured soils (Peterson and Alloway, 1 979). 

The average global Cd concentration for surface soils has been estimated to be 0.53 mg 

Cd kil by Kabata-Pendias and Pendias ( 1 992). These authors further propose that soils 

showing Cd concentrations greater than this mean value are likely to be contaminated. 

However, in view of the wide range of Cd concentrations possible in soils (some 

examples are given opposite in Table 2.4), such a global value is of little use. Because 

New Zealand agricultural soils have relatively low Cd concentrations compared to the 

above global averages (Table 2.4), Cd contamination of soils in this country would be 

better assessed through a comparison with local, unpolluted soils (Tiller, 1 989). 

2.6.1 Unpolluted soils 

Natural, normal or background Cd concentrations are those concentrations found in 

soils, waters, plants and other environmental matrices not impacted by pollution levels 

(Adriano, 1 986). This requires the exclusion of soils experiencing obvious pollution 

from point sources, mining activities, roads or sewage sludge application (Kabata­

Pendias and Dudka, 1 99 1 ;  Chen et al., 1 99 1 ;  Holmgren et al., 1 993), but some studies 

also exclude contamination caused by normal agricultural practices such as fertilization 

(De Temrnerman et al., 1 984; Roberts et al., 1 994) . Thus there is some inconsistency 

when defining "background" concentrations. 

On the whole, truly pristine New Zealand soils show low Cd concentrations since 

bedrock materials naturally high in Cd are not widely associated with New Zealand 



Table 2.4 Mean total Cd concentrations in surface soils from around the world. The range for each survey is given in parentheses. 

Country Soil sample Extraction method Agricultural soils No. of Non-agricultural soils No. of Reference 
de�th (cm} (mg Cd kg-

· dr� soil} Sam�les (mg Cd kg-· drl: soil} Sam�les 
New Zealand f 0 - 7.5 HCI04-HN03 0.44 [3 12] 0.20 [86] Roberts et al. ( 1 994) 

(0.04 - 1 .53) (0.02 - 0.77) 

New Zealand 0 - 15  4 N HN03 0.69 [22] Taylor and Percival 
(0.46 - 1 .9 1 )  ( 1 992) 

Poland I HF-HCI04 0.4 1 Kabata-Pendias and 
(0. 1 - 6.5) Dudka ( 1 99 1 )  

Mainland HN03-HF-HCI04 0.097 [3947] Chen et al. ( 1 99 1 )  
China 

Tibet HN03-HF-HCI04 0.080 [ 1 93]  Chen e t  al. ( 1 99 1 )  

USA 0 - 20 HN03 0.265 [3045] Holmgren et al. ( 1 993) 
« 0.010 - 2.0) 

Australia 0 - 5  0. 1 M EDTA, 0. 1 8  [5 1 6] 0. 1 1  [69] Merry and Tiller ( 1 99 1 )  
7 days at p H  6 § (0.01 - 0.73) (0.0 1  - 0.29) 

Denmark 0 - 20 Hot 6M HN03, 0.2 1 5  [65] Tjell and Christensen 
24 hrs (0.0 12  - 0.494) ( 1 992) 

Sweden 0 - 2() 2 M HN03, 2 hrs 0.22 Andersson ( 1 977) 
(0.03 - 2.3) 

Netherlands Lexmond et al. ( 1 986) 
Sandy soils 0.32 0.08 and Salomons ( 1 983), as 
Clay soils 0.4 1 0.25 cited by Harmsen ( 1 992) 

Canada 0.07 Alloway ( 1 995a) 
(0.0 1  - 0. 1 )  

Adjusted to a sampling depth o f  20  cm, these become 0.27 and 0. 1 2  mg C d  kg-
i 

soil for agricultural and non-agricultural soils respectively (Roberts et al. , 1 994). 
Expressed as geometric mean. Rural North-eastem Poland, believed to indicate soil Cd levels less affected by atmospheric pollution, gave 0.27 mg Cd kg- · soil. § Reported by authors to recover about 90% from polluted soils and 25 - 50% from unpolluted soils. 

N 
Vl 
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lithology (section 2.4. 1 ) .  The average Cd concentration for native soils found by 

Roberts et al. ( 1994) (Table 2.4) falls well below the 1 .0 mg Cd kg-I which Jackson and 

Alloway ( 1 992) estimate as a maximum for uncontaminated soils. This further 

demonstrates the irrelevance of global averages for establishing Cd contamination in 

New Zealand soils. 

2.6.2 Contaminated soils 

The term contamination is used to describe instances where a soil has statistically higher 

elemental concentrations than soils ofthe same classification which represent back­

ground concentrations, but the concentrations concerned may not always be detrimental 

to the environment (Dr. R. Chaney, pers. comm.). More serious cases of contamination, 

i .e .  when concentrations reach levels capable of causing adverse effects on some part of 

the environment (e.g. plants, humans or soil organisms), are covered by the term 

"pollution". This may include instances of natural metal pollution (Mattigod and Page, 

1 983). 

Based on the above definitions, it is apparent that New Zealand agricultural soils are 

showing signs of Cd contamination - Table 2.4 (Roberts et 01., 1 994). Despite Roberts 

et al. ( 1 994) being able to conclude that the Cd status of New Zealand soils generally 

falls at the lower end ofthe global range for Cd, a study targeting important agricultural 

regions in New Zealand has demonstrated the presence of  soils with Cd concentrations 

greater than 1 mg Cd kg- I (Taylor and Percival, 1 992) (Table 2.4). 

2.7 CADMIUM ACCUMULATION IN TOPSOIL 

Numerous mass balance studies have reported the recovery of most added Cd in the 

surface horizon (Williams and David, 1 973, 1 976; Mulla et al., 1 980; Loganathan and 

Hedley, 1 997). Loganathan and Hedley ( 1 997), for instance, found that almost 90% of 

Cd applied to a New Zealand pasture over 1 0  years (as phosphatic fertilizer) could be 

accounted for in the top 12 cm of soil. However, not all studies have been able to detect 

measurable Cd accumulation. Work done on cropped land has found that low additions 

of Cd, such as from low Cd superphosphate, do not increase the soil Cd burden (Y ost, 

1 979;  Rothbaum et 01. , 1 986;  Jones et 01., 1 987; Mortvedt, 1 987). Since current 



international concern regarding this element centres on its potential to accumulate in 

soil, the reason why some studies fail to find evidence of Cd accumulation requires 

further investigation. 
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The apparent lack of Cd accumulation in some soils could arise from several factors: a 

difficulty in detecting the small Cd additions, particularly from low Cd fertilizers, that 

probably amount to less than 1 % of the total surface soil Cd burden (Y ost, 1 979;  

Hutton, 1 982); redistribution of the added Cd over large depths of soil through 

ploughing, thereby concealing increases in Cd concentration (Tiller, 1 989); and Cd loss 

from the soil in numerous ways, for example through product removal (particularly 

crops), erosion and leaching (Williams and David, 1976; Rothbaum et al. ,  1 986; 

McGrath and Lane, 1 989;  Tiller, 1 989; Merry and Tiller, 1 99 1) .  On the whole, however, 

Cd losses through the removal of grain, forage and livestock products, leaching and soil 

erosion are considered small compared to inputs, especially those from fertilizers 

containing Cd at high concentrations (e.g. 50  ppm) (Yost, 1 979;  Merry and Tiller, 1 99 1 ;  

Korentaj er et al., 1 993 ;  Mortvedt, 1 996). In such cases, Cd accumulation in the soil 

profile is almost certain. 

Accumulation rates of Cd in New Zealand topsoils have been estimated to be 9 g Cd 

ha-1 yr-l (Rothbaum et al., 1 986) and 1 1  g Cd ha-1 yr-l (M. D. Taylor, pers. comm.). If a 

bulk density of 1 g cm-1 is assumed, and the sampling depth is taken as 7.5 cm, these 

accumulation rates will cause soil Cd levels to exceed the 3 .0  mg Cd kg-1 soil guidelines 

(Department of Health, 1 992) within 300 years. 

Once in the soil, Cd can be expected to remain there for many thousands of years 

(McGrath, 1 987;  Witter, 1 996; Loganathan and Hedley, 1 997). This is especially the 

case in New Zealand with our animal grazing regime where little Cd is lost from the 

system through animal products. Loganathan and Hedley ( 1 997) calculated that the 

residence time for Cd in soils under such a grazing regime would exceed 20 000 years. 

If this soil was cropped instead, the residence time would be only 200 - 700 years 

(Loganathan and Hedley, 1 997). With such evidence of long-term, almost irreversible 

increases in soil Cd concentrations, actions to minimize the impact of Cd additions on 

the food-chain have become more widespread. 
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2.8 CONTROL POLICIES TO MINIMIZE THE CADMIUM THREAT 

The greatest concern appears to be in preventing excessive Cd concentrations in edible 

foods, both present and future (Tiller, 1 989; Roberts et al., 1 994). However, it should 

also be recognized that the soil is a living medium, and is the basis of food production 

for all species as well as being fundamental to the purification of ground water (de Haan 

et al., 1 987; Witter, 1 996). Minimizing the Cd burden in the system as a whole is 

therefore desirable. 

Many countries have legislation to restrict heavy metal loadings in soil caused by 

sewage sludge application. These are generally directed towards minimizing heavy 

metal contents of the sludge, regulating sludge application rates (based on soil factors 

and heavy metal concentrations), and the setting of maximum permissible heavy metal 

concentrations in agricultural soils (Tiller, 1 989; Mortvedt, 1 996; Witter, 1 996). Such 

regulations must also consider the possibility of future changes in land use and soil 

properties that may influence Cd mobility. 

As attention has turned towards Cd inputs accompanying fertilizer use, similar policies 

have been developed for phosphatic fertilizer, though regulations mainly focus on 

setting maximum permissible Cd concentrations of the fertilizer based on the Cd/P 

contents (B0ckman et a!., 1 990; Mortvedt, 1 996). Such limits (voluntary or otherwise) 

range from 35 mg Cd kg-l P in the Netherlands to around 350 mg Cd kg-l P in Australia 

and Japan (no limit exists in the USA) (Mortvedt, 1 996). 

Removal of Cd from phosphatic fertilizer or its precursors is difficult (Ghoshesh et al., 

1 996). In New Zealand there is currently no commercial process to do this (M J Hedley, 

pers. comm.).  Overseas, limited use is made of calcination processes to remove Cd from 

the phosphate rock (Ghoshesh et al., 1 996) . Nonetheless, international research in this 

area continues. Thermal treatment for phosphate rock (Kossir and Chik, 1 996), and 

processes to remove Cd from the fertilizer precursor, phosphoric acid (Davister, 1 996; 

Ghoshesh et al. , 1 996;  Vermeul, 1 996) are two such areas under study. In addition, 

Loganathan and Hedley (1 997) recently reported an association between Cd and organic 

matter in the North Carolina phosphate rock. It may be that alkaline removal of the 

organic matter will provide another means of removing Cd (M. J. Hedley, pers. comm.). 
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With only finite global reserves of phosphate rock, low Cd phosphate rock wil l  

command a premium price, putting financial strain on the fertilizer industry and 

ultimately the farmer. Because of this and the inevitable depletion of low Cd phosphate 

rock sources, the higher (> 20 ppm) Cd rocks (about 60% of global reserves; Roberts 

and Stauffer, 1 996) must continue to be used. Hence, Cd inputs to the soil environment 

look certain to continue in the near future. 

Where the focus is on protection of human health, the threat of Cd can be minimized at 

several stages in the food chain (Chaney and Homick, 1 977; Simpson and Cumow, 

1 988; Roberts et al., 1 994; Grant et al. , 1 997). 

Soil to plant transfer: Transfer of Cd from soil to plant can be restricted through: 

liming to raise the soil pH, thereby reducing Cd solubility and consequently plant 

uptake; limiting the cropping species to those plants which show low Cd accumulation; 

elimination of micronutrient deficiencies, especially zinc; control of soil salinity (the 

effect of cr is investigated in Chapter 6); and encouraging the growth of grasses and 

legumes over higher Cd-containing weeds in pasture swards through appropriate grazing 

management and fertilizer policies. 

Plant to animal transfer: Because young sheep were found to accumulate Cd most 

rapidly up to 6 months of age (accumulation rates decline thereafter), Lee et al. ( 1996) 

propose that Cd concentrations in adult animals could be minimized by reducing their 

exposure to Cd when young. 

Foodstuffs to humans: The final barrier preventing Cd entry into the human 

population through diet is the exclusion of produce which carries a high Cd risk. Current 

New Zealand regulatory policy, for instance, requires the exclusion from export sale of 

kidneys from all stock over 30 months of age. This assists compliance with the 1 mg Cd 

kil FW maximum residue limit. 

2.9 SUMMARY 

Cadmium is a toxic element whose dispersion in the environment has become of 
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concern in recent years due to an awareness that chronic poisoning in humans can 

develop from long-term, low level exposure. It enters the food-chain mainly through 

plant uptake from soil, and accumulates in the kidneys and liver of domestic animals 

and humans causing a disruption to organ functioning at sufficiently high 

concentrations. 

In view of the important role plant uptake plays in the Cd cycle, plant availability of soil 

Cd has received much focus. Many factors influence this availability, including the 

source and distribution of Cd in the surface soil, individual plant characteristics and soil 

properties, especially pH. 

Evidence that surface soil Cd concentrations are increasing with time has prompted 

researchers and official organizations to assess the threat that this accumulating Cd 

poses to the human population. Consequent work has identified the predominant sources 

of soil Cd as atmospheric pollution and land management practices such as sewage 

sludge and phosphatic fertilizer application. Many countries now have guidelines to 

limit or reduce Cd additions through these means. However, increased plant 

concentrations have not always been correlated with increasing soil Cd concentrations 

and therefore views on the seriousness of the Cd threat vary substantially. 

Work on the Cd cycle in New Zealand soils is sparse, but developing rapidly with the 

main focus being pastoral soils. Here, the Cd accumulation which has been found has 

generally been attributed to phosphatic fertilizer use. But a comprehensive study of Cd 

sources including parent material is lacking. This thesis therefore aims to advance 

current knowledge of Cd behaviour in the following areas: 

- the concentrations and distribution of endogenous and fertilizer-derived Cd in a range 

of soil types on a typical hill country farm that has received regular applications of 

superphosphate fertilizer; 

- and the factors involved in the redistribution of Cd in the soil profile and therefore its 

residence time in the plant root zone. 



CHAPTER 3 

MATERIALS AND METHODS FOR THE PREPARATION AND ANALYSIS 

OF SOIL AND HERBAGE SAMPLES 

3.1 INTRODUCTION 

3 1  

Methods are described here for the preparation and chemical analysis of soil and plant 
material used in this study. The majority of analytical work involved the measurement 
of Cd concentrations at trace levels, consequently this forms the major focus of the 
research methodology (section 3 .2). A brief discussion of several considerations 
pertinent to trace element analysis - contamination control, accuracy and precision of 
results - is also included. Determinations of other elements and soil properties were also 
carried out. The materials and methods for these are detailed in section 3 .3 .  Methods 
unique to specific studies are described in the appropriate chapter. In addition, 
deviations from the generic methods presented below - as a consequence of some 
method development are likewise detailed in the appropriate chapter. 

3.2 TRACE CADMIUM ANALYSIS 

Trace element analysis often demands low levels of detection. Although the detection 
levels attainable are essentially determined by the chosen instrumentation, the overall 
method detection limits are constrained by background contamination and sample 
preparation. Hence, highly sensitive analytical equipment, a clean environment and an 
awareness of potential element loss during preparation or storage of samples are all 
important to trace metal analysis. These aspects of trace metal analysis are discussed 
below in view of their relevance to the methods used in this study. 

3.2 .1  Contamination control 

Contamination arises from numerous sources and includes :  unclean laboratory 
equipment; airborne dust particles; and impurities in reagents (Slavin et al. , 1 983). 
Clean-room facilities become mandatory for working on trace metals at low 
concentrations in complex matrices, especially when pre-concentration procedures are 
required because of the increased sample handling and increased risk of environmental 
contamination (Manning and Slavin, 1 983). Several studies report that contamination 
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problems are more easily controlled with respect to Cd than elements such as copper, 
lead, zinc and iron (Manning and Slavin, 1 983;  Adeloju and Bond, 1 985). Accordingly, 
although Adeloju and Bond ( 1 985) found the analytical blank: for Cd in a conventional 
laboratory was 5 times higher (0.050 ± 0.002 /lg Cd L-1 )  than a blank: left exposed for 30  
minutes in  a clean room, the contamination was low enough to permit accurate trace 
analysis without needing clean-room facilities. Work carried out during this study did 
not use clean-room facilities, but the consistently low procedural blank: readings verified 
that contamination was under control. 

In trace metal methodology, frequent mention is made of acid washing and deionized 
water rinsing of laboratory-ware. Furthermore, the use of high purity chemicals is 
standard. These measures safeguard against most extraneous Cd. However, other 
sources of contamination are not always so obvious. Because Cd compounds find use in 
colouring, most coloured plastic-ware or paint presents a risk of contamination. This is 
especially the case for yellow and red colours that are associated with cadmium 
sulphide, and cadmium selenide, (N. Kim, pers. comm.). As an example, Kim ( 1 990) 
found that substantial amounts of Cd were leached from the red and yellow markings 
painted on a new batch of glass pipettes when these were acid washed. The use of Cd as 
a plastic stabilizer also introduces it into other coloured articles. On finding red and 
yellow plastic volumetric-flask tops to contain significant quantities of Cd, Kim ( 1 990) 
opted for polypropylene and glass stoppers. For the same reasons, Manning and Slavin 
( 1 983) recommended avoiding yellow Eppendorfpipette tips. 

During this study every effort was made to minimize contact of samples with sources of 
possible contamination. Colourless or white plastic-ware was used almost without 
exception in most stages of preparation and analysis. After testing for trace Cd 
contamination (by soaking in acid solution which was then analyzed) revealed no 
contamination risk, polypropylene storage tubes were used as new. All 1aboratory-ware 
was acid-washed at the start and kept clean by washing with Pyroneg detergent or 
soaking in acid, and rinsing in deionized water. High purity chemicals (Aristar) and 
deionized water were used for all Cd analyses. 



3.2.2 Loss of cadmium from samples 

3 3  

Although contamination presents a major, obvious concern in trace element analysis, 
full recovery of the element from the sample is also important and potential losses 
should be considered (Versieck and Vanballenberghe, 1 994). Cadmium can be lost from 
sample solutions through adsorption onto container walls or loss through volatilization 
during sample preparation. The first of these, Cd loss through sorption, can be 
minimized by acidifying the sample solution and analyzing as soon as possible after 
preparation. But, because Cd is a relatively volatile metal (boiling point 767 °C), loss 
during sample preparation (e.g. concentrated acid digestion) is best avoided by using 
procedures that do not require boiling (Forstner, 1 980). 

3 .3 SOIL SAMPLE PREPARATION AND ANALYSIS 

Field soil samples were air dried, coarsely ground using a porcelain mortar and pestle 

until they passed through a 1 mm (plastic) sieve, and stored in sealed plastic bags at 
room temperature. Subsamples for total elemental analysis were ground to fineness 
using the same mortar and pestle and similarly stored. 

Risk of contamination from mechanical grinding equipment was avoided - with the 
exception of limestone rock from soils studied in Chapter 4 (these required ring­
grinding) and topsoil samples from the bush sites studied in Chapter 5 (which required 
incorporation of the leaf litter by hammer mill). 

In some cases, soil samples were collected and prepared as part of other studies (Chapter 
4 and Chapter 8) .  However, the very low Cd concentrations found in some of these soils 
gave confidence that no systematic contamination from their collection and preparation 
had occurred. 

Unless stated otherwise, Cd analysis was performed by the method of graphite furnace 
atomic absorption spectrometry (GFAAS) as summarized in section 3 .5 .  The following 
sub-sections describe the chemical preparations used for soil samples and provide a 
comparison of these methods with respect to their Cd recoveries. Data collected during 
laboratory work for quality assurance purposes are also presented (section 3 .3 .4). 
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3.3.1 Extractable cadmium 

Predicting the plant-availability of trace metals is an inexact science. Not all extractions 
produce strong correlations with plant metal-uptake for all situations. The true plant­
availability of soil Cd depends on many factors, including: the form of Cd added to the 
soil (as fertilizer, atmospheric deposition, or bedrock); the properties of the receiving 
soil, in particular soil pH; and the ability of plants to absorb Cd from the soil solution 
(Homburg and Briimmer, 1 990; He and Singh, 1 993a) .  In addition, correlations between 
chemically estimated plant-available Cd and actual plant-available Cd are confounded 
by the tendency of greenhouse-grown plants to show greater Cd absorption compared to 
the same plants cultivated under field conditions (Van Bruwaene et al. , 1 986). 

Selecting an extractant, therefore, seems to be a somewhat arbitrary decision with its 
subsequent effectiveness depending on many environmental factors (Neuhauser and 
Hartenstein, 1 980; He and Singh, 1993b). The lack of an international standard method 
for determining plant-availability of soil Cd has resulted in a multitude of extraction 
methods (with associated variations) being applied world-wide. Each of these 
extractions varies in its ability to recover Cd from the soil. Recent research suggests, 
however, that better indications of plant-available Cd may be provided by the use of 
neutral salts such as CaCl2 and NH4CI (Sauerbeck and Styperek, 1 985; Krishnamurti et 

al., 1 995;  Andrewes et al. , 1 996). 

In this study, a 0. 1 M HCI extraction was used to indicate the potential plant-availability 
of Cd in soil samples. This extraction had previously been shown by Lee et al. ( 1 993) to 
be strongly correlated with plant Cd uptake under New Zealand conditions where 
fertilizer was the main source of Cd. The method is described below. 

Method for Extractable cadmium 

Air-dried samples of 1 or 2 mm sieved soil (5 ± 0.0050 g) were weighed into 50-mL 
polypropylene centrifuge tubes and 25 mL of 0. 1 M Hel was added. The mixture was 
shaken end-over-end for 1 6  hours. After centrifuging at 8000 rpm for 1 0  minutes the 
extract was filtered through Whatman No. 4 1  filter paper. This extract solution was then 
submitted to RJ Hill Laboratories, Hamilton, for analysis by flame atomic absorption 
spectroscopy with a slotted quartz atom trap to enhance sensitivity. 



3.3.2 Total cadmium 

Two digestion procedures were used during this study for determining total element 
concentrations. One method used concentrated nitric (HN03) and hydrochloric (HCI) 
acids, and is referred to as pseudo-total Cd, the other method involved hydrofluoric 
(HF) and concentrated nitric acids, and is referred to as total Cd. 
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Generally a close approximation of total Cd can be  obtained by digesting with the 
mixture ofHN03 and HCl concentrated acids. In many studies the Cd concentration 
determined by digestion with concentrated acids is regarded as 'total Cd' for example 

De Temmerman et al. ( 1 984), He and Singh ( 1 993a) and Roberts et al. (1 994). 
However, where there is an interest in Cd associated with resistant minerals such as 
silicates, HF acid is required to dissolve completely all components of the soil. In 
Chapter 4, for instance, it was necessary to identify all possible sources of lithogenic 
Cd, including any Cd that may have been incorporated in the silicate minerals of the 
parent material. For this reason most of the soil materials studied were subjected to 
digestion by HF acid. 

The use of HF acid is hazardous and the selected digest procedure was slow. 
Consequently, with its less time consuming and less hazardous nature, the pseudo-total 

Cd digest replaced the HF-based total Cd digest during some other parts of this study ­
notably for analysis of Cd in soil samples taken from the soil columns discussed in 
Chapter 6. A comparison of the Cd recoveries for the two methods, pseudo-total and 
total, is presented later (see section 3 .3 .3). 

During the course of laboratory work both the pseudo-total and total digest methods 
under went some degree of development. Soil samples low in organic matter were noted 
to give a cleaner digest (better for analysis by GF AAS), and so a step involving 
hydrogen peroxide was introduced at the beginning of both digest methods. The 
improved procedures described below are a culmination of this method development 
and include modifications such as: soaking the digested residue overnight in 1 % w/v 
HN03 solution to improve dissolution and subsequent recovery ofthe Cd; the use of 
refluxing-funnels to improve digestion efficiency in the pseudo-total digest; the removal 
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of organic matter by an H202 oxidation step; and the addition ofHF only once during 

the total Cd digestion thereby reducing the digestion time. 

A dilute, 1 % w/v HN03 solution was used as the diluent matrix for all soil digests. 

Nitric acid was chosen over HCl because of problems caused by chloride interference in 

the use of flameless AAS for Cd analysis (section 3 .5) .  A 1 % w/v HN03 solution would 

also minimize Cd sorption onto the plastic storage tube walls. 

Method for total cadmium 

Samples of air dried, finely ground soil (0.5 ± 0 .0050 g) were accurately weighed into 

1 00 mL polypropylene tri-pore beakers, 1 0  mL of 6% hydrogen peroxide solution 

added, and the beakers placed in a 1 00 0 C water bath (supported by a po lypropy lene 

rack) . At this concentration ofH202 only slight foaming from the reaction with organic 

matter was observed. The samples were evaporated to dryness, 5 mL of concentrated 

Aristar HN03 added, followed by 10  mL of 40% Aristar HF (using an acid-washed 20 

mL Teflon measuring cylinder) shortly after. This mixture was left overnight and 

evaporated to dryness on the water bath the next morning. A further 2 .5  mL of 

concentrated HN03 was added and HF boiled off by further heating on the water bath. 

The dry residue was then warmed in about 1 0  mL of 1 % w/v HN03 and left overnight 

before being made up to 25 mL with 1 % w/v HN03. The solution was then decanted off 

into storage tubes ready for analysis by GF AAS (section 3 .5). Procedural blanks 

(differing only in that they contained no soil) and standard soils (international standards 

and laboratory quality control standards) were included in all digest batches. 

Method for pseudo-total cadmium 

The ratio ofHN03 to HCI used varies between workers, but in this study a ratio of 1 :4 

(HNOrHCl) was chosen (1 . Lee, pers. comm.). Method development specific to this 

procedure included the use of glass funnels to give refluxing conditions (as a result of 

lower recoveries for standard soils during analysis of soils from Chapter 4) and 

overnight soaking of the digested material in the 1 % w/v HN03 solution. The full 

method is described below. 
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Samples of air dry, finely ground soil (0.5 ± 0.0050 g) were weighed into 50-mL conical 
flasks and 1 0  mL of 6% H202 added. The conical flasks were then placed on a heating 
block and warmed gently, to prevent excessive foaming, until the reaction had finished. 
At this stage the heating-block temperature was increased to around 85 QC and all liquid 
evaporated off. After allowing the flasks to cool, 1 0  mL of HNOrHCl mixture ( 1 :4) 
was added, swirled and left to stand overnight with small, glass funnels (stern down) 
placed in each flask. 

The solution was then refluxed until cessation of brown fumes (about 1 hour), at which 
stage the glass funnels were removed. The digest continued until samples reached near 
dryness, at which stage they were removed from the hot plate. Following cooling of the 
flasks, exactly 20 rnL of 1 % w/v HN03 was added by pipette to each digest sample. The 
flasks were then covered and left overnight to soak. Mixing, settling and decanting of 
the solution into storage tubes took place the following day. 

Problems with this method were noted if the hot plate temperature was set too high. 
Acid solution was occasionally ejected from the flasks during digestion, and 
evaporating past the point of near-dryness caused baking of soil residue onto the flask 
bottom. In addition, there is the possible volatilization of Cd (F6rstner, 1 980). However, 
close attention to the above methodology, especially keeping evaporation to near 
dryness, minimized such losses. 

3.3.3 Comparison of cadmium extraction efficiencies 

Total cadmium versus pseudo-total cadmium 

A comparison of the Cd concentrations, as determined by the HF digestion (total Cd) 

and concentrated HNOiHCl digestion (pseudo-total Cd) (section 3 .3 .2), is presented in 
Figure 3 . 1  for soil material taken from various depths from the soil profiles studied in 
Chapter 4. 

It appears that the pseudo-total Cd digestion procedure used in this study is only 
recovering an average of 86% of the total Cd. This recovery often, but not always, 
decreased with depth down the profile and was also quite variable between soils (data 
not shown). Over the 1 7  soils for example, recoveries of Cd from the A horizon ranged 
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A comparison of pseudo-total Cd concentrations in samples taken from 
various soil profiles with the total Cd concentrations determined using 
HF acid digestion. The regression line has the equation: 2 pseudo-total Cd = 0.86 * total Cd (R = 0.95). 

between 43 and 1 03%. Some method development took place to improve the digestion 
procedure (as discussed in section 3.3 .2), and recoveries improved to around 90% for 
two standard soils (section 3 . 3 .4). This digestion efficiency was considered satisfactory 
for determining soil Cd concentrations in the column leaching experiments of  Chapter 6. 

Extractable cadmium versus total cadmium 

Although proposed as a means of determining the potentially plant-available Cd present 
in soils, 0. 1 M HCI was found to be an effective extractant. On average, 0. 1 M HCI 
removed 78% of the total Cd present (Figure 3 .2), a high recovery when considered 
alongside the 90% recovered by the concentrated HCI-HN03 digest. This recovery rate 
is greater than that found from sludge by Neuhauser and Hartenstein ( 1 980), but not 



dissimilar to the extraction efficiency from soils for 0.2 M HCI seen by He and Singh 
( 1993a) .  
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Figure 3.2 A comparison between extractable Cd concentrations and total Cd 
concentrations (detennined using HF digestion) in surface soils (0) and 
soil material sampled by horizon from the A horizon down to the parent 
material (�).The regression line has the equation: 
extractable Cd = 0.78 * total Cd (R2 = 0.91 ). 

3.3.4 Quality assurance for soil analysis 
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In order to have confidence in analytical results, the accuracy of the analytical procedure 
needs to be established. As a means of measuring this accuracy certified, standard 
materials (for which there is an accepted value) are commonly incorporated into the 
analysis routine. These reference materials should be physically and chemically similar 
to the samples being analyzed (Thompson, 1 983). 
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In this study, the accuracy of data obtained from the two "total Cd" digest methods 
(section 3 .3 .2) was monitored by analyzing in parallel an international standard lake 
sediment, International Atomic Energy Agency (IAEA) SL- l .  This material was also 
used to calibrate in-house quality control soils (referred to as in-house QC samples) .  The 
results for repeated Cd analysis of these materials are presented in Table 3 . 1 .  Total Cd 
fell comfortably within the given range expected for the SL-1 standard. However, in 
accordance with the comparison of extraction efficiencies (section 3 .3 .3),  values for soil 
Cd obtained by the pseudo-total method fell short of the certified value by around 1 0%. 

The precision of soil analyses was monitored by analyzing some samples in duplicate. 
Where this was done for total Cd, the duplicates normally varied within ± 0.020 mg Cd 
kil o Although the percentage error varied with actual soil Cd concentration, in surface 
soils (0-7.5 cm) this value was usually less than 6.3% (evaluated for 60 sets of duplicate 
analyses). In terms of the relative standard deviation (RSD), some soil samples analysed 
over several digestion batches showed a RSD of up to 1 0%. However, compared to the 
differences in soil Cd concentrations discussed in this study this analytical variability 
was acceptable. 

Table 3 .1  Results from repeated analysis of standard soil and herbage reference 
materials for total Cd. A 95% confidence interval for the average Cd 
concentration and the accepted values are also shown. 

Sample material Accepted Value Measured Value f 

_______________ ( mg kg -I ) _______________ 

IAEA lake sediment SL- l 0.26 ± 0.05 0.24 ± 0.01 
(0.22 ± 0.01)  

In-house QC soil sample #265 0. 1 9  ± 0.01 
(0. 1 7 ± 0.01 )  

In-house QC soil sample #273 0.34 ± 0.01 
(0.27 ± 0.02) 

QC herbage sample Pasture 0. 19 ± 0.01 0.2 1 
from RJ Hill Laboratories Lucerne 0. l 7  ± 0.01 0. 1 8  

Values given in parentheses are those for pseudo-total Cd (section 3 .3 .2) 
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Two herbage samples obtained from RJ Hill Laboratories were also routinely analyzed 
and provided quality control for herbage analyses. The accepted and measured values 
for these samples (pasture and lucerne) are also given in Table 3 . 1  

3.4 PLANT SAMPLE PREPARATION AND ANALYSIS 

Some herbage samples analyzed in this study had been collected earlier for other 
research projects and only required re-drying at 70 QC prior to analysis. Other herbage 
was collected, oven dried at 70 QC and finely ground in a Tecator Cyclotec 1 093 sample 
mill. The ground sample was then stored in clean air-tight plastic bags ready for 
analysis .  

About 0.2 g of plant material was weighed into 30 mL glass digest tubes and 2 mL of 
concentrated RN03 (Aristar) added to each tube. The tubes were then placed on a cold 
digestion block, small glass funnels (reflux funnels) placed on top (stems down), and 
heated for at least 4 hours at 1 50 QC until the brown fuming ceased. The glass funnels 
were then removed and the heating-block temperature increased to 200 - 250 Qc. The 
sample digests were then boiled off until just dry (with care to avoid burning the sample 
as a black, insoluble residue would result) and removed from the digest block. While the 
tubes were still warm, 4 mL of 1 0% RN03 acid was added. After mixing on a vortex 
mixer, the solution was transferred into a 20 mL volumetric flask and made up to 20 mL 
with deionized water. 

Procedural blanks and laboratory standard herbage samples were included in all batches. 

3.5 ANALYSIS BY GRAPIDTE FURNACE ATOMIC ABSORPTION 

SPECTROMETRY (GFAAS) 

The determination of Cd in soils at concentrations commonly found in New Zealand 
soils (Table 2.4) frequently requires detection limits much more sensitive than that 
provided by either flame atomic absorption spectrometry or inductively coupled plasma 
emission spectrometry (ICP-ES) (Athanasopoulos, page 9-4; Millward and Kluckner, 
1 991) .  Graphite furnace atomic absorption spectrometry (GFAAS) allows detection 



42 

down to around 0. 1 -0.2 j.lg Cd L- 1 - depending on the instrument operating conditions 

(Manning and Slavin, 1 983 ;  Baucells et al., 1 985; Millward and Kluckner, 1 991 ) .  This 
permits analysis down to soil Cd concentrations of about 0.008 mg Cd kg-1 soil, a 
detection limit suitable for most soils studied in this work. 

A brief outline of the instrumentation and techniques used to analyze for Cd in various 
sample matrices during this study is given below. Because of the wide range of sample 
matrices dealt with - soil extracts and leachates in various background solutions (e.g. 
water, CaClb CaS04), and solutions from digested soil and herbage samples - some 
variation in sample analysis was encountered and subtle modifications to the 
arrangement of the graphite furnace were necessary. As a result, considerable method 
development often took place before a satisfactory analysis regime was obtained for 
each matrix. Published data, for example, the reviews of Slav in et al. ( 1 983), Welz 
( 1994), and the U.S. Environmental Protection Agency ( 1 994) publication were found 
to help greatly with these modifications. 

3.5.1 Instrumentation 

Unless otherwise stated, all Cd analyses were performed on a GBC 909 AA with GBC 
GF 3000 graphite furnace, power supply and furnace work head, with deuterium lamp 
background correction, and a PAL 3000 Autosampler (GBC Scientific Equipment Pty 
Ltd, Australia) . Background correction (BC) was used at all times - analysis of real 
samples (soil, herbage, leachate) by GF AAS without it is not advisable (Slavin and 
Camrick, 1 988;  Welz, 1 994). The hollow cathode lamp current was set to 3 .0 mA, a slit 
width of 0.5 nm was used, and measurements were read at the 228 .8  nm resonance line. 

All analyses used pyrolytically coated graphite tubes and these tubes were replaced at 
regular intervals .  Although the tube is enveloped by an inert gas to exclude oxygen and 
prevent it from burning, deterioration of the tube occurs over time (Chapple and 
Athanasopoulos, 1 99 1 ) .  In commercial laboratories, for example, tubes may be renewed 
every day - after about 250 firings - to avoid the risk of changing sensitivity at the end 
of the tube's life (Slavin 1 987). 



3.5.2 Furnace programmes 

In GFi\AS, the injected liquid sample is taken through three heating stages: drying, 
ashing (to remove sample matrix components) and atomization. These stages are 
important to obtaining accurate and precise results. They are described briefly below. 
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The sample is dried over a series of temperature steps using ramp and hold times and 
temperatures which are dependent on the sample volume, sample matrix, modifier, 
solvent and whether a platform is in place. This is done slowly in order to avoid sample 
spluttering and dispersion and subsequent erroneous results. Only a small aliquot of 

sample is injected into the graphite tube, about 10 - 30 ilL. Volumes at the lower end 
were generally used in association with the platform furnace arrangement. 

During the ash (or char) step, the dried sample is subjected to temperatures just below 
that at which Cd loss through volatilization will occur. This stage minimizes 
interference from other components of the sample matrix by removing these 
components prior to atomization. The ash temperature is normally determined by the 
matrix modifier (see section 3 .5 .4) - in the case ofPd(N03h it can be up to 800°C 
(Creed et ai., 1 992). 

A one second gas stop following ashing ensures that gas flow has ceased completely 
before atomization of the Cd and reading of the absorbance signal. This cessation of gas 
flow during atomization increases the residence time of the analyte in the light path and 
gives GF AAS its greater sensitivity over flame AAS. Atomization takes place at a 
temperature which: 1 )  satisfactorily volatilizes all the analyte and 2) does not 
unnecessarily shorten the life of the graphite tube. 

A clean cycle, where the furnace is heated for several seconds to a temperature higher 
than that required for analyte atomization, is also commonly included in the furnace 
programme. This ensures that residual analyte and residue build-up from the sample 
matrix are removed from the furnace, thereby preventing memory effects between 
firings. In this study a clean-out temperature of over 2000°C was typically used. 
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Three furnace heating programmes are given in Appendix 1 .  These were typical 

programmes to which slight adjustments were made to optimize for specific matrices, 

changes in graphite tube age, use of the L'vov platform, sample signal response, and 

sample volume. Drying times and drying temperatures were frequently modified, while 

atomization temperatures were also varied in order to optimize the signal response -

particularly where readings were taken on peak height. Peak area was the commonest 

method of signal evaluation, but sometimes peak height was also used. A general 

outline of programmes for particular sample matrices is given in section 3 .5 .3 .  

3.5.3 Standard solutions 

Cadmium standard solutions were prepared from Spectrosol® Cadmium nitrate standard 

solution for atomic spectroscopy. Standards were made up in the background matrix of 

the sample, for example 1 % HN03 when analyzing total and pseudo-total soil Cd 

digests (section 3 .3 .2) and 2.5 mM CaC12 when analyzing leachate samples collected 

from soil columns leached with 2.5 mM CaC12 (Chapter 6). In general, calibration was 

by the method of standard additions for all soil and herbage matrices after poor analyte 

recoveries were found when using a standard working curve. However, Cd 

concentrations in most leachates from Chapter 6 were able to be analyzed satisfactorily 

using a standard working curve in which the dominant solution components were 

matched (matrix matching) . 

Instrument detection limits were estimated to be around 0. 1 Ilg L-1 in the sample 

solution - calculated as three times the standard deviation of repeated blanks. This is 

equivalent to 0.004 mg Cd kg-I soil for total Cd and pseudo-total Cd analyses in soils. 

3.5.4 Modifiers and dealing with difficult samples 

The major difficulties encountered in analyzing samples by GF AAS related to spectral 

and non-spectral interference during the atomization stage. Reports in literature indicate 

that the greatest interferences come from anions, in particular chloride compounds, 

though Ca and Fe have also been implicated (Baucells et al. 1 985 ;  Cabon and Le Bihan 

1 992; Carroll et al. 1 992; Creed et al. 1 992; Hulanicki et al. 1 985 ;  Smeyers-V erbeke et 

al. 1 990; Yin et al. 1 987). These reported interferences of Ci on Cd are in agreement 

with my experiences during this study. 
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Different furnace programmes were used for samples from different materials. In almost 

all cases the use of a modifier gave the best results. Matrix modification provides a 

means of controlling interferences caused by the sample-matrix by altering the 

behaviour of the analyte and/or background matrix during furnace firing. 

Some chemical modifiers work by participating in reactions that remove problem matrix 

components at low ashing temperatures (e.g. oxalic acid on chlorides [Cabon and Le 

Bihan, 1 992]), while others raise the possible ashing temperature, and therefore improve 

ashing effectiveness, by selectively delaying analyte volatilization (e.g. Pd [Creed et al., 

1 992]). Essentially both these mechanisms maximize the amount of analyte (Cd) 

simultaneously volatilized while minimizing the amount of matrix concurrently 

vapourized into the light path. 

The Merck-produced palladium modifier for graphite furnace AAS [Pd(N03)2 in 1 5 %  

RN03] worked well for soil and herbage digest samples. It was prepared by diluting the 

commercial product to 3 g Pd L-1 and adding 2 g L-1 Mg(N03h (Creed et al., 1 992). 

Oxalic acid (25 g L-1 in deionized water) was the modifier most often used for samples 

containing high concentrations of chloride - for instance, leachates from the CaClz-

leached soil columns (see Chapter 6) - because of its suppression of Cl interference 

(Smeyers-Verbeke et ai., 1 990; Cabon and Le Bihan, 1 992; Creed et al. , 1 992) . 

Nonnally, 5 ilL of modifier and 1 0  ilL of sample were injected for each firing. Leachate 

samples with a background matrix of water, Ca(N03)2 or CaS04 (Chapter 6, Experiment 

1 )  did not require a modifier of any fonn. 

The palladium (Pd) modifier mentioned above requires a reducing agent, either in the 

fom1 of ascorbic acid (present in the blank solution at 0.25% w/v) or Hz (present in the 

GFAAS purge gas). When ascorbic acid was used as a reducing agent, several ilL of 

blank solution also had to be injected along with the sample and modifier. Although 

both ascorbic acid and Hz were used, under the instrument arrangement used for this 

study, the inclusion of 5% H2 in the Argon (Ar) purge gas was preferred. Use of 

ascorbic acid led to the reduction of Pd on the inside wall of the injection probe where 

the modifier solution came in contact with residual blank solution. 
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Some samples, for instance those obtained from the HF-based total Cd digestion, 

proved difficult to analyze using only a graphite tube. In these cases, use ofa  L'vov 

platform improved the sample signal and reduced the background interference (Slavin 

and Camrick, 1 986; Creed et aI. , 1 992). An explanation and discussion of platform 

furnace technology is given by Slavin et al. ( 1 983). Not all difficulties, however, related 

to spectral interferences. Sample injection into the graphite tube was frequently 

followed by creep of the solution up out of the injection hole. This was satisfactorily 

overcome by incorporating 0 .2% v/v Triton-X 1 00 (detergent) and 0 .6% v/v HN03 in 

the autosampler rinse solution (l Rounce, pers. comm.). 

3.6 MISCELLANEOUS ANALYSES 

3.6.1 Phosphorus 

Olsen P 

One gram of air dry soil ( 1  - 2 mm sieved) was placed in a 50-mL centrifuge tube, 

mixed with 20 rnL of 0 .5 M sodium bicarbonate (NaHC03) at pH 8 .45 and shaken for 

30 minutes. Following centrifugation at 8000 rpm for 1 0  minutes, the solution was 

filtered through Whatman No. 2 filter paper, discarding the initial portion of the filtrate 

(Olsen et aI., 1 954; Watanabe and Olsen, 1 965). Five mL ofthe filtrate was analyzed for 

P using the molybdate blue method given by Watanabe and Olsen ( 1 965). Absorbance 

readings were taken at 7 1 2  nrn using a Philips PU 8625 UVNIS spectrophotometer. 

Total P 

Total P was determined by digesting, under reflux conditions, 1 g of finely ground air­

dry soil in a mixture of concentrated nitric (HN03), hydrochloric (HCl) and perchloric 

(HCI04) acids in the ratio 5 : 5 :7 at 260 °C until a build-up of white fumes. After adding 

1 5  mL distilled water and heating, the digest was filtered and made up to 1 00 mL with 

distilled water (Bolan and Hedley, 1 987). The resulting solution was then analyzed for P 

by the molybdate blue method ofMurphy and Riley ( 1 962) taking absorbance readings 

at 7 1 2  nrn using a Philips PU 8625 UV NIS spectrophotometer. 

3.6.2 Zinc 

Soils were digested as for total or pseudo-total Cd (section 3 .3 .2) and analyzed by flame 



atomic absorption spectrophotometry, model GBC 904 AA spectrophotometer (GBC 

Scientific Equipment Pty Ltd, Australia) using an air-acetylene gas flame. Absorbance 

readings were made at 2 1 3 .9 nm. 

3.6.3 Cation exchange capacity 

Cation exchange capacity (CEC) was determined by leaching 1 -2 mm sieved soil 

samples with 1 M ammonium acetate (NH40Ac) at pH 7 according to the method of 

Blakemore et al. ( 1 987). The measurement of exchangeable H and total exchangeable 

bases gives an approximation of exchange capacity and percent base saturation of the 

soil (Hesse, 1 9 7 1 ). Exchangeable H was determined by leachate pH, while individual 

exchangeable cations (K, Na, Mg and Ca) were determined in the leachate by flame 

AAS or flame emission on a GBC 904 AA spectrophotometer (GBC Scientific 

Equipment Pty Ltd, Australia). Total CEC was then determined by summation. 
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However, there is criticism of this method for determining CEC because CEC is pH 

dependent and may differ significantly at the natural soil pH compared to that 

detelmined using a pH 7 buffered leaching solution (Orlov, 1 992). Very few of the soils 

encountered in this study have a soil pH near neutral. Most soils are acidic and fall in 

the pH range 4 - 6. It is possible, therefore, that using IM ammonium acetate (PH 7) has 

over estimated the cation exchange capacity of these soils. 

3.6.4 Total soil carbon 

Total soil carbon was determined using a Leco induction furnace in which all forms of 

carbon in the soil are converted to CO2. During the early stages of laboratory work (data 

presented in Chapter 4), the equipment used measured soil carbon by the mass of CO2 

evolved during combustion with glucose as a calibration standard. All other samples 

were analyzed using a Leco FP-2000 Analyser which measured the carbon content, as 

CO2, by infrared detection using sulphamethazine for calibration. 

3.6.5 Soil pH 

Soil pH was determined by mixing 1 0 9 of air dried soil with 25 mL of distilled water 

and leaving overnight ( 1 6  hours) prior to measurement. Laboratory standard soils were 

included in all batches to monitor accuracy and precision. 
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3.6.6 Multi-element analysis by leAP-OES 
Soil samples digested using the total Cd digest methods from sections 3 .3 .2 were diluted 

with 1 .0 M HCI in the ratio 2 mL : 2 mL (digest solution : 1 .0 M HCI). These were then 

submitted for analysis by an inductively coupled argon plasma-optical emission 

spectrometer (ICAP-OES) - calibrated with multi-element standards in a background 

matrix of HCl. The analyses were perfonned by the Analytical Laboratory, Grasslands 

Research Centre, Palmerston North using an Applied Research Laboratories model 

34000 ICAP-OES instrument. 



CHAPTER 4 

THE DISTRIBUTION AND ORIGIN OF TOPSOIL CADMIUM IN 

SOILS ON A REGULARLY FERTILIZED HILL-COUNTRY FARM 

4.1 INTRODUCTION 
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With mounting evidence for Cd accumulation in food-producing soils (Williams and 

David, 1 973 and 1 976; Mulla et al., 1 980; Rothbaum et al., 1 986; Jones et aI., 1 987; 

Simpson and Curnow, 1 988), Bramley ( 1990) published a timely review of Cd in New 

Zealand agriculture. In it, he warned that use of superphosphate manufactured from high 

Cd phosphate rocks (Nauru and Christmas Island) was likely to have increased Cd 

concentrations in New Zealand pastoral soils. Since the publication of that review, 

several workers have presented data on Cd accumulation in New Zealand soils that 

support Bram1ey's prediction (Taylor and Percival, 1 992; Roberts et al., 1 994; 

Loganathan et al., 1 995;  Loganathan and Hedley, 1 997). In all cases, elevated Cd 

concentrations were found in New Zealand pastoral soils and these were consistently 

attributed to fertilizer application. This general trend towards elevated Cd 

concentrations in fertilized soils conceals, however, substantial variation in Cd 

concentrations between sampling points. Cadmium concentrations in topsoils often 

range over two orders of magnitude (Taylor and Percival, 1 992; Roberts et al., 1 994). In 

order to fully appreciate the significance of Cd field data and the threat posed to New 

Zealand agriculture, it is important to also understand this underlying variation and the 

factors that produce it. 

Trace metal heterogeneity in soils has been examined in several studies with the general 

conclusion that significant Cd variation exists in the field (Wopereis et al., 1 988;  

Boekhold et al., 1 99 1 ; Boekhold and van der Zee, 1 992a and 1 992b; Atteia et al., 1 994; 

Kuzel et al., 1 994).This variation can most probably be attributed to differences in Cd 

source and differences in the properties of the receiving soil that affect redistribution 

(Burrough, 1 993). 

Soil parent material, in particular, is considered a major influence on surface soil Cd 

concentrations (Pierce et al., 1 982; Blaser and Zimmermann, 1 993). However, the 

relationship between Cd concentrations in parent material and the surface soil is often 
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modified by pedogenic processes, biocycling or over-ridden completely by the influence 

of non-lithogenic, non-diffuse and non-homogeneous Cd sources such as: phosphatic 

fertilizers; sewage sludge (Holmgren et al., 1 993; Kuzel et al., 1 994); and atmospheric 

deposition - from both localized point sources and regional diffuse sources (Grigal and 

Ohmann, 1 989; Dudka, 1 992). 

Biocycling may have an significant influence on the distribution of trace metals in soil. 

Through this process Cd may be: 1 )  retained in the surface soil - thereby enhancing its 

accumulation; and 2) translocated Cd from depth to the surface through root uptake and 

leaf litter deposition (Martin and Coughtrey, 1 982, as cited in Ross 1 996c). It may be, 

for example, a factor in the unexplained surface accumulation of Cd in soils developed 

from Kimerigian rock material (0. 1 5  mg Cd kil) in the Swiss Jura. Despite the 

relatively low concentration of the parent rock, the surface soils showed Cd contents of 

more than 2 mg Cd kil (J -P Dubois, pers. comm.). In the literature, though, biocycling 

has generally received little attention. 

On a large scale (agricultural soils across the USA), variation in soil Cd concentration 

was reasonably explained by both taxonomic soil order (using 9 classes, e.g. Ultisol, 

Entisol, Histosol, to account for 45% of the variation) and soil series (whereby 307 

classes explained 80% of the variation) (Holmgren et al., 1 993). At a local scale 

however, variability in soil-Cd concentrations is often linked to variations in soil pH and 

organic matter content as a result of the influence that these properties have on Cd 

solubility and retention in soils (Homann and Zasoski, 1 987; Christensen, 1 989; 

Eriksson, 1 990; Boekhold et aI., 1 99 1 ;  Boekhold and van der Zee, 1 992a and 1 992b; 

Kuzel et al., 1 994; McBride et al., 1 997b). A review of the various factors instrumental 

in regulating Cd retention is provided in section 6.2. 

Phosphorus is also a major soil component regularly found to correlate with soil-Cd. 

The presence of a strong correlation between P and Cd in agricultural soils is especially 

important as it usually provides evidence of a link between the Cd contamination of a 

soil and the soil 's  phosphatic fertilizer history (Williams and David, 1 973 and 1 976; 

Roberts et al. ,  1 994; Loganathan et al. ,  1 995). This relationship may also develop 

through the process ofbiocycling, however. 
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Some variability in soil C d  concentrations may also b e  attributed to the effect of 

topography on fertilizer inputs to various slopes and aspects. This applies similarly to 

other aerial sources of Cd such as point-source atmospheric pollution. The influence of 

topography is important for two further reasons. As a result of leaching and topsoil 

erosion, Cd can be lost from raised ground and accumulate in the surface soils of lower­

lying areas (Thornton, 1 986; Korentajer et al. , 1 993) - both processes being strongly 

dependent on topography. In addition, topography has a marked effect on the grazing 

behaviour of livestock on hill-country pasture. Around 99% of ingested Cd is returned 

to the soil via dung. However, this return of dung is uneven and is concentrated on low 

slopes (0 - 1 2°) (Gillingham et al., 1980). Thus, soils on low slopes receive higher 

inputs of Cd than soils on steep slopes (Loganathan et al. , 1 995). These above factors 

interact to produce a complex pattern of Cd distribution across the landscape. 

In this chapter and the next, variation in soil Cd concentrations is examined to: (a) 

identify the source of Cd variability in surface soils, and (b) identify the likely origins of 

this Cd on a hill-country farm. These two aspects have become increasingly important 

with the growing awareness that we need to actively manage Cd accumulation in our 

pastoral soils. 

4.2 STUDY LOCATION: LIMESTONE DOWNS - THE FARM 

The spatial variation of Cd was studied on the semi-intensive sheep and beef cattle farm 

of Limestone Downs. The farm is located 1 5  km south of Port Waikato in the North 

Island of New Zealand, and covers 3,2 1 9  ha of flat, rolling and steep hill country. 

Around 2,800 ha of the property is under pasture, the rest remains in native bush. 

Within its boundaries, Limestone Downs contains a diverse range of soil types - 1 7  in 

all (MacKay et aI., 1 985) .  These fall into 7 soil groups and have developed on either: 

peat, alluvial deposits, greywacke, argillite, calcareous sandstone and siltstone, non­

marine siltstone, andesitic basalt, tephra, wind-blown sands or pumiceous alluvium 

(Table 4. 1 ) . Detailed soil profile descriptions for a modal profile from each soil series 

are given in Appendix 2. The farm soil map produced by MacKay et al., ( 1 985) is 

presented as Map 1 (back pocket) . 
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Table 4.1 Soil series present on the hill country farm of Limestone Downs, their soil 
groups and parent materials (MacKay et al., 1 985). Detailed soil profile 
descriptions are contained in Appendix 2.  

Soil Series 

Akatea steep land soils 

Waingaro steepland soils 

Soil Group 

Steepland soils related to 
yellow-brown earths 

Steepland soils related to 
yellow-brown earths 

Parent Material 

Calcareous siltstone with minor 
sandstone bands 

Argillite and greywacke 

Kapamahunga steep land soils Steepland soils related to 
yellow-brown earths 

Calcareous sandstone 

Kohemarere hill soils 

Ruakiwi hill soils 

Whangape clay loam 

Wairama hill soils 

Horea hill soils 

Horea fme sandy loam 

Tuahu sandy loam 

Yellow-brown earth Calcareous sandstone, with local bands 
of siltstone and rare limestone 

Yellow-brown earth Calcareous siltstone, with prominent 
outcrops of bands of calcareous 
sandstone 

Yellow-brown earth Rbyolitic alluvium 

Yellow-brown earth Calcareous siltstone, may also contain 
local bands of sandstone and low grade 
limestone 

Intergrades between yellow- Weathered black sand and admixed 
brown earths and yellow- volcanic ash 
brown sands 

Intergrades between yellow- Weathered black sand and admixed 
brown earths and yellow- volcanic ash 
brown sands 

Yellow-brown sand Wind-blown sand and minor amounts of 
volcanic ash 

Kotare hill soils Brown granular loam Hamilton ash 

Kotare clay loam Brown granular loam 

Kotare fme sandy loam Brown granular loam 

Dunrnore silt loam Yellow-brown loam 

Mangapiko clay Gley recent soils 

Mangapiko humic clay loam Gley recent soils 

Tauterei humic fme sandy Gley recent soils 
loam 

Hamilton ash 

Hamilton ash 

Volcanic ash 

Alluvium of mixed origin 

Alluvium of mixed origin 

Peat and inwash alluvium 



At the time of publication of the above referenced material (MacKay et aI. , 1 985),  the 

soil classification system in use was the New Zealand Genetic Soil Classification 

system. Since then, a new New Zealand soil classification system has been adopted 

(Hewitt, 1 993). However, because the only available soil map for Limestone Downs 

employs the old, New Zealand Genetic Soil Classification system, it was decided to 

continue with this soil classification system - both in the work presented here, and the 

thesis as a whole. 
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With the wide range in parent material and other soil forming factors present on this one 

farm property, the influence that these factors have on soil Cd concentrations can be 

investigated without regard to distortions caused by different farm management 

practices. 

Heavy top-dressing with S SP was a notable aspect of the initial years of development 

following the purchase of Limestone Downs in 1 926 by Charles Alma Baker, CBE. The 

first Romney flock was introduced in 1 930 and, since then the farm has been well 

maintained and regularly fertilized. Currently the property is managed as a charitable 

trust "to further the science of agriculture" while maximizing the commercial viability 

of the farm (Lowe, 1 992; Nelson, 1 994), and runs about 1 3  stock units per hectare made 

up of breeding ewes, breeding cows, Friesian bulls and other sheep and cattle. 

4.3 MATERIALS AND METHODS 

A number of sites were located across the farm within each of the soil series identified 

in Table 4. 1 .  From each site, a soil sample was collected to provide information on the 

variability of Cd concentrations in topsoil: (a) across the farm, and (b) within various 

soil groupings (section 4.3 . 1 ). At the same time, one site in each soil series was sampled 

to depth to provide information on the distribution of Cd within the soil profile and the 

likelihood that parent material was a significant source of Cd - and therefore a factor in 

explaining the variability of Cd in surface soils (section 4.3 .2). A third study was also 

conducted to investigate Cd variability on a local scale, predominantly with reference to 

the possible impact of animal transfer (section 4.3 .3) .  
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4.3.1 Variability of cadmium and other related soil properties in topsoils 

under pasture 

A number of samples of topsoil from each of the soil series on the farm were collected. 
The sampling sites were selected to cover the spatial distribution of the soil series across 
the farm. Each sample consisted of 10  soil cores, 7.5 cm deep, taken from a 1 m2 site 
and bulked together. The soils were processed and analyzed for total Cd, extractable Cd 
(O. l M  HCI), total P,  soil pH and soil carbon content, as  described in  Chapter 3 .  

4.3.2 Parent material as a source of cadmium and a cause of cadmium 

variability in topsoils 

In a survey related to that above, one modal profile for each soil series was located on 
the farm by a pedologist (F. W. Krieger) and sampled by horizon down to, where 
possible, the parent material. The profile description of each modal site is presented in 
Appendix 2. Approximate locations for the profile sampling sites are shown in Map 1 
(Reconnaissance Soil Map). The soil material from each horizon was analyzed for total 
Cd, O. l M  HCl-extractable Cd , total P, pH and total carbon. General methods are 
described in Chapter 3 ,  however, the method used for total Cd is described below. 

During this early work the digestion of soil samples for total Cd differed from the 
procedure given in section 3 . 3 .2 .  The reasons for this are explained in section 3 .3 .2 .  

Total cadmium: Approximately 0.5 g air dried, finely ground soil was accurately 
weighed into 1 00 mL polypropy1ene tri-pore beakers. Five mL of concentrated Aristar 
RN03 and 1 0  mL 40% Aristar HF acid was added sequentially. This mixture was left 
overnight and evaporated to dryness on a water bath the next morning. A further 3 mL 
concentrated RN03 was added to react with any remaining HF and was likewise 
evaporated off. The dry residue was then warmed in about 10  mL of 1 % w/v RN03 and 
left overnight before being made up to 20 mL with 1 % w/v RN03 and decanted into 
storage tubes to await analysis by GFAAS (section 3 .5). These digest samples were also 
submitted for ICP-OES multi-element analysis as described in section 3 .6 .6 .  

Because the form and quantity of Cd in parent material on Limestone Downs was 
unknown, hydrofluoric acid was used to ensure a complete break down of all residual 



minerals in parent material and soil material sampled from depth (section 3 . 3 .2). This 
was necessary to clarify the source of Cd to soils on this farm and, in particular, the 
contribution from parent material. 

4.3.3 Cadmium variability as a function of topography and animal transfer 
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A 25 m by 25 m area was selected with topography that progressed from low slope (0 -
1 2°), with evidence of stock camping activity, to steep slope (> 26°). From this area 12 1  

topsoil samples (0 - 7 . 5  cm) were taken at 2.5 m intervals on the intersections of a 
square, 25 m by 25 m, grid. Each sample consisted of one soil core 7.5 cm deep and 2.5  

cm diameter. These soil samples were analyzed for total P, total Zn, soil pH and total 
soil carbon according to the methods given in Chapter 3 .  Total Cd was determined 
according to the pseudo-total method given in section 3 . 3 .2, but the soil samples were 
not subject to treatment by H202. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Summary statistics for cadmium and other soil properties in topsoils 

under pasture 

Summary statistics describing the fertility and Cd status of surface soils on Limestone 
Downs are presented in Table 4.2. Total Cd concentrations in the surface soil ranged 
from 0.067 mg Cd kg-1 to 0.912  mg Cd kg-I . The distribution is positively skewed with 
the median Cd concentration, 0.32 mg Cd kg-I , being slightly lower than the arithmetic 
mean, 0.36 mg Cd kg-1 (Figure 4. 1 and Table 4.2) . These Cd values are typical of those 
reported elsewhere for pastoral soils in New Zealand and for normal agricultural soils 
globally (Table 2 .4). 

Table 4.2 Cadmium concentrations and other soil parameters for topsoils (0 - 7.5  cm) 
sampled across Limestone Downs. 

Total Cd O. lM HCI Total P Soil pH Total carbon 
extractable Cd 

____________ nn ______ ( mg kg · 1  ) _____ n _______________ % 

Arithmetic mean 0.36 0.29 1 332 5.3 7 . 1  

Median 0.32 0.27 1 37 1  5.3 6.4 

Range 0.07 - 0.9 1 0.06 - 0.68 295 - 2738 4.6 - 6.3 0.8 - 14.2 

Standard deviation 0. 1 6  0. 1 3  496 0.3 2 .9  
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Frequency distribution of cadmium concentrations in the topsoil (0 - 7 .5  
cm) of pasture soils on Limestone Downs. 

The total P concentrations of Limestone Downs soils appear consistent with other 

fannland soils studied in New Zealand (Table 4.2). Roberts et al. ( 1 993) reported P 

concentrations nationwide as ranging from 400 to 6000 mg P kg- 1 ; while Moir et al. 

( 1 995) found between 430 and 1 470 mg P kg-1 for predominantly Yellow-brown and 

Yellow-grey earth soils in the Wairarapa. The soils studied in this work reflect the 

fann's  history of regular fertilizer application, particularly soils in the Brown-granular 

loam and Yellow-brown loam groups. Soils from these two groups commonly had the 

highest P concentrations, in keeping with their greater need for P fertilizer compared to, 

for example, the Yellow-brown earth soils. 

Soil pH was acidic in all samples with a mean of 5 . 3 .  The soil carbon content also had a 

near-normal distribution, centred around 7% carbon and ranging from 0.8 to 1 4  %. 

These values are not unusual for New Zealand soils (McLaren and Cameron, 1 990). 

4.4.2 Parent material as a source of cadmium and a cause of cadmium 

variability in topsoiIs 

In the above survey, Cd concentrations in topsoils were shown to have a skewed 
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Parent Material 
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Figure 4.2 
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Variation in the cadmium concentrations of tops oils (0 - 7.5  cm) on 
Limestone Downs when grouped according to their parent material. Bars 
( I ) represent the median value for each category. 

distribution. Merry and Tiller ( 1 99 1 )  reported a similar log-normal trend for both Cd 

and Pb in South Australian surface soils. They suggested that this reflected "inputs from 

external sources superimposed on variation in the metal compositions of the soils' 

parent rocks". If this applies similarly to the soils on Limestone Downs, then it would 

be expected that a high proportion of Cd variation in the surface soil could be explained 

by grouping soils according to their parent material. 

Analysis of variance showed parent material to explain only 9% of the variability in 

topsoil Cd concentrations. Within each class of parent material, Cd concentrations in the 

topsoil still varied widely, Figure 4.2. This is consistent with observations that rock 

material in New Zealand generally has a low Cd content (section 2.4 . 1 ) . However, in the 

absence of conclusive evidence to the contrary, debate continues to raise the possibility 

that parent material is an important source of the Cd found in pastoral soils. This is a 

significant issue for Cd management on pastoral farms where reducing the Cd content of 

phosphatic fertilizers is not an easy option because of both manufacturing difficulties 

and considerations of cost. 

Recovery of all Cd present in the soil and rock material (using an HF digest) showed 

that, with one exception (the Ruakiwi Hill soil), Cd concentrations were always highest 

in the A horizon. Moreover, in all but four profiles, the Cd concentration decreased to 
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(a) Dunmore silt loam (Yellow-brown loam) 
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(b) Waingaro steepland soil (Steepland soils related to yellow-brown earths) 
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Figure 4.3 Horizon descriptions and vertical profiles of: total Cd (-) and 0. 1 M 
HCl-extractable Cd (---); soil pH ce); and total carbon (.I..) for two soils 
found on Limestone Downs. (a) Dunmore silt loam and (b) Waingaro 
steep land soil. 
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lUldetectable levels in  the B and C horizons - indicating that parent material contributed 

little Cd to the surface soiL Two profiles are shown as examples in Figure 4.3 and the 

remainder are documented in Appendix 2 .  Profiles from the Wairama hill soil, Ruakiwi 

hill soil, KapamahlUlga steep land soil, and Tuahu sandy loam did, however, contain 

measurable amolUlts of Cd in samples of their parent material (Table 4.3). 

Of the four soils with Cd-containing parent material, the first three (Wairama, Ruakiwi 

and KapamahlUlga) have fonned from calcareous sandstone and/or calcareous siltstone 

(MacKay et al., 1 985) .  This infonnation agrees with laboratory data obtained on rock 

samples from the Wairama Hill soil and KapamahlUlga steepland soil profiles basic 

pH, high calcium contents and comparatively high carbon contents (Table 4.3) .  In light 

of the known association of Cd with calcareous sediments and evidence for Cd 

substitution of Ca in calcite (McBride, 1 980; Pierce et al., 1 982; Papadopoulos and 

Rowell, 1 988), it is probable that the Cd present in these two parent materials was 

associated with their calcium carbonate content. 

Table 4.3 Analytical data for the four soil profiles which showed significant levels of 
Cd in their parent materials. 

Soil Series Horizon Depth Total Cd Total C Soil pH Total Ca 
(cm) (mg kg"! ) (%) (H2O) (%) 

Wairama Hill soils Ap 0 - 1 1  0 .5 1 9  7.42 5 .2 0  0 . 2  
AB 1 1  - 2 2  0 . 1 67 4 . 1 5  4 .66 0. 1 
Bt 22 - 35 0.038 2 .09 4 .90 0 . 1  
Btg 35 - 1 00+ 0.008 0.84 4.60 0.0 
Parent material 0.1 62 7.49 8.22 4.8 

Kapamahunga Ah 0 - 20 0.238 5 . 50 5 .08 0.2 
Steep land soils Bt 20 - 66 0.0 1 7  1 .40 4.86 0.0 

Bts 66 - 1 1 0+ 0 .029 0.72 4.66 0.0 
Parent material 0.108 5.57 7.61 2.7 

Ruakiwi Hill soils Ap 0 - 1 7 0 . 1 53 5 .41  5 .70 0.2 
Bt 1 7  - 32 0.023 1 . 1 6  5 . 54 0 .0 
Btg 32 - 74 0.029 0.94 4.97 0.0 
Cw 74 - 1 40+ 0.0 1 7  0.28 4.93 0.0 
Parent material 0.761 0.41 4.00 0.0 

Tuahu Sandy loam Ah 0 - 3 1 0.346 6.37 5 . 5 3  0.3 
AB 3 1  - 59 0.084 3.35 6.03 0.4 
Bt 5 9  - 1 1 8 0.059 0.60 6.39 0.5 

Cw 1 1 8  - 160+ 0.132 0.36 6.35 2.2 
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In contrast to the above soils, however, the low carbon, low Ca content and low pH 

found in material from the C horizon of the Ruakiwi Hill soil does not indicate a 

calcareous deposit. This weathered parent material had an unusually high Cd content, 

0.76 mg Cd kg-I (verified with a repeat sample) and is the only profile where Cd 

concentrations in the subsoil exceeded those in the A horizon (Table 4.3). Though 

possibly from deposits of marine detritus, the origins of this Cd are unknown. 

The fourth parent material that contained significant Cd concentrations, the Tuahu 

Sandy loam, did not have characteristics typical of a carbonate deposits - these 

characteristics being high pH, high C and high Ca (Table 4.3). Moreover, no Cd was 

extracted by either 0. 1 M HCl, or digestion with concentrated HN03 and HC} acids 

(Figure 4.4). It was only after treatment with HF that the Cd present in this material was 

released. On the basis of these observations it appears that the Cd was incorporated into 
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Figure 4.4. Cadmium distribution with depth in the Tuahu Sandy loam profile as 
determined by three extracting reagents ranging in strength from severe 
(HF:HN03) to mild (0. 1 M HCl). 
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a highly resistant mineral, probably in  association with the irons and component. This 

theory was supported by the finding that raw ironsand from nearby dunes had a similar 

Cd content (0. 1 5  mg Cd kg'l ) to that in the C horizon of this Tuahu sandy loam (0. 1 32 

mg Cd kg'l , Table 4.3) .  

These Cd-containing ironsands present a special form of litho genic input. In addition to 

in situ contributions during soil formation, they can also supply Cd to soils located some 

distance away through surface deposition of windblown material. Soil formed from the 

other parent materials discussed above would obviously have received contributions of 

Cd during development, and, where the soil is  shallow, the proximity of Cd-containing 

rock to the surface means that this contribution will be on-going. In some Kapamahunga 

steepland sites, for instance, clearly discernible rock fragments in the surface soil (0 -

7 .5  cm) are apparent, and outcrops of rock material (containing 0 . 1 43 mg Cd kg'l) 

frequently occur. On the other hand, continued Cd inputs to surface soils from the parent 

material (through the process ofbiocycling, for example) may be limited where a 

reasonable depth of soil has developed. This is suggested by the low Cd concentrations 

in intervening horizons between the parent material and A horizon in the Wairama and 

Ruakiwi Hill soil profiles (Table 4.3) .  

4.4.3 Soil properties relating to variations in cadmium concentration 

Although Holmgren et al. ( 1 993) found taxonomic soil classifications to be useful in 

accounting for variation in Cd concentrations across the USA, this was not the case for 

the farm-scale study here. Categorizing on the basis of soil group only explained 1 3 %  of 

the Cd variation in the surface soils (Figure 4.5) .  This disparity may possibly be 

attributed to inherent differences between the two soil classification systems used. 

While the New Zealand Genetic Soil Classification system focuses on soil genesis and 

the environmental processes involved in soil formation (Hewitt, 1 992), the US Soil 

Taxonomy system relies more heavily on laboratory-based measurements of soil 

chemical and physical properties (A. S. Palmer, pers. comm.) .  Correlations between Cd 

and many important soil properties, for example, soil pH, organic matter, clay, CEC, 

have been reported (Eriksson, 1 990; Boekhold et al., 1 99 1 ; Sanchez-Martin and 

Sanchez-Camazano, 1 993 ;  Ross, 1 994b; Kabata-Pendias, 1 997) . With this emphasis by 
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Figure 4.5 Variation in the cadmium concentrations of tops oils (0 - 7 .5  cm) on 
Limestone Downs when separated into soil groups according to the New 
Zealand Genetic Soil Classification system. Bars ( I ) represent the 
median value for each category. 

the US Soil Taxonomy system on measured soil properties, it seems reasonable that the 
interaction between Cd and some of these soil properties will also lead to some 
differentiation in Cd content between soil groups.  
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Figure 4.6 Total Cd concentrations in surface soils from across Limestone Downs 
p lotted against their total P concentrations. The correlation coefficient (r) 
is 0 .84 (P < 0.00 1 ) . 
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Table 4.4 Correlation coefficients (r) between soil Cd, soil P and other soil properties 
in 5 3  surface soils sampled from across Limestone Downs. 

Total P 

Soil pH 
Total Carbon 

Total Cd 

0.839 
-0 .019 
0.5 1 4  

Total P 

-0. 0 1 8  
0.635 

Soil pH 

-0.345 

Of the soil properties measured, only total P concentrations were highly significantly 

correlated to total Cd concentrations (r = 0.84, Figure 4.6). This variation in P explained 

over 70% of the variation in Cd concentrations (Table 4.4) and strongly suggests an 

association between phosphatic fertilizer history and the Cd concentration of these 

surface soils. 

The commonly reported influence of soil pH on Cd concentrations is not evident (Table 

4.4). Similarly, soil carbon appears only weakly correlated to Cd concentration. But, 

removal of soils belonging to the Gley recent group from the Cd-carbon correlation 

causes the correlation coefficient (r) to improve from 0.5 1 to 0.79 (Figure 4.7). This 

happens because, in contrast to other soil groups, gley recent soils exhibit a weak, 

negative relation (P<0. 1 ,  r = -0.54) between Cd and soil carbon. In these organic rich 
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Figure 4.7 The relationship between total Cd and total soil carbon for surface soils 
from across Limestone Downs (0; r = 0.79, P < 0.00 1 )  excluding soils 
belonging to the gley recent soil group (A; r = -0.54, P < 0. 1 ). 



64 

soils, it is possible that surface oxidation of organic carbon in the aerobic layer has 

concentrated Cd in the topsoil (Holmgren et al., 1 993), thereby giving rise to a negative 

relationship between soil carbon content and soil Cd concentration. 

4.4.4 Cadmium variability as a function of topography and animal transfer 

While the strong correlation found between Cd and P in soil may derive from the close 

association ofthese two elements in phosphatic fertilizer, this correlation may also be a 

result of the concomitant redistribution of P and Cd through animal transfer. 

It has been observed that different slopes and aspects in a paddock receive different 

proportions of dung and therefore different proportions of returned P.  This results in a 

net gain ofP on flat ground, where animals spend more time (referred to as stock 

camping sites), and a net loss ofP from both medium and steep slopes (Gillingham et 

al., 1 980). Saggar et al. ( 1 990) successfully applied this idea of unequal dung return in 

hill-country pasture to explain variations in soil P concentrations across the landscape. 

Faeces also contain significant concentrations of Cd. In sheep faeces, for example, Cd 

concentrations can reach 5 flg Cd g-I DM (J Rounce, pers. corn.). As a result, unequal 

deposition of dung could also be expected to cause increased additions of Cd to stock 

camping sites. Using data from the same hill-country sites as those studied by Saggar et 

al. ( 1 990), Loganathan et al. ( 1 995) showed that animal transfer could reasonably 

account for the increased accumulation of Cd on low slopes over that on adjacent slopes 

of medium and steep topography. Longhurst et al. ( 1994) presented similar results in a 

separate study. In view of such evidence for the influence of animal transfer on soil Cd 

concentrations, a more detailed study of the effect of changing topography on Cd 

variability in soil was undertaken. 

Despite the small area ofthe study site (625 m\ the Cd and P concentrations in the soil 

were highly variable (Table 4 .5) .  One sample was excluded from statistical analysis 

because of its extreme values for most measured parameters. The values for total Cd, 

total C and soil pH all fell outside 3 standard deviations from the arithmetic mean of the 

remaining 1 20 samples. On re-visiting the sampling site, this particular sample was 



Table 4.5 Summary statistics for Cd, P and other measured parameters in 1 20 surface 
soils (0 - 7 .5 cm) taken from a 25 x 25 m2 area on Limestone Downs. The 
topography encompassed low and medium to steep slopes. 
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Total Cd Total P Total Zn Soil pH Total carbon 

Arithmetic mean 0.23 808 42.8 5 .5  5 .3  

Median 0.23 733 42.5 5.5 5 .4 

Standard deviation 0.06 279 6.6 0.2 1 .0 

Range 0.06 - 0.36 338 - 2047 30.7 - 60.0 5 . 1 - 6. 1  2.9 - 7 .7 

Skewness 0.09 1 .73 0.33 0.20 -0. 1 6  

identified as  having come from a small, isolated area affected by surface-soil erosion 

and therefore did not represent topsoil conditions. 

As found previously across the farm, P and Cd concentrations in the soil at this site were 

positively correlated (r = 0.59, Table 4.6). On a sample by sample basis, fluctuations in 

the concentrations of these two elements and soil carbon coincided closely (Figure 4.8). 

Phosphorus is a strong indicator of animal transfer effects because of the large 

proportion of fertilizer-applied P (possibly up to 50%1) that ends up being transferred to 

stock camping sites. In the study area, a marked decrease in soil P concentration occurs, 

both going from north to south and from west to east (Figure 4.9 (a)). This corresponds 

to a change in topography from low-slope (campsite) to steep-slope. A similar pattern is 

Table 4.6 Correlation coefficients (r) between total Cd concentrations and other soil 
parameters in 1 20 surface soils from the 625 m2 area encompassing 
campsite, medium and steep slopes. 

Total Cd 

Total P 0.590 

Total Zn 0.3 1 6  

Total carbon 0.605 

Soil pH 0.264 

, assuming an application rate of 1 5  kg P ha" y{ ' 

Total P 

0.222 

0.640 

0.269 

Total Zn Total carbon 

-0.086 

0.389 -0.055 
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Figure 4.8 Representative plots of sample to sample fluctuations in the west-east 
direction across a 25m x 25 m study area encompassing campsites, 
medium and steep slopes: total Cd (.&.); total P (0); and total soil carbon 
(+). (a) 0 m south (S); (b) 7.5 m S; and (e) 20 m S. Directions correspond 
to the orientation of the grid in Figure 4.9 .  
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Three-dimensional plot of: (a) total P concentrations; and (b) total Cd 

concentrations in soil from a 25 m x 25 m study area encompassing 

campsites, and medium and steep slopes. The campsite is located in the 

north-west corner (0,0) and land slope generally increases in both the 

easterly and southerly directions. Divisions in the colour range are based 

on the median, and the lower and upper quartiles of each data set. 
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Table 4.7 Mean Cd and P concentrations, carbon content and soil pH for data when 
separated into low slope (campsite) and steep slope categories. 

Campsite Steep slope Difference 
(n = 72) (n = 49) P< 

Total Cd (mg kg- I ) 0.239 0.208 0.002 
Total P (mg kg- I ) 907 665 0.00 1 
Total Carbon (%) 5.76 4.58 0.00 1 
Soil pH 5 .52 5 .56 

also evident for Cd (Figure 4.9 (b)), and suggests that, as shown by Longhurst et al. 

( 1 994) and Loganathan et at. ( 1 995), animal transfer effects have influenced Cd 

concentrations in the soil. 

After visual inspection of the site, each sampling point was assigned to one of two slope 

categories : low slope (campsite); and steep slope. When categorized in this manner, the 

data reveal a highly significant increase in mean P concentration on the campsite 

compared to the steep slope (P < 0.001 ), and a similarly significant increase in mean Cd 

concentration (P < 0.002) (Table 4.7). However, in comparison to the findings of 

Loganathan et at. ( 1 995), these increases are small. Whereas mean P and Cd 

concentrations on the campsite and steep slope differed by only 1 .4 and 1 . 1  times 

respectively in this study, Loganathan et al. ( 1 995) found them to differ by two-fold 

irrespective of site fertility (P Loganathan, unpublished data). 

These differences in Cd concentration between the low and steep slope arise from not 

only the effect of animal transfer, but also slope-related variation in fertilizer application 

rate (Loganathan et al., 1 995) and erosion losses. If variation in the rate of fertilizer 

application is estimated using the cosine of the slope angle (after Loganathan et al. 

1 995), a 1 .09 fold increase in concentrations on the low slope ( 1 2°) could be attributed 

to this factor alone. Thus there still appears to be an impact on soil P concentrations by 

animal transfer, but the impact on soil Cd concentrations appears limited. The lower 

accumulation of P in these low slope soils compared to that found in the study by 

Loganathan et al. ( 1 995) suggest that this site has experienced less stock camping 
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Figure 4.1 0  The relationship between total Cd and total P for soil samples taken from 
a 25m x 25 m study area encompassing campsites, medium and steep 
slopes. The 1 2 1  sample points have been categorized into two slope 
classes: low slope (0; r = 0.46) and medium to steep slope (A; r = 0.86). 

activity. Although, the smaller increase in Cd concentrations relative to P may likewise 

indicate reduced Cd redistribution in the paddock through dung. 

Differentiating between the two slope categories, it is apparent that the P-Cd 

relationship changes from low slope to steep slope (Figure 4. 1 0). On the one hand, Cd 

and P show a very strong linear correlation (steep slope, r = 0.88) while on the other, the 

points are dispersed and the relationship is markedly weaker (low slope, r = 0.46) . 

Closer inspection of the P-Cd relationship on the steep slope reveals that P 

concentrations increase by 306 1 milligrams for each milligram increase in Cd. This 

corresponds to the relative increases in P and Cd which could be obtained through the 

application of phosphatic fertilizer. Compare, for example, the value 306 1 (P:Cd) with 

an estimated P:Cd ratio in fertilizer of 2260 (Bramley, 1 990; see also section 5 . 3 .4). 

This observation, in conjunction with the strong correlation between P and Cd in these 

soil samples, suggests that the variation in Cd concentrations on the steep slope is  

probably a result of  variations in the application of phosphatic fertilizer. Given the 
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impossibility of  spreading granulated fertilizer perfectly uniformly, this would appear 

reasonable. 

On the low slope, however, it is clear from the wide scatter of the points in Figure 4. 1 0  

that the P-Cd relationship inherited from fertilizer has been considerably weakened. 

Compared to soils on the steep slope, many of the soil samples taken from the low slope 

have proportionally more P than Cd. They, therefore, appear to have received additional 

P beyond that from phosphatic fertilizer. Since this low slope area has been identified as 

a campsite, it seems reasonable to presume that this additional P has come from dung. 

Concentrations ofP in herbage are relatively constant at 0.25 - 0.5 % (During, 1 984). In 

contrast, Cd concentrations, while being much lower, are widely variable (from <0.05 to 

over 1 .0 mg Cd kg- 1 dry matter). Factors such as plant species, season, Cd concentration 

in the soil and mitigating soil properties, such as pH and organic matter content, all 

influence herbage Cd concentrations (Roberts et al., 1 994; Loganathan et aI., 1 997). As 

a consequence, the ratio of P to Cd in herbage also varies widely - from 2500 to over 

50 000 if the above-quoted figures are used, for instance. Under some conditions this 

ratio, and subsequently the P :Cd ratio in dung, may be much larger than that in soil 

[3000 to 8000 - from data by Roberts et al. ( 1994)] and in fertilizer ( 1 000 to 5000, 

Table 2.3). Where this is the case, the P :Cd ratio in campsite soils may widen with the 

deposition of dung. 

Bearing in mind the potential for widely varying P:Cd ratios in dung, two reasons for 

the weaker correlation between P and Cd on the low slope (compared with the strong 

correlation obtained for steep-slope samples) may be proposed. 1 )  A greater rate of P 

input, via animal transfer, relative to Cd; and 2) a large variability in the Cd 

concentrations in dung relative to P .  In addition, though animal transfer will always act 

to increase the total amount of Cd in campsite soils, the magnitude of this effect on Cd 

accumulation in low slope soils (as indicated by the soil P :Cd ratio) will depend on the 

quantity of Cd transferred via dung. This depends, in turn, on the concentration of  Cd in 

the herbage and, therefore, on the plant availability of Cd in the surrounding soil. 

Consequently, the impact of animal transfer on soil Cd concentrations will vary between 

sites. At the Limestone Downs study site, for example, the relatively high soil pH and 
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low soil Cd concentrations (Table 4.5) probably resulted in only limited transfer o f  Cd 

to campsites through dung deposition. This can be surmised from the lower 

accumulation of Cd compared to P and the resulting widening of the P :Cd ratio on low 

slopes. In contrast, data from the Ballantrae studies of Log ana than et al. ( 1 995) showed 

a marked accumulation of Cd on campsites and no evidence of an effect from animal 

transfer on the P-Cd ratio. The difference between these studies is perhaps attributable 

to differences in the plant availability of Cd in the soil of the respective study sites. 

4.5 CONCLUSIONS 

The surface soils of Limestone Downs were found to have Cd concentrations between 

0.07 and 0.91 mg Cd kg-I . The arithmetic mean of this range (0.36 mg Cd kiI) is 

typical for New Zealand agricultural soils and is similar to the concentration of Cd in 

agricultural soils in other parts of the world. 

Although variability in topsoil Cd concentrations may sometimes be attributed to 

pedogenic processes, categorizing topsoils according to their parent material and soil 

grouping could not explain the variation observed. This became understandable when 

analysis of soil and rock material from 1 7  representative soil profiles on Limestone 

Downs revealed that parent material was unlikely to contribute to topsoil Cd. In general, 

Cd concentrations in the soil profiles decreased rapidly with depth. Insignificant levels 

were normally seen by the C, and lower B horizons. There were, however, four profiles 

that deviated from this trend. In two profiles, the Cd content of the parent material (0. 1  

and 0 . 1 6  mg C d  kg·I ) could be related back to the presence o f  calcareous deposits in the 

parent rock. Cadmium in the parent material of a third profile (0. 1 3  mg Cd kg- I ) was 

attributed to the presence of iron sand deposits. Though representing a potential source 

of Cd through both in situ weathering and aeolian deposition, the Cd in these ironsands 

was considered to be of very low plant availability (soluble in only HF acid), and, 

consequently, of no threat to plants and animals. In the fourth profile, an unusually large 

concentration of Cd was found in the parent material (0.76 mg Cd kg-I ) .  The origin of 

this Cd is unknown, but could possibly have come from marine detritus. 
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The only soil characteristics found to correlate significantly with Cd concentrations in 

topsoils across the farm were the P status (r = 0.84) and the total carbon content (r == 

0.79) of the soil. In a localized area studied for the effects of topography and stock 

camping behaviour on Cd distribution, P and carbon continued to show a strong 

correlation with Cd. However, this correlation was strongly dependent on topography. 

Soils from the steep slope showed a very strong, linear correlation between P and Cd (r 

= 0.86). This was interpreted as indicating that variation in the spread of fertilizer 

granules had caused the variation in soil Cd concentrations. In contrast, the Cd-P 

correlation on the low slope was much weaker (r == 0.46). 

As for P , Cd concentrations on the low slope were found to be statistically greater than 

those on the steep slopes. However, this difference ( 1 .4 times for P and 1 . 1  times for 

Cd) was markedly less than that reported previously. 

The greater impact of  animal transfer on P concentrations compared to Cd suggested a 

greater redistribution ofP through dung than Cd. This was considered reasonable in 

view of the fact that, unlike P, the concentration of Cd in herbage, and thereby in dung, 

is highly variable. Cadmium uptake by plants is strongly dependent on both the amount 

of Cd in the soil and soil properties which affect its plant availability - notably pH and 

organic matter. The impact of animal transfer on Cd will therefore be much more 

variable than is observed for P and the resulting Cd accumulation on campsites will 

differ as a function of the soil properties in the paddock. 

Overall, the best explanation for Cd variability in soils appears to be the phosphatic 

fertilizer history. As a result of this finding, a more detailed investigation of the effect of 

fertilizer on soil Cd levels was conducted. Data from this study are reported and 

discussed in the next chapter. 



CHAPTER S 

ANTHROPOGENIC INPUTS OF CADMIUM TO 

SOILS ON A REGULARLY FERTILIZED HILL-COUNTRY FARM 

5.1 INTRODUCTION 
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In Chapter 4, the influence of soil parent material and soil forming processes were 

investigated to determine their impact on the Cd concentrations present in surface soils 

on the Limestone Downs Station. It was concluded that, on the whole, soil parent 

material was not a major contributor of Cd to these pastoral soils. Rather, the surface 

accumulation of Cd and the strong correlation of soil Cd with soil P suggested that 

phosphatic fertilizer was the dominant source of Cd currently resident in the topsoil. 

Past and current studies have demonstrated that Cd present in phosphatic fertilizer will 

accumulate in surface soil with only limited translocation to depth (Williams and David, 

1 973 and 1 976; Mulla et al., 1 980; Rothbaum et al., 1 986; Loganathan and Hedley, 

1 997; Taylor, 1 997). Fertilizer-induced accumulation of Cd has been further illustrated 

by Roberts et al. ( 1 994) in a New Zealand-wide survey. This work showed that soils 

from pastoral farms receiving fertilizer had significantly higher Cd concentrations in the 

0 - 7 .5  cm depth than soils at unfertilized (non-agricultural) sites. 

There is, nonetheless, continued debate over the significance of fertilizer as a source of 

Cd to pastoral soils. As a regularly fertilized property, Limestone Downs offers a unique 

opportunity to investigate the importance of fertilizer-derived Cd inputs to pastoral 

soils. Adjacent to the farm is an area of undisturbed native bush that allows for the 

comparison of fertilized (pasture) and unfertilized (native bush) soils within the same 

soil group. In this manner, disparity in Cd accumulation between soils as a result of 

widely differing soil properties is avoided. This chapter reports on the results of two 

such comparisons and explores the data for evidence of significant Cd inputs from 

fertilizer. 

5.2 MATERIALS AND METHODS 

In November of 1 993, two pedologically matched sites were located on Limestone 
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Downs fann for each of  two different soil groups (Yellow-brown loam and Yellow­

brown earth) and sampled. One of each ofthe pedologically matched sites was under 

unfertilized, undisturbed native bush. The other was under regularly fertilized, 

permanent pasture (Figure 5 . 1 ). A description of each soil profile was recorded from 

pits dug in the vicinity of sampling (A. S. Palmer, Appendix 3) and soil bulk density 

was determined on samples taken from these pits at four depths spaced between 0 and 

30 cm. 

Vegetation is known to influence soil chemical properties, such as pH and carbon 

content (Riha et al., 1 986; Ross, 1 994c), and this in turn influences trace element 

behaviour in the soil (Bergkvist, 1 987; Wemer et al., 1 987; Krosshavn et al. , 1 993). In 

order to recognize such variation, separate soil samples were collected at the native bush 

sites from around the base of two different tree types broadleaf and podocarp. The 

physical locations of each site are shown on Map 1 (Reconnaissance Soil Map of 

Limestone Downs). 

At each site, about 1 0, 30-cm deep soil cores were taken from a 1 m
2 

area and sectioned 

to give bulked samples for depths of 0 - 3 .5 ,  3 .5  - 7 .5,  7 .5  - 1 5 .0 and 1 5  - 30 cm. The 

individual samples were bulked to give an average 'soil ' so as to reduce sampling error. 

Following treatment as described in section 3 .3,  the soils were analyzed for total Cd, 

total Zn, total P, total carbon, soil pH and soil cation exchange capacity as described in 

Chapter 3 .  Samples of herbage from the two native tree species were also taken and 

analysed for total Cd (section 3 .4). 

For the purposes of this study, Cd in soil will  be referred to by one of three terms: 

1 )  Native Cd  - describing Cd  which has originated from parent material and any 

other natural sources; 

2) Resident Cd - a general term used to cover Cd present in field soils, both native 

and that derived from anthropogenic sources such as industrial air pollution or the 

application of soil amendments, for instance phosphatic fertilizer; and 

3) Added Cd - which has been introduced to the soil as a Cd(N03)2 treatment for the 

purposes of studying Cd behaviour in soil (used specifically in Chapter 6, the 

laboratory leaching studies). 
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Limestone Downs farm 

Yellow-brown loam Yellow-brown earth 

UnJertilized Fertilized Unjertilized Fertilized 

Native bush Pasture Native bush Pasture 

Broadleaf Podocarp Broadleaf Podocarp 

Figure 5. 1 Sampling scheme for comparison of pe do logically matched fertilized and 
unfertilized sites from two soil groups on Limestone Downs farm. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Comparison of soil properties between sites 

The diverse behaviour of Cd in soils is largely related to differences in soil properties 

(He and Singh, 1 993c; Ross, 1 994b and 1 994c). For example, increasing the (organic) 

carbon content of a soil and increasing the soil pH normally increase the soil capacity to 

bind Cd, and may therefore enhance Cd accumulation - such factors are considered in 

greater detail in Chapter 6. In addition, it has been suggested that Cd concentrations in a 

forest soil may be lower than adjacent grassland because conditions in the forest soil are 

more conducive to the leaching of Cd (Jensen and Svensmark, 1989). Consequently, in 

order to investigate the impact of fertilizer on the Cd concentrations in the soils of this 
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study, it was necessary to verify first that the matched, fertilized and unfertilized soils 

were sufficiently comparable in their soil properties. 

For all sites soil pH shows little variation with depth and, except in the case of the 

Yellow-brown earth (YBE) broadleaf site, it is similar between fertilized and 

unfertilized sites of the same soil group, (Table 5 . 1) .  Under the broadleaf species, soil 

pH in the YBE is notably lower than under pasture. An effect of tree species is possible, 

but this situation is not repeated on the Yellow-brown loam (YBL). Between soil 

groups, pH is consistently higher in soils of the YBL compared to those of the YBE. 

This trend is typical due to the buffering effect of the amorphous colloidal allophane 

(NZ Soil Bureau, 1 968a). 

As expected, total soil carbon is always higher and more variable in the 0 - 3 .5 cm 

depth. Other depths show little variation between fertilized and unfertilized sites. The 

higher carbon values recorded in the top depth at the unfertilized (bush) YBE sites 

compared to the fertilized (pasture) site are probably due to inclusion of some leaf litter 

when sampling. Comparing carbon values between soil groups, it is seen that the YBL 

has a notably greater carbon content than the YBE soiL As with the trend in soil pH, this 

is typical for New Zealand conditions (NZ Soil Bureau, 1968a). 

Though soil cation exchange capacities (CEC) vary considerably with depth and site, it 

appears that the fertilized YBE soil has a consistently greater CEC and exchangeable 

calcium content below 3 . 5  cm than its unfertilized counterpart (Table 5 . 1 ). This most 

likely reflects periodic lime, and annual SSP applications on the pasture soil. Generally 

these activities also raise the soil pH, though, as noted previously, only one of the bush 

sites - the broadleaf site - shows a lower soil pH than the pasture site. Cation exchange 

capacity is often included in regulations governing metal loadings to agricultural land 

because of its importance to metal accumulation (King, 1988). As a measure of sites 

available for Cd sorption, the higher CEC lower down the profile of the fertilized YBE 

soil may indicate a slightly greater capacity for Cd accumulation at depth in this soil 

compared to its unfertilized counterparts. 

From the results presented in Table 5 . 1 ,  it does not appear that tree species has 

consistently influenced any of the soil properties. This is perhaps not surprising given 



Table 5. 1 Selected properties for soil sampled from paired sites, one fertilized (pasture) and one unfertilized (native bush - with 
separate profiles collected from under two tree types: broadleaf and podocarp), for two soil groups on Limestone Downs. 

Vegetation Depth down Bulk Total Soil pH Exchangeable Cations Total Cd Total P Zn:Cd f 
soil profile Density Carbon {mEg11 00 g2 

(cm) (g cm,3) (%) (water) Ht Cah Total CEC (mg kg' ! air dry soil) (weight weight) 

Site 1 :  YeHow-brown loam 
Pasture 0 - 3. 5  0.54 1 6. 8  5 . 5  27.6 1 4 . 1  47.6 0.64 2208 1 02 

3 . 5  - 7 . 5  0.60 1 3 .0 5 . 6  28 .9  8 . 1  39.8  0.44 1 46 1  1 52 

7 . 5  - 1 5  0.59 9.6 5 7  22 .7  3 .9  2 8 . 1  0 . 1 9  688 346 

1 5  - 30 0.64 6 .7  6 .0 1 2 .7 3.7 1 7. 5  0 . 1 2  486 5 1 9  

Broadleaf 0 - 3. 5  0.47 1 1 . 9  6 .0  1 8 . 9  1 12 36.9 0 . 1 8  648 294 

3 . 5  - 7 . 5  0 . 5 3  1 0. 3  5 . 9  1 9. 1  8 . 2  3 1 . 8  0. 1 6  5 5 1  326 

7.5 - 1 5  0.49 1 0.5 5 .9 1 7 .6 8 . 1  30.2 0 . 1 5  506 320 

1 5  - 30 0 .55  6 .7  5 . 9  1 4.4 4.0 2 1 . 1  0 . 1 0  386 422 

Podocarp 0 - 3 . 5  0.47 20.2 5.6 34.2 1 2 .3 5 5 3 0 . 1 3  642 265 

3 . 5 - 7 .5 053 1 3 .8 5 .6  2 8 .0 4. 8  3 7 . 0  0 . 1 0  5 1 1  3 4 1  

7 .5 - 1 5  0.49 1 2 . 3  5 .7 24.7 4 . 0  3 2 . 5  0 . 1 1  483 279 

1 5  - 30 0 .55  1 1 .2 5 .6  2 3 . 8  3 . 1  30.2 0. 1 1  489 330 

Site 2 :  Yellow-brown earth 
Pasture 0 - 3 . 5  0.94 8 . 8  5 . 1  1 6.7 1 1 .7 33.9 0.6 1 1 642 7 7  

3 . 5  - 7 . 5  1 . 1 2  5 9  5 . 1  1 6.7 9 .0  29.7 0 .33  779 1 3 2 

7 . 5  - 1 5.' 1 . 1 7  3 . 9  5 .2  1 6 . 1  7 . 0  2 7 . 5  0. 1 0  339 433 

15 - 30 1 . 1 4 2 . 4  5 . 3  1 4.4 7. 1 271 0.03 1 98 1 700 

Broadleaf 0 - 3 . 5  0.94 1 8. 7  4.6 29.5 5 . 6  4 1 .4 0.G3 354 7 3 8  

3 . 5  - 7 . 5  109 4 9  4.7 1 7.9 0 . 6  1 9. 9  0 . 0 1  1 95 3900 

7 .5 - 1 5  U 5  3 . 9  4.6 1 8 .3 0.3 1 9. 6  0.00 1 7 1  00 
1 5  - 30 l . 27 2 . 1  4.6 1 1 .4 0 . 2  1 2 .3 0.00 103 00 

Podocarp 0 - 3 .5 0.94 1 0 . 5  5 . 1  1 8 .9 9 . 3  3 5 .0 0.G3 296 720 

3.5 - 7 . 5  1 .09 4.4 5.1  1 2 . 7  3 . 1  1 8 .3 om 1 90 2675 

7 .5 1 5  ! . I  5 3 . 1  5.2 9 5  2 . 7  1 4. 3  om 1 50 3283 

15 - 3 0  1 . 27 1 . 7 5 . 1  8 7  l .7 1 2 .0 0.00 1 03 00 

00 indicates a very large number. 
--..) 
--..) 
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that these native bush sites were mixed stands and soil sampling was generally 

conducted away from the trunk-base area. Consequently, the soil sampled is likely to 

have been influenced by litter and throughflow from both tree families. What is more, 

there appears to be sufficient similarity in soil properties between the paired pasture and 

bush sites for one to assume similar behaviour in terms of potential Cd accumulation. 

Thus, any disparity in the amounts of Cd accumulated between these fertilized and 

unfertilized sites can be attributed to differences in their anthropogenic inputs. 

5.3.2 Impact of fertilizer application on soil cadmium concentrations 

At all sites, Cd concentrations were always highest in the very top layer (0 - 3 . 5  cm). 

The concentrations ranged from 0.03 - 0.2 mg Cd kg-1 in the unfertilized soils to over 

0.6 mg Cd kg-1 in fertilized soils under pasture (Table 5 . 1) .  Cadmium concentrations in 

the topsoil of the pasture were similar for the two soil groups (0.64 and 0.61 mg Cd kg-1 

for the YBL and YBE respectively), but on a mass per unit volume basis the Cd 

concentration is less in the YBL (0.35  Ilg Cd cm-
3
) than in the YBE (0.57 Ilg Cd cm-\ 

This results from the greater bulk density in the YBE compared to the YBL (Table 5 . 1 ). 

In both soil groups, the fertilized soils contained significantly higher Cd concentrations 

in the top 3 . 5  cm than their matched unfertilized soils (Figure 5 .2 (a) and (b)). This 

difference ranged from 3 .6 times to 20 times the concentration of Cd in the unfertilized 

YBL and the YBE respectively. Furthermore, as found for the soil profiles examined in 

the previous chapter, the Cd concentrations under pasture decreased markedly with 

depth (Figure 5 .2 (a) and (b)). Cadmium concentration profiles in the soil at depth are 

similar for both unfertilized and fertilized sites. This suggests that the native Cd 

concentrations in these soils have been supplemented by anthropogenic additions from 

the surface. 

Also noteworthy is the marked difference in the native Cd concentrations between the 

soil groups. Whereas Cd concentrations in the unfertilized YBE soils reduce to 

undetectable concentrations by 1 5  cm, both unfertilized sites on the YBL still contain 

Cd (0. 1 mg Cd kg-l ) in the 1 5  - 30 cm depth. This was an unexpected observation since 

none of the YBL profiles discussed in Chapter 4 were found to contain sufficient Cd in 

the parent material to produce significant native Cd concentrations (section 4.5 .2). 
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(a) Yellow-brown loam 
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(b) Yellow-brown earth 
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Figure 5.2 Soil profiles of: (a) a Yellow-brown loam and (b) a Yellow-brown earth 

showing the difference in Cd concentration between sites fertil ized with 

phosphatic fertilizer (pasture) and unfertilized sites under two tree 

species (broadleaf, podocarp) in undisturbed native bush. 
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Hence, while accepting that the Cd in the YBL bush soils is mainly native, it is noted 

that the close proximity of these soils to the farm (Appendix 3) may have exposed them 

to some addition of Cd through fertilizer drift during aerial top-dressing of adjacent 

pasture. 

The Zn:Cd ratios in these soils also show a noteworthy trend. Ratios calculated for the 

fertilized, pastoral soils are lowest in the topmost layer (increasing with depth) and are 

between 2 .5  and 1 0  times lower than in their matched, unfertilized native bush soils 

(Table 5 . 1 ) .  Zinc and Cd exhibit very similar soil chemistry and are found closely 

associated in phosphate rock at a ratio smaller than that found naturally in soils (section 

2.4.2). A lower soil Zn:Cd ratio is, therefore, generally seen following repeated 

applications of phosphatic fertilizer (Roberts et al. ,  1 994). 

Finally, it is evident from Table 5 . 1  that there has also been an accumulation ofP in the 

surface soil of the fertilized sites. This and the above observations are all consistent with 

the regular use of fertilizer over many decades and the absence of frequent mechanical 

mixing of the topsoil through tillage. However, before drawing a conclusion on the 

importance of fertilizer as a Cd source, two other aspects require consideration. There is :  

1) the possibility of additions through anthropogenic atmospheric deposition; and, more 

importantly, 2) the chance that native Cd reserves have been under-estimated due to 

large amounts of Cd being stored in the above-ground biomass of the native bush. 

5.3.3 Atmospheric Pollution 

Many European studies have implicated urban and industrial air pollution in the 

accumulation of Cd in rural soils (section 2.4.3), especially in the dominant downwind 

direction from a maj or point source where pollution may persist for at least 20 km 
(Tiller, 1 988) .  The probability that atmospheric pollution may be a source of Cd to the 

soils on Limestone Downs was briefly considered. 

Estimates using a 1 :350 000 regional map indicate that, of several possible pollution 

sources (including the cities of Hamilton and Papakura), the nearest (Glenbrook Steel 

Mill) is at least 33  km away. At this distance the deposition rate could be assumed 

similar to that found at a rural site, 37 km west of Christchurch city. At this locality, 
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Fergusson and Stewart ( 1992) recorded 0.0 1 5  Ilg C d  m-2 dai\ or 0.055 g C d  ha-l yr-l . 
Compared with estimated fertilizer inputs of between 5 - 20 g ha-! yr-! for the New 
Zealand situation (Rothbaum et al. 1986; Loganathan et al. 1 995), such a deposition rate 
is negligible. Furthermore, atmospheric pollution would affect both bush and pasture 
sites similarly, thus the difference in Cd status between these two systems is unlikely to 
be from atmospheric Cd input. 

5.3.4 Cadmium reserves in native bush biomass 

Data from international studies suggest that a significant proportion of Cd stored in a 
forest ecosystem can be contained in the above-ground biomass (Table 5 .2,  over page). 
This raises the possibility that, in reporting only soil Cd concentrations, I may have 
underestimated the total Cd store in the native bush, and consequently underestimated 
the native Cd store in the pasture profiles. Further, should the bush biomass contain 
significant quantities of Cd, any Cd which was returned to the soil surface during 
clearing in the form of ash (from burning) may, once under pasture, be erroneously 
categorized as having come from fertilizer additions. Accordingly the potential Cd store 
in the bush biomass was investigated. 

Samples of foliage were collected from native tree species and analysed for their Cd 
concentrations. The Cd concentrations in the trunks, branches and stems were then 
estimated using these leaf concentrations in conjunction with data from European 
studies (Heinrichs and Mayer, 1 980). This gave an idea of the relative concentrations of 
Cd within each part of the tree (Table 5.3) as trunks and branches could not realistically 
be sampled for this study. In the absence of data for the native bush on Limestone 
Downs, figures from a podocarp-hardwood forest in Westland, New Zealand (Levett et 

al. ,  1 985) were used to estimate the total bush biomass. Understorey vegetation was 
omitted from the calculations as, at 2.5  x 1 0

3 kg ha-1 (Levett et aI. , 1 985), it would not 
significantly change the total Cd stores. 

The results of the above calculations are presented in Table 5 .3 ,  and are based on either 
an entire stand of Broadleaf or an entire stand of Po do carp. Compared to the Cd 
concentrations in vegetation of the Solling Mountains, foliage samples taken from 
Limestone Downs are very low. Consequently the total Cd estimated to be contained in 



Table 5.2 Cadmium loadings in forest soils and forest biomass from other countries. 

Country Soil Type Depth Soil Cd Vegetation Above-ground 
store species biomass 

(cm) (g ha' l ) ( 1 03 kg ha' l ) 

Switzerland Acid-brown t 0 - 20 § 2 1 2  Spruce 

Alpine podzol 0 - 30 § 306 Mixed forest 

Central Germany Typic Dystrochrept 0 - 30 220 Beech 274 

0 - 30 223 Spruce 245 

Poland Oak-Hornbeam 1 5 1  

Pine 1 1 0 

Ontario, Canada Sugar maple- 1 68 
Yellow birch 

Excluding that contained in roots. 
In this soil, the majority of Cd is contributed by the B horizons. � These deptbs are approximately the base of the lowest A horizon. 

Biomass Cd 
store t 
(g ha' l ) 

1 55 

40 

50 

1 20 

1 54 

1 3 3  

4 1  

References 

Keller et al. ( 1 992) 1 

Heinrichs and Mayer 
( 1 980) , 

Weiner and Grodzinski 
( 1 984) 

Morrison and Hogan 
( 1986) 

Totals have been calculated from tabulated data given by the authors. Loadings for further depths are also given, but not included here. 

00 
IV 



Table 5.3 Estimating the store of Cd in the above-ground biomass of native bush on Limestone Downs. 

Tree 
compartment 

Foliage 
Twigs 
Branches 
Branches/Stems 

SoIling Mountains 
(Central Gerrnany) t 

Cd concentration 
(mglkg dry weight) 

Beech Spruce 

0.66 0.3 1 
0 . 1 7  0 .91  
0 . 1 7  0.9 1 
0 . 1 9  0.36 

Podocarp-hardwood 
forest (New Zealand) + 

Biomass dry weight 
( 1 03 kg ha- I ) 

5.8 
10.7 
25.5 

209.8  

Total cadmium contained in  above-ground biomass 

Heinrichs and Mayer ( 1 980) 
Levett et al. ( 1 985) 

Estimates for native bush stand, 
Limestone Downs (New Zealand) 

Cadmium Content Total Cd in compartment 
(mg/kg dry weight) § (mg Cd ha- I ) 

Broadleaf Podocarp Broadleaf Podocarp 

0.018 0.027 1 04 1 57 
0.005 0.074 54 792 
0.005 0 .079 128  2 0 1 5  
0.005 0 .03 1 1 049 6504 

1.3 9 .5  

Cd'Concentrations for foliage collected at  the YBL study site on Limestone Downs are shown in  bold type. 
The Cd concentrations in the branches and stems of the Broadleaf and Podocarp species on Limestone Downs have then 
been estimated by assuming that their ratio of Cd in the foliage to that in the branches will be similar to this ratio in similar 
tree species in the Solling mountains. 
For example: 

([ Cd ]foliagelBroadleaf 
([ Cd hranches)Broadleaf 

Q.C.QlfoliagelBeech ([ Cd]brancheJBeech 
or: Cd in Broadleaf branches = 0.0 1 8 /(0.66/0. 1 7) 

00 
w 
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the bush biomass is  also low - compare the totals from Table 5 .3 with the figures given 

in Table 5 .2 .  With a 50% margin of error on the estimated Cd concentrations in the 

foliage and wood of the native trees on Limestone Downs, the amount of Cd stored in 

the biomass could range between 0 .7  and 2 g Cd ha-1 for the Broadleaf species and 

between 4.8 and 1 4.3  g Cd ha-l for the Podocarp. These figures are still significantly less 

than the total Cd stored in the soil of the fertilized pasture sites (Table 5 .4). 

If the bush contains 1 0 9 Cd ha- 1 as estimated, and this entire store is returned to the soil 

on burning, it will account for just over 2% of the total Cd found under pasture (Table 

5 .4) . Such a contribution could not reconcile the difference in native bush and pasture 

soil Cd reserves found in section 5 .3 .2 .  

5.3.5 Fertilizer as the cadmium source: an estimated mass balance 

All evidence indicates that the additional Cd found in the fertilized pasture soils is a 

consequence of  their having received phosphatic fertilizer. Assuming that native Cd 

levels are indicated by concentrations in the unfertilized soils, almost 97% of Cd in the 

YBE pasture profile (0 - 30  cm) is of fertilizer origins (Table 5 .4). This proportion 

reduces to 66% in the YBL profile as a result of the higher Cd load of the native bush 

soils. However, it is apparent that fertilizer has had a major impact on the Cd loads in 

both these soils. A simple mass balance calculation is able to demonstrate that the 

elevated Cd levels seen in the pasture profiles can be accounted for by Cd additions 

through phosphatic fertilizer (Table 5 .4). 

By assuming that P present in the unfertilized soils (Table 5 .4) represents native P, the 

difference between fertilized and unfertilized sites can be taken as P added via 

phosphatic fertilizer (Table 5 .4). In ignoring above-ground P losses through animal 

products or animal transfer, an estimate of the minimum amount of fertilizer P added 

during pasture development is obtained and equals a rate of 12  - 1 5  kg P ha-1 yr-l over 

67 years. Using this as the minimum fertilizer application rate one can then estimate the 

likely minimum addition of Cd. 

Examples of Cd:P ratios in phosphate rocks (which transfer across to the fertilizer 

product) are given in Table 2 .3 .  Here, however, I have taken the value used by Bramley 



Table 5.4 Accumulated Cd and P in fertilized (pasture) and unfertilized (native bush: Broadleaf and Podocarp) soils of a yellow-brown 
loam and a yellow-brown earth compared with estimates of Cd inputs from phosphatic fertilizer. 

Soil Type Vegetation P accumulated in Cd accumulated 
soil to 30 cm in soil to 30 cm 

(kg ha- I ) (g ha- I ) 

Yellow-brown loam Pasture 1 539 420 
Broadleaf 728 202 
Podocarp 795 1 70 

Yellow-brown earth Pasture 1 525 482 
Broadleaf 545 1 3  
Podocarp 506 1 9  

Topsoil is soil from t� depth 0 - 7 . 5  cm. 

Cd accumulated 
in topsoil t 

(g ha- I ) 

226 
63 
43 

347 
1 3  
1 3  

Cd MASS BALANCE FOR FERTILIZED (PASTURE) SOILS 
P added b!, 
fertilizer 
(kg ha-l ) 

778 

1 000 

Cd added with 
this fertilizer P 

(g ha-I) § 

347 

443 

Anthropogenic Cd 
found in soil (g 

ha-I) , 

234 

466 

The difference between the accumulated P value given for the pasture and the average accumulated P values of the two bush sites (Broadleaf and Podocarp). 
The amount of Cd being applied with the fertilizer is based on a 50:50 mix of Nauru and Christmas Island phosphate rocks with a Cd:P ratio 4 .43x l O-4 (Bramley, 
1 990). 
This value is the difference in accumulated Cd between the fertilized (pasture) and unfertilized (bush) sites for the 0 - 30 cm depth. 

00 
V1 
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( 1990) . He estimated a Cd:P ratio of 4.43x10-
4 

for a 50:50 mix ofNauru and Christmas 

Island phosphate rocks. Multiplying the fertilizer-added P by this Cd:P ratio gives Cd 

additions of 350 and 440 g Cd ha- 1 for the Yellow-brown loam and Yellow-brown earth 

pasture sites respectively (Table 5 .4). The resultant annual rates of Cd additions (5 .2 and 

6.6 g Cd ha- 1 yr-l for the YBL and YBE respectively) are lower than the 8 .9  g Cd ha-1 yr-
1 predicted by Bramley ( 1 990), but still account adequately for the extra, non-pedogenic 

Cd found in both pasture profiles (Table 5 .4). 

5.3.6 Distribution of fertilizer-derived cadmium in the soil profile 

Because most concern over the accumulation of Cd in soils stems from entry of Cd into 

the food chain, the distribution of Cd with depth in the soil profile holds considerable 

importance.  Most studies to date indicate strong surface accumulation of fertilizer­

derived Cd in pasture soils and recovery of between 50 and 90% of the Cd applied 

(Williams and David, 1 976; Rothbaum et al., 1 986; Nicholson et al. , 1 996; Loganathan 

and Hedley, 1 997). In this study, between 67 and 1 00% of the Cd estimated to have 

been applied as fertilizer was recovered from the pasture profiles (to a 30  cm depth). 

These values compare favourably with those of the other studies mentioned above. Of 

this fertilizer-derived Cd still residing in the soil, almost three-quarters was found in the 

top 7 .5  cm of soil (Table 5 .4) - the active rooting zone of pasture plants. If this trend 

continues, Cd transfer to plants and grazing animals will become of increasing concern. 

On the other hand, these data suggest that over a quarter of the Cd applied to the surface 

has moved more than 7 .5  cm deep_ Mechanical mixing is unlikely to have been 

responsible for such translocation since many New Zealand hill-country pastures, once 

established, are left undisturbed. Therefore, it appears that Cd migration down these soil 

profiles has occurred under the influence of normal soil processes - possibly leaching. 

5.4 CONCLUDING DISCUSSION 

A comparison of developed pastoral soils (fertilized) with soils from an undeveloped 

native bush reserve (unfertilized) has confirmed that the application of phosphatic 

fertilizer to pasture causes a 3- to 20-fold increase in soil Cd loading. Cadmium which 

may be stored in the above-ground biomass of the native bush is insufficient to account 
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for the difference and deposition of atmospheric pollution in the area is considered 
minimal. All evidence, therefore, leads to the conclusion that the elevated Cd 
concentrations of soils under pasture are attributable to phosphatic fertilizer application 
during pasture development. Since this study was conducted, results published by 
Roberts et al. ( 1 994), Loganathan and Hedley ( 1 997) and Taylor ( 1 997) have also 
attributed the accumulation of Cd in New Zealand pasture soils to fertilizer application. 

The strong accumulation of Cd in the main rooting zone of pastoral plants should cause 
concern with regards to future fertilizer application and the effect on plant uptake and 
entry of Cd into the food chain. However, there is also a suggestion from this study that 
significant quantities of Cd may be moving below the active rooting zone. This raises 
the possibility that some Cd loss from these soils may be occurring. The literature 
suggests that leaching could be responsible for the apparent loss of Cd from topsoils. In 
view of the results presented here, this possibility was investigated and the findings are 
presented in Chapters 6 and 7.  

The findings ofthis chapter also enable better interpretation of the results presented in 
Chapter 4 on Cd variability in the landscape. With such a large influence from fertilizer 
on Cd concentrations in soil, it is unsurprising that variation in parent material and soil 
group could not explain the variation in Cd - even with several parent materials 
containing measurable quantities of Cd. The strong correlations between total P and 
total Cd in the soil, the evidence for fertilizer-related variability, and the distinct surface 
accumulation of Cd all support the premise that phosphatic fertilizer is the major source 
of Cd to soils on Limestone Downs. 
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CHAPTER 6 

CADMIUM REDISTRIBUTION IN SOIL 

6.1 INTRODUCTION 

89 

Evidence presented in Chapters 4 and 5 indicates that most Cd in the soils of Limestone 
Downs originates from the surface application of fertilizers. However, while there is a 
marked accumulation in the surface horizons of these soils, some Cd can be found at 
depths of up to 50 cm. This raises the issue of Cd movement down the soil profile. 

Redistribution within the soil profile is important when considering the accumulation of 
Cd in soils and its transfer to the food chain. There are two reasons for this. Firstly, an 
accurate assessment of the risk associated with the presence of Cd in soils must include 
a quantitative description of the rate of Cd accumulation in topsoil a function of the 
rate of Cd input and the rate of Cd loss. In moving to depths beyond the active rooting 
zone, Cd is effectively removed from the soil-plant system and accumulation rates of Cd 
in the topsoil are reduced. If some leaching of Cd does occur, long-term management of 
Cd inputs to soils could be possible once a sustainable concentration is established. The 
application of some Cd-containing P-fertilizer could then be permitted without causing 
increased risk to consumers in the food chain. 

Secondly, redistribution within the rooting zone, though perhaps restricted to only a few 
centimetres, may have a significant impact on Cd availability. In comparison to soil 
several centimetres deeper, the surface soil is  generally a region characterized by high 
organic matter and high pH. Movement of Cd below this surface zone could take it from 
an environment of generally low plant availability, to a region of increased 
availability in accordance with changes in soil chemical and physical properties 
(Loganathan and Hedley, 1 997). 

To predict future trends in soil Cd concentrations and the risk these pose to plants and 
animals, an understanding is required of the basic chemistry which regulates Cd 
interactions with the solid and solution phases of soil. The most important aspects of 
this chemistry are summarized in the following literature review. Methods used for soil 
column leaching studies and a preliminary investigation into anion concentrations in 
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some coastal soils are described. The remainder of the chapter discusses results from 
several leaching experiments that investigate Cd mobility in a range of New Zealand 
soils. 

6.2 LITERATURE REVIEW 

Cadmium mass balance studies for agricultural systems are often unable to account for 
all the Cd originally applied (Williams and David, 1 976; Rothbaum et al. , 1 986; 
McGrath, 1 987; Williams et al., 1 987; Nicholson et al. , 1 996; Loganathan et al. , 1 997). 
Some of this loss has been attributed to lateral movement off treatment plots (McGrath 
and Lane, 1 989), while some is presumed to be through vertical redistribution - possibly 
leaching (Rothbaum et al., 1 986; Nicholson et al., 1996; McBride et al., 1 997a) .  

In general, losses of Cd from the soil system, either through leaching or plant uptake, 
are found to be small (Weiner and Grodzinski, 1984; Bergkvist et al., 1 989; Merry and 
Tiller, 1 99 1 ;  McGrath and Jarvis,  1 993; Loganathan et al., 1 997) and this is reflected in 
the hundreds to thousands of years predicted as residence times for Cd in soil (Bow en, 
1 979; McGrath, 1 987; Witter, 1 996; Loganathan and Hedley, 1 997). However, when 
constructing balances of Cd fluxes to and from agricultural soils, Folke and Landner 
( 1 996) noted that variations in the estimates of Cd leaching rates could exceed the 
calculated difference between Cd inputs and losses. To assess accurately the long-term 
threat of Cd to shallow rooted food and fodder crops, a more thorough understanding of 
its behaviour (in particular its leachability) under a greater variety of soil conditions and 
management regimes i s  needed. 

6.2.1 Sorption as the mechanism regulating cadmium mobility in soils 

Metal mobility in soils is governed by many aspects of the soil system - soil texture 
(particle size) and surface area, bulk density, temperature, aeration and redox status,  pH, 
ion exchange capacity, amount and form of organic matter, amounts and forms of 
hydrous metal oxides and clay minerals (Sposito and Bingham, 1 98 1 ;  Mattigod and 
Page, 1 983;  Ross, 1 994b; Wo It, 1 994). In the case of Cd, it is how these various factors 
influence the sorption processes regUlating Cd mobility that is important. Precipitation 
reactions are usually unimportant at environmental Cd concentrations since soil solution 



concentrations are usually too low (McBride, 1 980; Tjell and Christens en, 1 992; Ross, 
1 994b). 

Sites for Cd sorption in soil are mostly provided by clay minerals, organic matter, 
oxides of iron and manganese and calcium carbonate deposits. These surfaces provide 
sites that may be highly specific for Cd and other trace metals or non-specific. For the 
latter, Cd must compete with other macro-cations such as Ca2+ and Na+ (Hendrickson 
and Corey, 1 98 1 ;  Ross, 1 994b). 

9 1  

Clay has the greatest surface area to volume ratio o f  any soil fraction and, therefore, i t  i s  
the most reactive component o f  the soil (Orlov, 1 992). Clay provides both non-specific 
bonding sites for competitive adsorption and variable-charge edge sites which 
specifically adsorb heavy metals and can contribute significantly to metal sorption at 
trace concentrations (Hendrickson and Corey, 1 98 1 ;  McLaren and Cameron, 1 990). 
Irreversible sorption into the crystal lattice can also be found with illites and smectites 
(Brtimmer et al. ,  1 986). The resulting decrease in sorption reversibility with increasing 
contact time, sometimes referred to as "ageing" (Christensen, 1 984b; Pickering, 1 980), 
may provide a means of removing "mobile" Cd from the soil-plant-animal system 
(Pickering, 1 980; Barrow, 1 986). 

Organic matter makes a significant contribution to the CEC of a soil through its 
functional groups. These provide a range of exchange sites, with the charge being pH­
dependent (Orlov, 1 992). Organic matter can, therefore, participate in regulating Cd 
mobility (He and Singh, 1 993c; McBride, 1 989). The order of affinity that Cd has for 
donor atoms (S > N > 0), which is opposite to that of  cations such as ci+, Mg2+ and 
Na+, enables Cd2+ to compete successfully for the S-containing ligands in humic 
substances in spite of large concentrations of macro-cations (McBride, 1 989; Senesi, 
1 992). 

A significant relationship between Cd and soil organic content is often found in the field 
(Andersson, 1 977;  Keller et al. ,  1 992; this study, Chapter 4), and some laboratory-based 
studies have been able to replicate this (Levi-Minzi et al. , 1 976; Andersson, 1 977; Elliot 
et al. ,  1 986; Eriksson, 1988;  Kim and Fergusson, 1 992). 
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Reactions between Cd and organic matter are difficult to generalize. Cadmium sorption 

can be either increased, decreased or unchanged by the presence of organic constituents .  

This depends on the nature of the organic molecules, the size and type of functional 

groups available for complexing and the interactions between organic molecules and 

other soil components. Other variables are the number and stability of other trace metals 

and surface phases (Riffaldi and Levi-Munzi, 1 975; Baham et al., 1 978; Inskeep and 

Baham, 1 983;  Fischer, 1 986; Konig et al. , 1 986; PuIs et al., 1 99 1 ;  Berggren, 1 992; 

Taylor and Theng, 1 995).  For example, organic material associated with the solid phase 

is able to remove Cd from solution, but dissolved organic matter (DOM) may solubilize 

and hold it in solution (PuIs et al., 1 99 1 ;  Berggren, 1 992). 

In contrast to interactions with organic matter, reduced Cd solubility in the presence of 

iron and manganese oxides and hydrous oxides has been regularly shown in laboratory 

studies (Tiller et al. , 1 984; Slavek and Pickering, 1 986; Gerth et al., 1 993; Ainsworth et 
al., 1 994). These oxides and hydroxides occur as coatings on soil particles, fillings in 

cracks and veins and as concretions or nodules (Kabata-Pendias and Pendias, 1 992). 

After adsorption of Cd, subsurface diffusion into the crystal lattice andlor incorporation 

of Cd into developing oxide coatings or concretions (depending on the redox potential) 

can remove Cd from the potentially mobile pool (Kinniburgh and Jackson, 1 9 8 1 ;  

Anderson and Christens en, 1 988; Brtimmer et al., 1 988; McLaren and Cameron, 1 990; 

Singh and Gilkes, 1 992) . 

The importance of calcium carbonate (CaC03) with respect to Cd behaviour in soil is 

most often related to its effect on soil pH (lime being commonly applied to raise soil 

pH); this aspect is discussed later. But studies have also found that Cd has a high 

affinity for the calcite surface and undergoes chemisorption at surface sites by 

substituting for Ca
2+ (McBride, 1 980; Papadopoulos and Rowell, 1 988). Cadmium in 

solution can compete successfully against concentrations of Ca
2+ which are 1 00 to 5000 

times greater, and this may provide an important process for Cd immobilization in 

calcareous or limed soils (McBride, 1 980; Papadopoulos and Rowell, 1 988). 

The rate at which Cd migrates through soil, movement to groundwater or to plants for 

example, is regulated by the equilibrium established between the soluble Cd pool and 
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that sorbed onto solid phases. QuantifYing the threat that Cd poses to the environment, 
both short and long term, requires an assessment of the potential for desorption of soil­
bound Cd. This is often done by partitioning the Cd into various phases (water soluble, 
exchangeable, Mn oxide, Fe oxide occluded, organic and residual Cd fractions [Keller et 

al., 1 992]) using a sequential extraction scheme. Alternatively, a distribution coefficient 
(KI) can be determined to describe numerically the relationship between concentrations 
of metal sorbed to the solid phase and metal concentrations in solution at equilibrium. 
Large values ofKI indicate strong retention of the metal onto the solid phase and 
consequently reduced migration (Anderson and Christensen, 1 988). 

With improvements in analytical instrumentation, the ease of studying Cd at 
environmentally relevant (trace) concentrations has led to observations that the 
behaviour of Cd in soil differs depending on concentration (Garcia-Miragaya and Page, 
1 978; Hendrickson and Corey, 1 98 1 ;  Christensen, 1 987a and 1989; McBride, 1 994) . 

When present at low concentrations, adsorption on to highly specific binding sites 
allows Cd to compete effectively against the macro-cations (Papadopoulos and Rowell, 
1 988). Under these conditions, the distribution coefficients are generally large and 
mobility will be much lower than that predicted by non-selective cation exchange 
reactions (McBride, 1 994) . However, increasing the Cd concentration pushes adsorption 
into the region of non-specific cation exchange and distribution coefficients 
subsequently decrease (Egozy, 1 980; Hendrickson and Corey, 198 1 ) .  It is apparent, 
therefore, that to understand and accurately assess metal behaviour in the natural 
environment, studies should be done at appropriately low concentrations. 

Evidence from the literature points to Cd2+ as the sole species through which adsorption 
of Cd to the solid phase takes place (Neal and Sposito, 1 986; Boekhold et al., 1 993).  
This species, therefore, provides the key to regUlating Cd mobility in soils and factors 
which most affect its concentration in solution and interaction with the solid phase will 
be of greatest interest with regards to leaching and residence times in soil. 

6.2.2 Soil and solution pH 

Soil and solution pH have been repeatedly identified as among the most important 
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factors in determining Cd mobility (Christensen, 1984a; Anderson and Christensen, 
1 988 ;  Christens en, 1 989; Homburg and BIiimmer, 1 993;  Naidu et al., 1 994). Soil 
solution pH has a major effect on many of the components involved in cation 
adsorption. It directly affects the speciation of Cd by influencing the stability and 
dominance of various metal complexes in solution, in particular the metal-hydroxy 
species which are involved in adsorption reactions (Hahne and Kroontje 1 973 ;  Egozy, 
1 980; McBride, 1 989; Naidu et al. , 1 994). Through its relationship with the H+ 

concentration, pH provides a measure of the competition for binding sites by H+ (Plant 
and Raiswell, 1 983). Furthermore, a change in pH causes a change in the variable 
charge and solubility of organic molecules, metal hydrous oxides, and the variable 
charge on clay minerals (Barrow, 1 993). 

In general, Cd has been found to be much more soluble in the pH range 4-5 than pH 5-7 
(BIiirnmer and Herms, 1 983). A soil's sorptive capacity can increase rapidly over a 
narrow pH range. Christensen ( 1 984b), for example, observed sorption to increase three 
times for each unit increase in pH. This is also illustrated by Cd adsorption on to iron 
oxides, a process normally completed (0 to 1 00% adsorption) within 2 pH units 
(Benjamin and Leckie, 1 98 1 ;  Sposito, 1 983;  BIiimmer et aI., 1 988; Gerth et al., 1 993) .  
Considering this,  organic acids released into the rhizosphere by  plant roots are 
especially important with their ability to reduce soil pH by up to one pH unit (McLaren 
and Cameron, 1 990) and thereby cause local mobilization of Cd. 

This dominant effect of pH on Cd mobility has also been seen in experimental leaching 
studies. Soils differing only in pH often show large variation in Cd mobility, the greatest 
degree of movement occurring at acid pH (McBride, 1 994; Holm et al., 1 995, as cited 
by Folke and Landner, 1 996) . In acid soils, therefore, Cd movement can be detected 
over years to decades as opposed to centuries - the time frame required for other more 
strongly held metals (McBride, 1 994). 

Low Cd solubility is normally observed above pH 6 - 7 (McBride, 1 994), though this 
depends on the sorbing surfaces present and solution characteristics (Elliott et al., 1 986; 
BIiimmer et al., 1 988; Gerth et al. , 1 993; Naidu et al., 1 994). However, in highly 
alkaline soils, Cd becomes mobile again due to monovalent hydroxy ion species not 
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easily occupying sites on cationic exchange complexes (Kabata-Pendias and Pendias, 
1 992). 

6.2.3 Redox Potential 

9 5  

Changes in redox potential occur when the oxygen content of the soil becomes depleted. 
This frequently occurs with waterlogging, and is accelerated by the respiration of micro­
organisms (Iu et al., 1 98 1 a; McLaren and Cameron, 1 990). Cadmium mobility is 
greatest under oxidizing, acidic conditions - i .e .  high positive values of EH' the redox 
potential (Plant and Raiswell, 1 983; Hermann and Neumann-Mahlkau, 1 985;  Gambrell 
et al., 1 99 1 ). Because Cd only exists in the +2 oxidation state, changes in redox 
potential do not affect its speciation directly. Instead Cd mobility is influenced 
indirectly by changes in the oxidation state of elements with which it forms chemical 
bonds. The most important elements are sulphur and transition metals such as Fe and 
Mn which exist in different oxidation states over the normal range of surface soil 
conditions (Sposito 1 983). Under severe reducing conditions, transformation of SO 4 2- to 
S2-causes immobilization of Cd as the CdS precipitate (Hermann and Neumann­
Mahlkau, 1 985;  McLaren and Cameron, 1 990) . This process was suggested by Poelstra 
et al. ( 1 979) as the reason why soil columns ceased to lose Cd during a period operating 
under anaerobic conditions. 

Under more moderate reducing conditions where Fe and Mn hydrous oxides become 
soluble, Cd2+ ions previously sorbed are released into solution, and Cd mobility may 
increase (Iu et al. , 1 98 1 a; Brown et al., 1 989; McLaren and Cameron, 1 990) . Re­
precipitation of the Fe and Mn oxides following a return to oxidizing conditions again 
provides sites for adsorption of Cd, but may also lead to Cd2+ ions being occluded into 
the re-forming oxide structure making them unavailable for future desorption (Brown et 

al., 1 989; McBride, 1 994). Cadmium mobility in acid soils can also decrease as a result 
of anaerobic conditions causing soil pH to shift towards neutral (Iu et al., 1 9 8 1  b; Singer 
and Munns, 1 987). 

In general, the effect of redox potential on Cd mobility is mainly through the changes 
experienced by Fe and Mn oxides. Iu et al. ( 198 1b) summarize the impact of 
waterlogged conditions as: decreasing EH through microbial respiration; increasing soil 
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pH if acid; decreasing stability and crystallinity of Fe and Mn oxides with resulting 
increased surface area; and possible precipitation of colloidal oxides should ferrous and 
manganous ions reach oxygenated zones. These factors are all considered to increase the 
sorptive capability of Fe and Mn oxides towards Zn and, based on the similarity in 
chemistry, it is reasonable to suppose that this would also apply to Cd. 

6.2.4 Ionic Strength 

In several field studies, ionic strength has been found to be at least as important as pH in 
regulating Cd solubility (Andersson, 1 976; McLaughlin et al., 1 994; Mitchell et al., 

1 997). On the whole, increasing ionic strength results in decreasing Cd sorption (Garcia­
Miragaya and Page, 1 976; PuIs et al., 1 99 1 ;  Boekhold et al., 1 993; Naidu et al., 1 994; 
Temminghoff et al., 1 995). In soils with variable charge, however, this trend can be 
reversed below a certain, soil-specific, pH (Naidu et al., 1 994). 

This influence that ionic strength has on Cd sorption comes from the effect that ionic 
strength has on Cd2+ activity, Cd-anion complexation, competition for exchange sites by 
other cations, and the electrostatic potential in the plane of sorption (Garcia-Miragaya 
and Page, 1 976; Plant and Raiswell, 1 983; Christens en, 1 984a; Barrow, 1 986; Naidu et 

al., 1 994) . Changes in ionic strength also cause changes in the soil-suspension pH due to 
exchange acidity (Andersson, 1 976; Barrow and Ellis, 1 986) and this will affect Cd 
mobility as  discussed previously. These effects of ionic strength are likely to cause 
localized increases in heavy metal solubility following fertilizer application -
irrespective of the fertilizer Cd content (Andersson, 1 977; Lorenz et al., 1 994). 

Cation competition 

As a significant contributor to the effect of ionic strength on heavy metal solubility, 
increasing cation competition for exchange sites is often cited as the cause for decreases 
in Cd adsorption (Garcia-Miragaya and Page, 1 977; Christensen, 1984a; Homann and 
Zasoski, 1 987; PuIs et al. , 1 99 1 ;  Boekhold et al., 1 993; Temminghoff et al., 1 995). 
Christensen ( 1 984a), for example, concluded that an increase in ci+ concentration from 
1 mM to 1 0  mM was responsible for reducing Cd sorption by approximately one third. 
Naidu et al. ( 1 994), however, argue that these observations also reflect, in part, changes 



in the electrostatic potential of the surface region caused by changes in solution 

composition. 
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The ability of a particular cation to compete for non-specific exchange sites generally 

follows an order defined by the size to charge ratio :  A1
3+ > ci+ > K+ > Na+ (Garcia­

Miragaya and Page, 1 977) . For example, compared to Na+ the cl+ ion can decrease Cd 

sorption by approximately 80% (Boekhold et al. 1 993). Such competitive adsorption is 

not restricted to the macro-cations either. Zinc and other heavy metals (Ni, Co, Cr, Cu 

and Pb) have also been found to reduce Cd sorption in soil and this may be important 

where sludge application has resulted in elevated concentrations of these other heavy 

metals (Tiller et al., 1 979; Christensen, 1 987a and 1 987b). 

Compiexation of cadmium by inorganic ligands 

While cation competition is frequently accorded the greatest responsibility for decreases 

in Cd sorption, it is also recognized that a major part is played by complexing reactions 

between Cd2+ and anions in solution (Hahne and Kroontje, 1 973; Garcia-Miragaya and 

Page, 1 976; Benjamin and Leckie, 1 982; Bingham et al., 1 983  and 1 984; O'Connor et 

al., 1 984; Boekhold et a/., 1 993; McLaughlin et aI., 1 994; Temminghoff et aI. , 1 995).  

By reducing the activity of Cd2+ in solution, complexes such as CdCl+ are able to reduce 

Cd sorption and hence enhance its mobility. In this way, Cd-chloro complexes could 

account for elevated Cd concentrations in potato tubers grown in the saline soils of 

southern Australia (McLaughlin et al., 1 994) . 

The dominant Cd form in soil solutions is the Cd2+ aqueous species, but complexes with 

anions are also found, predominantly CdS04 ° and CdCl+ in acid soils, and CdCl+, 

CdS040 and CdHC03+ in alkaline soils under oxic conditions (Sposito, 1 983 ;  Mullins 

and Sommers, 1986; Hirsch and Banin, 1 990) . Though the N03- ion can also form 

weak complexes with Cd (Roy et al., 1 993 ; Temminghoff et al., 1 995), in comparison 

to Cd complexation by cr and sot it is commonly considered to be non-complexing 

(Egozy, 1 980; Benjamin and Leckie, 1 982; Homann and Zasoski, 1 987;  Hirsch and 

Banin, 1 990; see also Table 6. 1 ). 



98 

Table 6.1 .  Stability constants for nitrate, sulphate and chloride complexes with Cd 
(Lindsay, 1 979). 

Reaction 

Cd2+ + cr = CdCI+ 

Cd2+ + 2cr = CdCI2
° 

Cd2+ + SO/ = CdS040 

Cd2+ + N03 - = CdN03 + 

1 .98 

2.60 

2 .45 

0.3 1 

However, while cr is consistently found to decrease Cd sorption (Garcia-Miragaya and 

Page, 1 976; O'Connor et aI., 1 984; Roy et al., 1 993), results from studies on the effect 

of SO/ complexing have not been so clear. Harmsen ( 1 992) suggests that formation of  

the neutral species CdS040 should significantly increase Cd mobility in soils because it 

is non-interacting. But, though Benjamin and Leckie ( 1 982) generally found reduced Cd 

adsorption with the addition of both cr and SO/, Homann and Zasoski ( 1 987) found 

no significantly greater decrease in Cd sorption when in 5 mM CaS04 than when in 4 

mM Ca(N03)2. 

These above comparisons are affected, however, by differences in the dissociation of the 

various (background) electrolytes. O'Connor et al. ( 1 984) calculated that up to 22% of 

the Ca2+ ions in a 5 mM CaS04 solution would be complexed with SO/. In contrast, 

only 2% of Ca2+ was complexed in 5 mM CaCI2. This reduction in the free Ca2+ activity 

decreases the competition which Ca2+ presents for exchange sites while also reducing 

the proportion of associated SO/ ions able to complex with Cd2+. Thus, in solutions of 

equal ionic strength, Cd can be expected to show greater sorption in CaS04 than CaCI2. 

This aspect of solution chemistry appears to be commonly overlooked in sorption 

studies. 

The importance of metal chloro complexes under conditions such as saline soils, soils 

exposed to road deicing salts and sea water was recognized by Hahne and Kroontje 

( 1 973). But, even under normal fertilization practices, agricultural soils can contain up 

to 20 mM cr in the soil solution (Wiklander and Andersson, 1 974). The influence that 

this anion has on the soil chemistry of Cd is therefore important. 
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Chlorides may be regarded as being selective towards heavy metals such as Cd because 

they do not complex strongly with Al (Ill), ci+, Ml+, Na+ and K+ (Hahne and 

Kroontje, 1973;  Garcia-Miragaya and Page, 1976) . In addition, chloro complexes form 

independently of pH and therefore have the ability to increase Cd concentrations in 

solution whether the soil is acidic, neutral or basic (Bingham et al., 1 984; Roy et al. , 

1 993; McLaughlin et al., 1 994 ) .  

Formation of the CdCl+ complex has been calculated to begin at 1 mM cr (Hahne and 

Kroontje, 1973). But a significant effect of Cd-Cl complexation on Cd sorption by clays 

has generally been found to begin only above 1 0  mM cr, typically around cr 
concentrations of 30  mM or 1 5  mM CaClz (Garcia-Miragaya and Page, 1 976; Egozy, 

1 980; Roy et al. , 1 993). For an acid soil, Bingham et al. ( 1 984) calculated that, at 5 mM 
cr, between 1 6  and 24% of dissolved Cd existed as the CdCt complex. This figure 

rose to between 3 8  and 4 1  % in the presence of 1 5  mM Cr. Similar partitioning of Cd 

species was found by Boekhold et al. (1 993); again in an acid soil, they estimated 50% 

of dissolved Cd to be in the Cl-complexed form when exposed to 20 mM cr. 

These cr concentrations - where Cd mobility has been found to be significantly 

increased through complexation - are similar to those that were found in saline soils of 

southern Australia  ( 1 1 to 34 mM Cr) and were thought to have caused increased Cd 

concentrations in potato tubers (McLaughlin et al., 1 994). However, normal soils are 

also exposed to high cr concentrations following, for instance, the application of sheep 

and cattle urine (Haynes and Williams, 1 992; Williams and Haynes, 1994). With cr 
concentrations of between 10 and 25 mM, these soils may likewise experience localized 

mobilization of soil Cd. Further sources of cr that are common to pastoral soils in New 

Zealand include K fertilizer and atmospheric sea-salts. Both sources have the potential 

to elevate cr concentrations; the second of these was studied for its impact on the anion 

balance of soil solutions from Limestone Downs - results are presented in section 6 .5 . 1 .  

6.2.5 Solid-solution ratios, temperature and physical means of cadmium 

transport 

While the distribution of Cd between solid and solution phases in soil has been found 

useful for describing potential Cd mobility, several workers report finding that changes 
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in the proportions of solid phase (either soil, or synthetic clay minerals) and solution 

phase produce different values for this distribution coefficient (PuIs et al., 1 99 1 ;  

Bajracharya et a!., 1 996). Decreasing the solid-to-solution ratio (i.e. decreasing the 

concentration of the solid phase) increased the value of the distribution coefficient 

leaving more Cd in the adsorbed phase. Changes in temperature also affect this 

adsorption equilibrium. Under conditions of low pH, cation adsorption will, generally, 

increase with an increase in temperature (Barrow, 1 992). These two phenomena are 

probably of most interest when distribution coefficients intended for modelling Cd 

movement in field soils have been determined from laboratory-based batch sorption 

isotherms under controlled conditions. 

The soluble complexes discussed in the previous section are not the only means by 

which topsoil Cd is translocated down the profile. Other physical, chemical and 

biological processes that have the same end result also operate within the field 

environment. Cadmium redistribution can occur through migration in association with 

the particulate fraction (Keller and Domergue, 1 996); physical mixing caused by 

particles washing or falling down cracks formed by root growth or wetting-drying 

cycles; and farm practices such as tilling and ploughing to break up pans. Mechanical 

mixing by soil biota (e.g .  worms) and plant uptake followed by surface deposition and 

redistribution via root growth and sloughing are other mechanisms. 

In addition, though loss through runoff water does not constitute leaching, removal of 

Cd from a soil profile in association with eroded sediment has also been found to 

account for over 5 0% of Cd applied to surface soil (Korentajer et aI., 1 993). Thus, 

erosion processes may be another important consideration when calculating Cd mass 

balances and estimating residence times in soils. 

6.3 OBJECTIVES 

An understanding of how Cd behaves in soils, particularly those factors controlling the 

concentration of Cd in soil solution and leaching, is essential for: 1 )  assessing its 

potential residence time and subsequently 2) for predicting the future trend in Cd 

accumulation in New Zealand soils. 
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When reviewing the literature, however, the number o f  studies that had investigated Cd 

mobility in New Zealand soils were limited (Kim, 1990; Kim and Fergusson, 1 992; 

Naidu et ai, 1 994; Smith, 1 994; Gray et ai, 1 998). More extensive research in this field 

has been done overseas, but this has largely been based on adsorption isotherms or 

leaching experiments in which the first reaction is the adsorption of freshly applied Cd 

to the solid media (Poelstra et al., 1 979; Christensen, 1 985 ;  Selim et al., 1 992; Kookana 

et al., 1 994; Hinz and Selim, 1994). 

Data that describe the mobility and redistribution of Cd already resident in the soil, for 

which desorption is the initial step, are rare. In view of the potential for adsorption and 

desorption isotherms to show time-dependent hysteresis (caused, for instance, by 

essentially uni-directional solid state diffusion) (Briimmer et al., 1 986 and 1 988 ;  Mann 

and Ritchie, 1 994; Ainsworth et al., 1 994; Verburg and B aveye, 1995), studies which 

quantify only the adsorption reaction of Cd to soil material may describe less well the 

mobility of resident soil-Cd. Furthermore, it is clear from evidence presented in the 

literature that the soil-solution composition has a major impact on Cd sorption. This is 

particularly so with regard to the presence of inorganic ions which have the ability to 

complex Cd. Hence, to be environmentally applicable, mobility studies require a 

background electrolyte which is of similar composition and concentration to the soil 

solution of the soils under study. 

Bearing in mind these observations on the literature and the focus of my studies on Cd 

in the soils of Limestone Downs, this chapter aims to : 

1 )  Characterize the anions present in coastal New Zealand soils (Limestone Downs) 

that have the ability to complex Cd, and 

2) Investigate the potential for leaching of soil-bound Cd in several New Zealand 

soils as influenced by electrolyte composition and soil properties. 

6.4 MATERIALS AND METHODS 

6.4.1 Preliminary analysis of soil solution from Limestone Downs 

In order to determine the concentrations of charge balancing anions in soil solution and 

to confirm the importance of cr as an anion with potential to accelerate Cd movement, 
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soil from the coastal property of Limestone Downs was collected in July, 1 995 (mid­

winter in New Zealand). Bulked samples of 5 cores, 2 .5  cm diameter and 7.5 cm deep, 

were taken from 6 locations on the Wairama Hill series (yellow brown earth) .  The soils 

were placed in a refrigerator at 4°C and extracted the following day using centrifugation. 

Sufficient solution (6 - 7 mL) was obtained from each sample by centrifuging 80 g of 

soil for 30  minutes at 1 0  000 rpm. 

An aliquot of the solution was used immediately to measure the soil solution pH. The 

major anions (F, cr, N03-, PO/ and SO/) were determined by ion chromatography 

after filtration through a 0.22 Mm Millipore filter. The instrument involved was a Waters 

Ion Chromatograph equipped with an IC-P AK A anion guard column and an IC-P AK A 

anion chromatography column (H. Percival, Landcare, Palmerston North, pers. comm.). 

Electrical conductivity (EC) was measured on another portion of the soil solution 

extracts and standardized against KC} solutions at 25°C. 

6.4.2 Laboratory leaching studies on repacked soil columns 

As outlined in Chapter 5, Cd present in soil was divided into three categories based on 

its source, namely: native Cd, resident Cd, and added Cd. The latter was introduced into 

the soil as Cd(N03h for the purposes of studying Cd mobility in this and the following 

Chapter. Cadmium loadings of between 1 and 2 mg Cd kil soil were chosen for these 

studies so as to be relevant to the New Zealand situation where Cd concentrations in the 

topsoil rarely exceed more than a few parts per million (Table 2.4 and Chapters 4 - 5). 

Soil materials 

Four soils differing in chemical and physical properties were studied: Manawatu, 

Kohemarere, Wharekohe [Developed] and Wharekohe [Undeveloped] . The 

classification and general characteristics of each soil are given in Table 6.2; their 

sampling locations within the North Island of New Zealand are shown in Figure 6 . 1 .  

The soil properties were characterized using the methods described in Chapter 3 .  Clay 

mineralogy was determined according to the methods of Whitton and Churchman 

( 1 987). 



Figure 6. 1 .  

Wharekohe fine silt loam 
Northern podzol 
Undeveloped: Manuka & bracken (A horizon) 
Developed: Pasture, 25 years fertilizer (A horizon) 

Kohemarere fine sandy loam 
Northern yellow-brown earth 
Pasture (A horizon) 

Manawatu fine sandy loam 
Central recent alluvial 
Pasture (A/B horizon mix) 

Geographical location of (North Island, New Zealand), and sample 
site information on soils studied in the column leaching 
experiments. 

1 03 
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Table 6.2 Selected characteristics for four soils used to study Cd redistribution in 
columns of soil leached under laboratory conditions with a range of 
electrolyte compositions and concentrations. 

Soil properties t Manawatu Kohemarere Wharekohe Wharekohe 
[U ndeveloped] [Developed] 

Soil type Manawatu fine Kohemarere fine Wharekohe fine Wharekohe fine 
sandy loam sandy loam silt loam silt loam 

Soil Group Central recent Northern yellow- Northern podzol Northern podzol 
alluvial brown earth 

Resident Cd 0.050 0.272 0.0 1 3  0.430 (Ilg gO ' )  t 

Soil pH 5 .45 4.95 4.48 6.02 

Total carbon (%) 1 .6 6.5 4 .8  7 .5  

Moisture content 1 .5 5 .5 10 .3  4 .5  
of air dry soil (%)� 

Dominant clay Mica - 75% Kandite - 40% Quartz - 90% Quartz - 85% 

minerals Vermiculite - 10% Smectite - 40% Vermiculite - 3% Vermiculite - 5% 
Quartz - 1 5% 

Cation exchange capacity (meq per 1 00 g) t 

Total CEC 1 0.5 3 3 .5 1 5 .3 2 1 .5 

H+ 3 .75 2 1 .72 1 3 .22 6.3 1 
Ca2+ 4.25 7.30 0.70 1 3 . 1 6  
Mg2+ 

1 . 1 3  3 . 5 8  0.76 0 .76 
K+ 1 .32 0.69 0.45 1 .08 
Na+ 0.09 0 . 1 9  0. 1 5  0. 1 9  

t On air dry soil unless otherwise indicated 

i On oven dry soil 

§ Gravimetric moisture content of air dry soil (%) 
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Manawatu soil 

The Manawatu soil was collected as a laboratory standard soil from the Massey No. 1 

Dairy farm (L. D .  Currie, pers. comm.) .  The 0 - 1 5  cm soil cores (a mixture of A and B 

horizons) were dried and sieved to 2 mm. It is low in carbon, available P (Olsen P) and 

total Cd. 

Kohemarere soil 

Collection of the Kohemarere soil from Limestone Downs took place in July 1 995 near 

to the profile pit dug for its description, Profile 1 6  (Chapter 4). After removal of the 

herbage and root mat, a sample of the top soil (about 0 - 7.5 cm) was taken. At sanlpling 

it was noted that, despite the very wet ground surface, under the root mat this soil still 

had a dry appearance. The soil was laid out to air dry, then crushed to pass through a 

1 mm sieve. 

Wharekohe soil I 

Two sites on the Wharekohe silt loam were sampled, one from under long-term pasture 

and another from under Manuka and bracken scrub. This gave rise to two soils virtually 

identical in mineralogy but differing in properties such as soil pH, CEC and Cd content, 

which can be influenced by soil management practices. In the following studies these 

soils are referred to as Wharekohe [Developed] and Wharekohe [Undeveloped] . Soil 

samples were collected mid-August in 1 995 from the AgResearch research station, 

Kaikohe (Figure 6. 1 ). The Wharekohe [Developed] soil came from near the L B lock site 

studied as part of the Wharekohe chronosequence discussed later in Chapter 8 .  

Similarly, the Wharekohe [Undeveloped] soil here was taken from a site comparable to 

that of the Undeveloped sites in this later study. 

As northern podzols (Table 6.2), these soils have been subjected to severe disturbance, 

firstly during gum digging at the turn of last century, and later through ripping of the 

hard E horizon for drainage in preparation for pasture development. Pugging by stock is 

also a problem. As a result, they were difficult to sample to a consistent depth; the 

maximum depth was around 1 0  cm and care was taken to exclude the eluvial horizon. 

After air drying, both soils were crushed to pass through a I mm sieve. 

I The effort of Dr. J. Edwards in locating and sampling these soils is gratefully acknowledged 
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Soil columns 

The plastic permeameters used in these leaching studies were constructed using perspex 

tubing with an internal diameter of 4.5 cm, a base mesh of 44 J,lm polyester-sieve fabric 

and a removable front section to facilitate partitioning of the soil column into 5 mm 

segments (after Kim, 1 990). A waterproof, silicone-based sealant (Selleys Window and 

Glass Sealant) was used to hold the removable section in place during leaching. No Cd 

contamination from the use of this sealant was observed. The permeameter design is 

illustrated in Figure 6.2. 

As a way of more closely relating laboratory investigations of Cd movement to normal 

pasture soils, the soil columns used for these leaching experiments had a two-layer 

arrangement (Figure 6.2). The top soil layer consisted of 20 mm of Cd-amended soil 

with a Cd concentration of at least 1 J,lg Cd g-l - thereby simulating natural topsoil with 

its accumulated Cd (section 2.7). The bottom layer consisted of unamended, low Cd soil 

(40 mm) to simulate the rapid decrease in Cd concentration with depth found in the soil 

profiles of Chapter 4. However, with this arrangement, it was necessary to know the 

position of the original high-CdJlow-Cd boundary in order to assess the extent of Cd 

movement induced by leaching. Because soil compaction during leaching caused 

changes in soil depth, this boundary point had to be located by a physical marker within 

the soil column. Hence, a piece ofWhatman 41 filter paper was placed between the top 

and bottom layers. 

The different Cd concentrations required for the top and bottom layers were obtained by 

taking subsamples of the air-dried bulk soil described previously and treating as 

follows: 

Cadmium-amended soil 

The Cd-amended soil was produced by adding Cd, as Cd(N03h (Spectrosol) diluted in 

deionized water, to air-dry soil in the ratio :  1 J,lg Cd to every gram of oven dry soil. The 

concentration of the added Cd solution was such that soil gravimetric water contents of 

between 12 and 1 7% would be achieved. At these moisture contents the Manawatu soil 

appeared quite moist while the Kohemarere remained dry to the touch. 



Cd-amended soil ( I  Ilg g-l added Cd) 

High-low Cd boundary from which to 
measure Cd movement - marked by a 

filter paper 

Unamended soi l  

Base mesh, 44!J.m 

Removable front 
section of perspex 
column 

Column diameter, 4.5 cm 
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Figure 6.2. Schematic diagram of the permeameter design and soil arrangement used 
for studying Cd movement. 
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Although different soils had different resident Cd concentrations (Table 6 .2), each soil 

received the same amount of added Cd - and no attempt was made to bring the soils to 

the same total Cd concentration. 

Unamended soil 

Each unamended soil received the same quantity of deionized water as was added to the 

Cd-amended soils - giving moisture contents of between 1 2  and 1 7% - but received no 

Cd. This provided the bottom soil layer discussed earlier. 

Each soi l  treatment was incubated in closed plastic bags for 20 days at about 2 1  Qc. At 

regular intervals the bags were opened to ventilate, and the soil was mixed. Following 

incubation, the soils were weighed and their final moisture content was determined to 

allow the calculation of equivalent oven dry weights (in order to standardize the mass of 

soil packed in each column). To homogenize the soil and break up aggregates, each soil 

was pushed through a 1 mm sieve prior to packing in the columns. 

Consistency in soil mass and the mass of added-Cd between columns was maintained by 

packing the same equivalent oven dry soil weight for all soils. This soil weight was 

taken as the mass of Manawatu soil required to give the 40 mm deep bottom layer and 

the 20 mm deep top layer in the 4 .5  cm diameter permeameter. These weights were 68 g 

oven dry soil and 34 g oven dry soil respectively. Because of the variation in bulk 

density between soil types, the height of soil in each column differed between soil type. 

The total height of soil in a column ranged from 60 mm for columns of Manawatu soil 

to 92 mm for columns of Wharekohe developed soil. Specifications for all columns are 

summarized in Table 6.3. 

In addition to Cd-amended columns composed of Cd-amended and unamended soil, 

control columns containing only unamended soil were also prepared. These control 

columns were required to distinguish between resident Cd entering the leachate from the 

bottom soil layer, and added-Cd from the Cd-amended top soil layer which had leached 

down through the column. A second piece of filter paper was placed on the soil surface 

to distribute leaching solution and prevent soil disturbance. 
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Table 6.3 Data summarizing the make-up of the top and bottom soil layers of the Cd-
amended columns for each soil type used in subsequent leaching studies, 
and main parameters for both Cd-amended and control columns .  t 

Column parameters Manawatu Kohemarere Wharekohe Wharekohe 
[Undeveloped] [Developed] 

Top SOIL LAYER: Cd-amended 

Mass of soil (g) 34 34 34 34 

Height t (mm) 1 9.2 26.0 23 .0 29.8 

( 1 7  - 23) (25 - 27) (22 - 24) (29 - 30) 

Cd concentration 1 .0 1 4  1 .290 1 .0 1 9  1 .435 
(Jlg g. l ) 

Mass of Cd (Jlg) 34.48 43 .86 34.65 48.79 

- - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - _ .  
BOTTOM SOIL LAYER: Unamended 

Mass of soil (g) 68 68 68 

Height t (mm) 37.9 48.8 48.5 

(35 - 43) (48 - 50) (48 - 49) 

Cd concentration § 0.050 0.272 0.0 1 3  
(Jlg g.l ) 

Mass of Cd (Jlg) 3 .40 1 8 .50 0.88 

SPECIFICATIONS FOR COMPLETED SOIL COLUMNS 

Mass of soil (g) 1 02 1 02 1 02 

Height t (mm) 57.2 74.8  7 1 .5 
(54 - 63) (74 - 75) (7 1 - 72) 

Mass of Cd (Jlg): 

Cd-amended columns 37.88 62.36 3 5 .53  

Control columns 5 . 1 0  27.74 1 .33  

Data refers to oven ( l 05°C) dry soil unless otherwise indicated. 
Height of columns at the completion of leaching (range is in parentheses). 
Equal to the resident Cd concentration given in Table 6.2.  

68 

6 1 .3 
(60 - 62) 

0.430 

29.24 

1 02 

9 1 .0 
(90 - 92) 

78.03 

43.86 
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Solution application and leach ate collection 

All leaching solutions were prepared by dissolving Analar-grade chemicals in deionized 

water. When freshly made, the pH of these solutions were similar at pH 5 .6 ± 0 .044 

(95% confidence level). The solutions were stored in acid washed, deionized water­

rinsed plastic bottles before and during the experiments .  

Leaching solutions were applied to the top of the soil columns via plastic tubing and 

allowed to percolate through the soil column under the influence of gravity. The 

application rate was regulated by a peristaltic pump calibrated to deliver 0.05 mL min.-I . 

This flow rate was chosen to accommodate the lowest hydraulic conductivity found in a 

preliminary experiment (data not presented), while also approximating the low rainfall 

infiltration rates which field soils commonly experience (Yao and Hendrickx, 1 996). 

Leachate flow rates did not always conform to the 0.050 mL min.-1 rate, but varied from 

0 .004 to 0. 1 12 mL min- ! over the duration of leaching. This variation was attributed to 

several factors, including: temporal differences in soil hydraulic conductivity; 

inconsistency in peristaltic pump-tube brands; and mechanical wear of both the pump 

tubes and the peristaltic pump over the experimental period. However, evidence from 

the literature suggests that changes in flow rate do not significantly affect the Cd 

sorptionldesorption equilibria (Alesii et al., 1 980; Bajracharya et al., 1 996). 

Individual leachate samples were collected manually using pre-weighed 1 00 mL plastic 

beakers and sample volumes were determined by assuming that for a dilute solution, at 

room temperature, 1 g of solution equalled 1 mL. Subsamples of the leachate were 

placed in clean storage tubes and kept in cold storage (5°C) until analysis. These 

samples were not acidified so that anion determinations could be made if required. 

Leachates were analyzed directly for total Cd as described in section 3 . 5 .  Sub samples of 

leachate were analyzed for pH and in some cases electrical conductivity. Other elements 

in the leachate were determined by inductively coupled argon plasma-optical emission 

spectrometer (ICAP-OES, Applied Research Laboratories model 34000). 

Determining the cadmium distribution within the soil column 

Following collection of the last sample of leach ate, each column was disconnected from 
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the peristaltic pump and left to stand for 5 minutes. The column was then weighed to 

give the saturated water content required for the modelling work presented in Chapter 7.  

Where columns had ponded, solution application stopped some time prior to finishing 

leaching and excess surface ponded solution was removed before weighing. 

After drying to reduce moisture content, the front partition of the perspex column was 

removed by cutting through the silicone sealant, and the soil column sliced into 0 .5 cm 

increments .  Some distortion of the soil columns occurred during leaching - increased 

packing density and reduced column height, and some stretching of the base mesh so 

that the soil column centres dropped relative to the edge - and this created difficulties 

when trying to section each column accurately. In addition, care was also needed to 

avoid cross-contamination between soil sections. 

The soil sections were transferred to clean plastic bags and dried to a constant weight in 

a 4SoC oven (air dried). Following drying, the sections were weighed to calculate the 

recovered soil weight and then crushed. Mass balances on the recovered soil indicated 

that, for these small samples of soil, oven drying at 45°C gave recoveries very close to 

the initial oven dried ( lOSoC) weight of soil ( 1 02 g). The exception was the Kohemarere 

soil for which 1 04 g of soil was generally recovered. As this soil contains smectite, an 

expanding clay, a harsher drying regime would have been required to remove water 

from the interlayer spacing. 

The column soil sections were analyzed for pseudo-total Cd (section 3 . 3 .2) and soil pH 

(section 3 .6.5) .  In the case of some Manawatu soil sections, other elements were 

determined by ICAP-OES (section 3 . 3 .6) following digestion in concentrated acid 

(section 3 .2 .3 . 1 ). 

Contamination was identified by mass balance calculations in five columns out of fifty. 

This contamination was significant in three columns in Experiment 1 ,  but tmtraceable 

where possible these were repeated. Other minor contamination also occurred in 

Experiment 4. I attributed this to siphoning of leaching solution, which had ponded 

above some columns, back into the solution storage bottles - consequently 

contaminating the leaching solution with Cd. Later it was found that the 2 .5 mM CaC12 
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solution used to leach the columns in this experiment had Cd concentrations of between 

0 .37 and 0.68 Ilg Cl (Ppb). 

The soils and leaching solutions used in each of the following four experiments are 

summarized in Table 6.4. 

Table 6.4 Leaching solutions and soils used to study Cd redistribution in re-packed 
soil columns under laboratory conditions. 

SOILS 

Experiment 1 :  

Manawatu 

Experiment 2 :  

Manawatu 

Experiment 3 :  

Manawatu 

Experiment 4: 

Manawatu 
Kohemarere 
Undeveloped 
Developed 

LEACHING SOLUTIONS 

Cadmium movement in columns of Manawatu soil as 
influenced by the presence of anions and cations 

2 .5  mM Ca(N03)2 
2 .5  mM CaS04 
2 .5  mM CaC12 

50.0 mM CaC12 

2 .5 mM KCl 
5 .0 mM KCl 
7.5 mM KCI 
Deionized water 

Effect of increasing CaClz concentration on cadmium 
movement in Manawatu soil columns 

5 .0  mM CaC12 
1 0.0  mM CaC12 

20.0 mM CaCI2 
35 .0 mM CaC12 

Response of leachate cadmium concentrations to wetting­
drying cycles 

2.5  mM Ca(N03h 
2 .5  mM CaS04 
2 .5  mM CaC12 

50.0 mM CaC12 

2 .5 mM KCl 
5 .0 mM KCl 
7 .5  mM KC} 
Deionized water 

Cadmium movement in soils of differing chemical and 
physical properties when leached with 2.5 mM CaCl2 

2 .5  mM CaC12 



------------- ---- -

1 1 3 

6.4.3 Experiment 1 :  Cadmium movement in columns of Manawatu soil as 

influenced by the presence of anions and cations 

The influence of anion complexation on Cd mobility was studied by comparing Cd 

movement in columns ofManawatu soil leached with deionized water, 2 .5  mM CaCI2 

(replicated), 2.5  mM Ca(N03h and 2.5 mM CaS04' A salt concentration of 2.5  mM was 

chosen to give solutions with an ionic strength close to that normally found for soil 

solutions in the topsoils of New Zealand grasslands. The resulting ionic strengths of 

0.0075 to 0.01 are slightly higher than the typical value of 0.005 reported by Edmeades 

et al. ( 1 985), but lie within the 0.003 - 0.0 1 6  range given. An additional treatment of 50 

mM CaC12 (replicated) was included in this experiment, but results from columns 

leached with this solution are presented as part of Experiment 2 .  

Competition for sorption sites by other cations in solution increases the potential for Cd 

leaching. In order to resolve the separate contributions made by anion complexation and 

Ca2+ competition on Cd movement in columns, additional leaching solutions of KCl 

were studied and compared with the 2.5 mM CaC12 treatment. Because of the different 

valencies of K+ and Ca2+, three concentrations of KC I solutions were used to match the 

2.5 mM CaCl2 solution. These were: 2.5 mM KC} (to give equal cation concentrations); 

5 .0 mM KCl (equal anion concentrations); and 7 .5  mM KCl (equal ionic strengths) . 

For the above comparison, K+ was chosen over the other frequently used cation , Na+ 

(Boekhold et al., 1 993;  Naidu et al., 1994; Temminghoff et al., 1 995) because of 

adverse effects which Na + has on soil structure. Whereas Ca2+ promotes clay 

flocculation, Na + deflocculates clay particles (Greene et al. , 1 988).  This opposing effect 

on aggregate surface area may itself influence the relative Cd sorption (Pulford, 1986), 

This was avoided by comparing Ca2+ and K+. 

A total volume of 1 000 mL of leachate was collected for each column over a period of 9 

to 22 days at an average flow rate of 0.063 mL min- l (equivalent to 0.24 cm h- 1 ) .  

Leachate collection volumes varied from 2 .5  - 10  mL at the start, to 40 - 50  mL later in 

the experiment. A preliminary experiment suggested that Cd generally appeared in the 

leachate as a sharp, brief peak at the start of leaching. To capture this event small 

volumes were used for the first 1 0  collections, but resulted in delayed reading of the 
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leachate pH. The pH data recorded later using a micro-electrode showed unexplainable 

variability and are not shown. Later experiments and repeated treatments from this 

experiment (2.5 mM Ca(N03)z, deionized water and 2 .5  mM CaC12 repeated as part of 

Experiment 4) had pH values recorded at the time of collection, on subsamples of 

leachate not used for Cd analysis, and these results are presented later in Figure 6 .5 .  

6.4.4 Experiment 2 :  Effect of increasing CaCl2 concentration on  cadmium 

movement in columns of Manawatu soil 

Columns ofManawatu soil were prepared as described in section 6.4.2 and leaching 

procedures were changed as follows: Solutions of CaC12 at concentrations of 5 .0  mM , 

1 0  mM, 20 mM and 35 mM CaC12 were each percolated through one Cd-amended and 

one control column for between 20 and 22 days until a total of 1 000 mL of leachate had 

been collected. The average effluent flow rate over the eight columns was 0.033 mL 

min-1 . These treatments were not replicated. 

6.4.5 Experiment 3 :  Response o f  leachate cadmium concentrations to 

wetting-drying cycles in columns of Manawatu soil 

After collecting 1 000 mL of leachate, the Manawatu soil columns used in Experiment I 

were allowed to drain and left for 8 days at room temperature without the application of 

any solution. This drying period was intended to allow the restoration of equilibrium 

between Cd sorbed on to the solid phase and Cd ions in solution. After 8 days the 

columns were again subjected to leaching (with the solutions used prior to drying, e.g. 

2.5 mM CaC12, 50 mM CaC12, deionized water, 2.5 mM KCl) until 50 mL had been 

collected in 5 mL aliquots. The procedure was to be repeated if Cd concentrations in the 

leachate showed a marked response to the new wetting cycle. 

6.4.6 Experiment 4 :  Cadmium movement in soils of differing chemical and 

physical properties when leached with 2.5 mM CaCI2 

In this study, the objective was to investigate Cd movement in New Zealand soils which 

varied in soil pH, particle size, bulk density, CEC, organic matter and clay minerals. 
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Four soils were selected for this study: the Manawatu fine sandy loam, Kohemarere fine 

sandy loam, and the Wharekohe fine silt loam in two stages of pasture development, 

Undeveloped and Developed. The distribution of Cd down soil profiles of Kohemarere, 

Wharekohe Undeveloped and Wharekohe Developed at field sites have been studied 

elsewhere in this thesis. Physical and chemical properties for all soils are presented in 

Table 6.2. 

Duplicate Cd-amended and control columns of each soil were prepared as described in 

section 6.4.2 and leached with 2 .5  mM CaCl2 until 1 000 mL of leachate was collected. 

This took 1 9  - 22 days for the Manawatu and Kohemarere soils, and between 22 and 35  

days for the Wharekohe soils .  A 2.5 mM CaC12 1eaching solution was chosen to 

approximate field soil-solution ionic strengths with a view to gauging the potential for 

Cd movement in these soils under field conditions. Between Experiment 1 and 

Experiment 4, the 2 .5  mM CaCl2 treatment-Manawatu soil combination was repeated 

four times to give a total of four Cd-amended columns and four control columns .  These 

are presented collectively in Appendix 4 to illustrate the reproducibility of the leaching 

results. 

Average flow rates for each soil type were: 0.033 mL min- 1 for the Manawatu soil ;  

0.036 mL min-1 for the Kohemarere soil ;  and 0.026 mL min-1 for the Wharekohe soils. 

The lower flow rate of the Wharekohe columns reflects the severe surface ponding 

which occurred during the later stages of leaching. Under these ponded conditions their 

flow rates gradually dropped to reach about 0.0 1 0  mL min-1 after approximately 900 mL 

(560 mm) of effluent had passed. 

6.5 RESULTS AND DISCUSSION 

Preliminary studies 
Because of the coastal location of Limestone Downs, soils on the property are subjected 

to higher inputs of cr than inland regions through sea spray. With the greater mobility 

of the CdCt species (section 6.4.2), this additional cr in the soil solution presents the 

potential for increased Cd movement within these soils. 
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6.5.1 Analysis of soil solution from Limestone Downs 

Analysis of soil solution from Limestone Downs identifies cr as the dominant anion 

(Table 6 .5) .  A similar finding was reported by Heng et al. ( 199 1 c) for a site located 30 

km from the coast where cr concentrations in drainage water regularly exceeded 2 mM 

cr. This was attributed, in part, to the application of KC} fertilizer, but also to a 

substantial input from the atmosphere. However, the general order of anion 

concentrations for New Zealand top-soils under pasture has been found to be: nitrate > 

sulphate > chloride (Edmeades et al., 1 985). 

Comparing anion concentrations in Table 6.5 with the ranges given by Edmeades et al. 

( 1985): nitrate, 0 - 6 .86 mmol L-1 ; sulphate, 0 - 1 . 99 mmol L-1 ; and chloride, 0 .06 - 1 . 1 3  

mmol L-1 ; it can b e  seen that, while N03- and SO/ concentrations at Limestone Downs 

fall at the lower end, all but one of the cr concentrations exceed the maximum found by 

Edmeades et al. ( 1 985).  This illustrates the significant impact that a coastal location has 

had on the anion balance in the Limestone Downs soils. 

The low concentrations ofN03- and SO/ may be a reflection of leaching during a 

period of unusually high rainfall just prior to sampling ( 1 1 0  mm in 1 4  days, Mr. W. 

Deighton, Farm Manager limestone Downs). This being the case, cr concentrations 

may also be lower than normal. Had soil solutions been sampled during summer instead 

Table 6.5 Anion composition of soil solution samples taken from the coastal property 
of Limestone Downs during the winter of 1 995 .  Exposure of the sampling 
sites to coastal breezes are also indicated. 

Sample Aspect Exposure pH EC Anion concentration 

cr S04
2
- N03-

().lS cm-I) -------(mmol L-1) _______ 

S I  westerly moderate 5 .74 372 1 .60 0 . 1 2  0 .87 
S2 westerly moderate 5 .54 397 1 .42 0. 1 7  1 . 1 7  
S3 easterly sheltered 5 .68 2 1 8  0.94 0. 14  0.6 
S4 north-west exposed 5 .56  286 1 .8 1  0.22 0 . 1 2  
SS  north-west moderate 5 .43 264 1 .32 0.24 0 .29 
S6 hill top exposed 6 .22 391  1 .70 0.22 0.65 
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of winter, the accumulation of sea salt deposits between infrequent rainfall events may 

have elevated chloride concentrations even further. 

Although sampled at increasing distances from the coast (S 1 to S6), soil solution cr 
does not show a corresponding decrease in concentration. Instead, concentrations appear 

to be most strongly influenced by local geography those sites most exposed to the 

coastal wind show the highest cr concentrations. Certain aspects and locations on the 

landscape may, therefore, be susceptible to greater Cd mobility because of locally 

higher cr concentrations. As a result, they may show higher leaching losses of Cd from 

top-soil, and/or greater uptake by plants. The influence of cr on Cd movement in such 

soils is an important aspect which needs further investigation. 

Laboratory leaching studies 
The results from replicated columns showed close agreement, both in leachate Cd and 

the final soil Cd profile. To illustrate this, results from replicated columns ofManawatu 

soil 1eached with 2 .5  mM CaC12 (four Cd-amended and four control columns) are 

presented together in Appendix 4.  Within this chapter, therefore, results from only one 

Cd-amended and one control column are presented for brevity. 

6.5.2 Experiment 1 :  Cadmium movement in columns of Manawatu soil as 

influenced by the presence of anions and other cations 

Effect of anion (er, SO/, and NO;) on cadmium movement 

A small peak of Cd appeared in the initial leachates collected from both Cd-amended 

and control columns. Otherwise, no notable loss of Cd to the leachate occurred for any 

of the different leachate treatments: deionized water, 2 .5 mM CaC12, 2 .5  mM Ca(N03)2, 

or 2.5 mM CaS04 (Figure 6.3). As a result, total Cd recovered in leachate from the Cd­

amended columns was less than 0.3 % of that initially present in the soil, Table 6.6 .  

Within the soil itself, however, redistribution of added-Cd in the top soil layer of the 

Cd-amended columns was clearly apparent where the leaching solution had contained a 



- . 

1 .0 (a) Deionized H2O 

0. 8 

.- 0.6 
� 
bll 0.4 ::t "-' • 
(l"l 0.2 ,..,. c= ..Cl (J 0.0 c= (l"l -
= 0 200 400 600 800 1 000 .-
= 0 .- 1 .0 ,..,. (c) 2.5 mM Ca(N03)2 c= !. 

,..,. = 0.8  (l"l (J = 0 0.6 (J 
'0 
U 0.4 

0.2 • 
• 

0.0 0 

0 200 400 600 800 1 000 

Cumulative leach ate volume (mL) 

1 .0 

0. 8 

0.6 

0.4 

0.2 � 

0.0 

0 

1 .0 

0 .8  

0.6 

0.4 

0.2 

0.0 

0 

200 

200 

(b) 2.5 mM CaCl2 

� • «<. .  � � (/I '1. 0  
. .  , . �  

400 600 800 1000 

(d) 2.5 mM CaS04 

po.oflO,p �.��� ��(J(J 41 

400 600 800 1000 

Cumulative leach ate volume (mL) 

Figure 6.3. Concentrations of Cd in leachate from columns of Manawatu soil leached with 1 000 mL of: (a) deionized water; (b) 2.5 mM 
CaC12; (e) 2.5 mM Ca(N03h; or (d) 2 .5  mM CaS04' Cd-amended columns which contained added-Cd in the top soil layer are 
indicated by closed symbols; control columns are indicated by open symbols. 

..-
.-
00 



(a) Deionized H2O (b) 2.5 mM CaC)2 

20 Cd-amended 20 Cd-amended 

--
8 10  10  
8 '-' 

0 0 
C · 

0 ;  � 
_ 1 0 0 0 :  0.2 0.4 0.6 0 .8 1 .0 1 .2 

_ 1 00 0 .6 0 .8  1 .0 1 .2 
"0 t t = = -20 -20 0 ,Q 
8 -30 unamended -3 0  unamended 
0 

� 
= -40 -40 

8 
(c) 2.5 mM Ca(N03)2 (d) 2.5 mM CaS04 = -0 

Cd-amended Cd-amended (J 20 20 -.-0 
'" 1 0  1 0  = • J 

.-
.= 0 0 .... Q,. 

_ 10 0 0 :  0.6 0.8 1 . 0  1 .2 
_ 1 0 0 o ; .2 0.4 0.6 0 .8  1 .0 1 .2 Qj 

� · t t -20 -20 

-30 .' unamended -30 unamended 

-40 -40 

Cd concentration in soil (Ilg got) Cd concentration in soil (Ilg got) 

Figure 6.4. Final distribution of Cd in columns of Manawatu soil leached with 1 000 mL of: (a) deionized water; (b) 2.5 mM CaC12; (e) 2.5 
mM Ca(N03)2 ; or (d) 2 .5  mM CaS04' Cd-amended columns which contained added-Cd in the top soil  layer are shown as a solid 
line; control columns are shown as a dashed line. Arrow indicates initial Cd concentration in the Cd-amended soil of the top layer. 



120 

Table 6.6. Amount of  Cd recovered in the leachate and that remaining in columns of 
Manawatu soil (Cd-amended) leached with 1 000 mL (630 mm) of salt 
solution. 

Leaching solution 

Deionized water 

2 .5  mM Ca(N03h 

2 .5  mM CaS04 

2 .S  mM CaC12 

+ 
2.S mM KCI + 

S .O mM KCI 

7 .5 mM KCI 

Cd collected in leach ate 

(fig) 

O.OS 

0.02 

0.09 

0. 1 0  

0.03 

0.02 

0 .08 

(%)t 

0. 1 

0 . 1  

0.2 

0 .3 

0 . 1  

0 . 1 

0 .2 

Cd lost from Cd recovery 
topsoil for treatment 

-----------------(�o)-----------------

6 98 

1 3  1 00 

9 1 06 

1 0  1 03 

1 1 8 

3 l OS 

3 1 05 

f Expressed as % of the total Cd present in the soil column at the start of leaching (Table 6.4) + 
+ Contamination found in the topsoil of this column following leaching makes the calculation of Cd 

loss from the topsoil meaningless. 

calcium salt, Figure 6.4. This contrasted sharply with the very limited movement caused 

by deionized water and is in agreement with the general effect of increasing ionic 

strength on Cd adsorption on the solid phase (Garcia-Miragaya and Page, 1 976; Naidu 

et al., 1 994) . This redistribution in the columns leached with CaC12 and CaS04 appears 

restricted to the top layer with an apparent accumulation of Cd immediately above the 

filter paper. At the apex of the Cd profile in this region the Cd concentration is actually 

greater than that of the original Cd-amended soil (indicated by the arrow in Figure 6.4). 

For this to have happened, a change in the equilibrium relationship between Cd sorbed 

onto the solid phase and that in solution must have occurred. Such an increase in Cd 

concentration was not seen in the column leached with Ca(N03h (Figure 6.4 (c)). Later 

studies demonstrated this accumulation effect to a greater extent and possible 

explanations for these observations are discussed in section 6.5 . 3 .  

The proportions of Cd lost from the top soil layer during leaching are compared in Table 

6.6 ( 1 0  %, 9 % and 1 3  %, for cr, sot and N03- respectively). These results show that 

Cd movement in the Manawatu soil was similar for each of the three leaching solutions: 
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2 . 5  mM CaClz, 2.5 mM CaS04 and 2.5 mM Ca(N03h- This is perhaps surprising given 

that there are considerable differences in the stability constants for the various complex 

ions (Table 6. 1 ). Moreover, previous workers have found both N03- and sot to be less 

effective in reducing Cd adsorption to soil than cr (O'Connor et al. , 1 984; Homann and 

Zasoski, 1 987; Hirsch and Banin, 1 990; Temminghoff et al., 1 995). However, at these 

low anion concentrations, it is possible that only a small percentage (values between 9 

and 38% have been predicted) of Cd was complexed with cr, the majority probably 

remained as Cdz+ (Hahne and Kroontje, 1 973 ;  Egozy, 1 980; Bingham et al., 1 984; 

O'Connor et a!. , 1 984). Thus, it is more likely that the Cd redistribution seen in this 

experiment has resulted from the effect of ionic strength on the Cd sorption-de sorption 

equilibria, and in particular competition between Cdz+ and Ca
2+ for cation exchange 

sites. All leaching solutions had the same cl+ concentration and similar ionic strengths.  

The movement of Cd seen in these columns was not extensive and may have been 

further restricted by increasing CEC as the pH of the soil rose. This was indicated by a 

rising leachate pH and a higher soil pH found at the completion of leaching. In all 

treatments, leachate pH began at around pH 5 - 5 .5  and then climbed rapidly to over pH 

6.5 within the first 1 00 mL (Figure 6.5). In the case of the deionized water treatment, 

this was followed by a continuing increase in leachate pH up to almost pH 8 .  Under 

these conditions Cd mobility is severely restricted (Brlimmer and Herms, 1983 ;  
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Figure 6.5. Trends in leachate pH for trial columns of Manawatu soil leached with 
1 000 mL of: deionized water (M; 2 .5  mM CaClz (0); and 2.5 mM 
Ca(N03)2 (e). 
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Christensen, 1 984a; Naidu et al., 1 994). This shift in pH could not be attributed to the 

leaching solutions whose pH values were around 5 .6  (section 6.4.2, page 1 1 0), but may 

instead have resulted from ammonification occurring in the soil columns during 

leaching. 

Effect of cation (Ca
2+ and K) on cadmium movement 

As was found for the leaching solutions containing Ca, discussed above, leaching of soil 

columns with KC} resulted in negligible recovery of Cd in the leachate (Table 6.6). 

However, whereas columns leached with 2 .5  mM CaC12 showed Cd redistribution 

within the soil, this was not observed in any of the columns leached with KCl. A 

comparison between 2.5 mM CaC12 and 2.5 mM KCl is  presented in Figure 6.6. 

The results indicate that, as expected, Ca
2+ has had a greater impact on Cd movement 

than K+. This provides further evidence for the hypothesis that the cr concentrations 

used here were not high enough to increase Cd mobility through the formation of 

complexes. Thus it appears that Cd movement in these columns was induced 

predominantly through the presence of the competing cation, ci+ . 

20 

. '  

- ' 0.2 - - " 1):4 " 0.6 0.8 

Cd-amended 

1 . 0  1 .2 

t 
unamended 

Cd concentration in soil (fJg g'l )  

2.5 mM CaC12 2 .5 mM KCl 

Figure 6.6. A comparison of the Cd distribution in trial columns ofManawatu soil 
leached with 1 000 mL of: 2 .5  mM CaC12 (dashed line) and 2 .5  mM KCl 
(solid line). The top depth in the 2.5 mM KCl column has been omitted 
because of untraceable contamination. Arrow indicates initial Cd 
concentration in the Cd-amended soil of the top layer. 
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6.5.3 Experiment 2 :  Effect o f  increasing CaCl2 concentration o n  cadmium 

movement in columns of Manawatu soil 

Fonnation of the CdCl+ complex has been calculated to begin at 1 mM cr (Hahne and 

Kroontje, 1 973), but a significant effect of Cl-Cd complexation on Cd sorption by clays 

has generally been found to begin only above 1 0  mM cr (Egozy, 1 980). An additional 

50 mM CaC12 treatment was included with Experiment 1 (section 6.4.3) to verifY these 

reports. As a result of the significant Cd mobility observed, it was decided to investigate 

closer this increase in Cd movement with increasing CaCl2 concentration. Results from 

the 5 0  mM CaC12 treatment mentioned above are presented below. 

A striking increase in Cd mobility occurred with increasing concentrations of CaC12 in 

the leaching solutions. This was demonstrated by both the increased loss of Cd to the 

Table 6.7 Amount of Cd recovered in the leachate and that remaining in columns of 
Manawatu soil leached with 1 000 mL (630 mm) of CaCl2 solution. 

Leaching solution Cd collected in leach ate Cd loss from Cd recovery 
Cd-amended for treatment 
t02 soil layer 

(/lg) (%)f ----------------(%)----------------
Cd-amended Columns 

5 mM CaC12 0.26 0 .7  20 1 05 

1 0  mM CaCh 0.72 1 .9 43 1 02 

20 mM CaCl2 5 .23 1 4  72 1 04 

3 5  mM CaC12 22. 1 1  58  88  107  

50  mM CaClz 32.76 87 93 1 05 

Control Columns 1: 
5 mM CaC12 0.23 4.5 1 54 

1 0  mM CaC12 0.73 1 4  1 1 6 

20 mM CaC12 1 .67 33  1 27 

35  mM CaC12 2.63 5 1  1 29 

50 mM CaC12 2 .66 52 1 1 9 
f 

Expressed as % of the total Cd present in the soil column at the start of leaching (Table 6.4) 
+ 
+ Recoveries for the control columns are greater than 1 00% due to the low Cd concentration in the 

unamended soil and accumulated inaccuracies in soil Cd determinations. 
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Figure 6.7 Concentrations of Cd in leachate from columns of Manawatu soil leached 
with 1 000 mL of: (a) 5 mM CaC12; (b) 1 0  mM CaC12; (e) 20 mM CaC12; 
(d) 35 mM CaC12; and (e) 50 mM CaC12 - Cd-amended columns which 
contained added-Cd in the top soil layer are shown as closed symbols; 
control columns are shown as open symbols. Note the change in scale of 
one order of magnitude from (a)-(b) to (e), and (e) to (d)-(e) . 
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(b) 10  mM CaClz 
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Figure 6.8 Distribution of Cd in columns of Manawatu soil leached with 1 000 mL 
of: (a) 5 mM CaCl2; (b) 1 0  mM CaC12; (e) 20 mM CaC12; (d) 35  mM 
CaCl2 ; and (e) 50m M CaCl2. Cd-amended columns which contained 
added-Cd in the top soil layer are shown as a solid line; control columns 
are shown as a dashed line. Arrow indicates initial Cd concentration in 
the Cd-amended soil of the top layer. 
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leachate (Figure 6.7), and greater redistribution of added-Cd within the soil columns 

(Figure 6.S). However, it was not until the concentration reached 20 mM CaC12 that 

added-Cd from the top soil layer was found to have entered the leachate. Below this 

CaC12 concentration the same amount of Cd was lost from the Cd-amended and control 

columns of each treatment (Figure 6.7 and Table 6.7). This indicated that Cd in the 

leachate was derived solely from the bottom layer of unamended soil. 

In the 50 mM CaC12 treatment, over 90% of Cd originally in the top soil layer had 

moved below the amended-unamended boundary (Table 6.7) .  This can be attributed to 

both the increasing predominance of Cd-Cl complexes and the increased competition by 

Ca
2+ for exchange sites. At 1 00 mM cr (50 mM CaC12), Cd speciation studies estimate 

that SO % of the soluble Cd will probably exist as the highly mobile chloro complexes, 

CdCl+ and CdC12o; this is at least double that predicted to be complexed in 1 0  mM cr (5 

mM CaC12) (Hahne and Kroontje, 1 973 ;  O'Connor et al., 1 984). However, compared to 

the 5 mM CaCl2 treatment, Ca
2+ activity at 50 mM CaC12 is also greater (8 .5 times) and 

therefore cation competition will continue to contribute substantially to enhanced Cd 

mobility (O'Connor et al., 1 984). 

Soil pH appears to have played little part in the increasing mobility of Cd. Plots of 

leachate pH show the same rapid shift to higher pH values immediately after beginning 

7 .5  

== Cl. 6.5 
� -e':I -= (j e':I � 5 . 5  

o 200 400 600 SOO 1 000 
Cumulative leach ate volume (mL) 

Figure 6.9. Trends in leachate pH for Cd-amended columns of Manawatu soil 
leached with 1 000 mL of: 5 mM CaC12 CA); 10 mM CaC12 (e); 20 mM 
CaC12 (�); and 35 mM CaC12 (0). 
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leaching, as was seen for the 2.5 mM CaC12 treatment in Experiment 1 (section 6.5 .2). 

However, in all cases this was followed by a gradual decline back towards pH 5 .5,  the 

original pH of the soil (Figure 6.9) .  Leachate pH data from the 50 mM CaCl2 treatment 

are not presented for reasons explained in section 6.4.3.  

The changing mobility of  Cd brought about by increases in CaC12 concentration can be 

expressed in terms of: 1) Cd loss from the Cd-amended top soil layer of the Cd­

amended columns; and 2) Cd loss from the unamended soil of the control columns. A 

plot of these two variables against CaC12 concentration is shown in Figure 6 . 1 0 . The 

data include results from the 2.5 mM CaC12 treatments presented previously in section 

6.5 .2 .  

From Figure 6. 1 0  i t  appears that up to 50 % of the resident Cd in the unamended 

Manawatu soil has remained in an exchangeable form, this is despite its long-term 

exposure to the soil. Cadmium from the Cd-amended columns, and resident Cd from the 

1 00 

I "'0 
U 80 

"'0 
U 

20 

o 1 0  

1 00 

. .  0 - - - - . - . . . . .  -0 

20 30 40 50 
CaCl2 concentration (mM) 

Figure 6.10. Comparison of Cd loss in columns ofManawatu soil with increasing 
concentrations of CaC12: (a) Cd loss from the Cd-amended top soil 
layer of Cd-amended columns (A); (b) total Cd loss from control 
columns, i .e. percentage of Cd recovered in the leachate (0). 
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control columns show similar responses when leached with CaCI2. In both cases there 

seems to be a linear relationship between Cd mobility and CaCl2 concentration up to 

about 20 mM CaC12. There also appears to be no particular cr concentration at which 

complexation begins to cause accelerated leaching of Cd. The steady increase in Cd 

movement shown by these results indicates a combined effect of cr complexation of 

Cd
2+ and competitive exchange by Ca

2+ throughout the CaCl2 concentration range. 

Little additional loss of Cd occurs for CaCl2 concentrations above 3 5  mM . In the case of 

the Cd-amended columns, this is because most of the available Cd has already been 

removed. In the unamended columns, however, nearly 50% of the Cd originally in the 

soil remains after leaching with 50  mM CaC12 (Figure 6.8 (e)). This Cd remaining in the 

soil is probably specifically sorbed to the solid phase - a phenomenon known to occur at 

low Cd concentrations (Garcia-Miragaya and Page, 1 976; Tiller et al., 1 979; Tiller et 

al., 1 984a) - and therefore has a low availability. 

Anomalies in the leaching results 

Although Cd movement increased with increasing concentrations of CaCI2, closer 

inspection of the leachate plots and soil column profiles revealed unexpected patterns in 

this movement. Normally a solute pulse travels through a repacked soil column as a 

single peak with some spreading due to dispersion effects. Leachate concentrations of 

the solute increase as the solute front approaches, and decrease once the peak has 

passed. 

In the leaching results presented above, however, Cd concentrations in the leachate 

increased and then decreased (Figure 6.7 (a) - (d)) despite a significant proportion of the 

Cd remaining unleached (Table 6 .7). In two of the columns (the 5 and 1 0  mM CaC12 

treatments) the solute front clearly remains within the soil column and is positioned at 

the initial amended-unamended boundary for both treatments in spite of observed 

differences in overall Cd mobility (Figure 6.8 (a) and (b)).  In the other two columns (20 

and 35 mM CaC12 treatments), the majority of unleached Cd occurs as double peaks. 

One of these peaks is centred on the amended-unamended boundary - as also found in 

the 5 and 1 0  mM CaCl2 treatments - while the other is positioned about 1 0  mm up from 

the base of the column (Figure 6 .8 (e) and (d)). The satisfactory recovery of Cd in each 



treatment (close to 1 00% of applied Cd and resident soil Cd, Table 6.7) indicated that 

these peaks were not caused by extraneous contamination. Instead an explanation for 

their presence must be found in the physical and chemical properties of the soil 

columns. 
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Several unusual observations therefore need to be accounted for in the leaching columns 

of this experiment. There is: 1 )  the formation of two Cd peaks within the soil column; 2) 

the premature decline in Cd leachate concentrations when much of the Cd remained 

unleached; and 3) the apparent immobility of the Cd solute front within the soil column 

despite clearly increasing Cd mobility with increasing CaCl2 concentration. Anomalies 

of this type were not seen for any other soil studied (section 6.5 .5) .  

One explanation for the anomalous behaviour described above begins with noting the 

positions of the double peaks seen in Figure 6 .8  (e) and (d) . These can be viewed as 

defining areas of retarded Cd mobility, i.e. the filter paper marking the initial high Cd­

low Cd boundary, and the base ofthe column. Analysis of soil from throughout the 

column did not reveal any unusual variations in soil pH or other element concentrations 

(e.g. Ca, Fe, AI, Zn) that could be associated with the Cd peaks. However, during 

sectioning of the soil columns, red-brown deposits consistent with the presence of iron 

oxides (McLaren and Cameron, 1 990) were evident in soil at the base of the column, 

around the filter paper, and against the perspex column walls. These iron oxide deposits 

only appeared with leaching and were noticed in all experiments where this Manawatu 

soil was used. 

This evidence of iron oxide precipitation lead me to consider the possibility that 

anaerobic and aerobic regions had developed in the soil columns during leaching. Such 

regions would be necessary for the reduction and oxidation of iron present in the 

Manawatu soiL There was no evidence ofponding in any of the columns studied ­

rather, preliminary work had indicated that flow rates twice that used, 0.05 mL min:l , 

were possible in this Manawatu soil. Consequently these columns should have been free 

draining and not subject to a rising saturation front. However, changes in redox 

conditions could still occur where distortions in hydraulic conductivity were 
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encountered - around the filter paper and at the base of the column (D. R. Scotter, pers. 

comm.). 

If it is assumed that an amount of solution was held up at the filter paper and column 

base, then Cd immobility at these points could be explained by the changes which occur 

in a soil as a result ofwaterlogging. As noted in section 6.2.3, waterlogging can have 

several effects, including: a decrease in redox potential through the activity of micro­

organisms; a rise in pH (this soil began as acidic but shifted towards neutral during the 

early stages of  leaching); a predominance of hydrated forms of iron and manganese 

oxides; an increase in oxide surfaces and their decreased crystallinity; and a 

precipitation of  ferrous and manganous ions where aerobic conditions are encountered 

(Iu et al., 1 98 1  b). In addition, Cd present in solution can also be co-precipitated with the 

iron oxide. Hence, the highly adsorptive colloidal oxides possible under these conditions 

provide an efficacious explanation for the localized retardation of Cd. 

Waterlogged conditions, however, take time to develop. Thus, Cd movement should be 

unhampered to begin with and will allow Cd migration at a rate determined by the ionic 

strength and composition of the leaching solution. For the weaker CaCl2 treatments, 

leaching would be slow and therefore much of the Cd would remain accumulated above 

the filter paper. This accounts for the appearance of a stationary Cd solute front and the 

elevated Cd concentrations (above the initial 1 !lg Cd g-l) at this point in columns from 

both the 2.5 and 5 mM CaC12 treatments. 

Where leaching solutions contain greater concentrations of CaClb some Cd will pass 

beneath the amended-unamended boundary before conditions have developed to retard 

Cd movement significantly. This Cd would then be free to migrate further down the 

bottom soil layer. However, on reaching the base of the column, these Cd ions would 

encounter a second retarding zone and become immobilized there. This explains the 

double peaks seen in both the 20 mM and 3 5  mM CaCl2 treatments .  The development of 

this second zone would also affect Cd concentrations in the leachate. With Cd 

accumulating in the soil at the base of the column, Cd concentrations in the leachate 

would begin to decrease - irrespective of the amount of Cd remaining in the soil. This is 
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consistent with the observed behaviour o f  C d  in virtually all leachates collected from the 

Manawatu soil. 

Implications for cadmium mobility under this experimental arrangement 

With the above theory, most irregularities in data from the Manawatu soil columns can 

be accounted for. It seems likely that the fall in Cd concentrations in leachate from the 5 

mM and 1 0  mM CaC12 columns, and the accumulation of Cd immediately above the 

amended-unamended [filter-paper marked] boundary in the 2 .5 mM CaCl2 and 2 .5 mM 

CaS04 columns (Experiment 1 ,  section 6.5 .4), and the 5 .0 mM CaCl2 column, are also 

symptoms of these changes in soil chemistry. 

In retrospect, the lack of any such Cd accumulation in the column leached with 2 .5 mM 

Ca(N03)2 (Figure 6.4) is now unusual . Perhaps waterlogging has not occurred to the 

same extent in these columns. This could be possible given the marked deterioration of 

the filter-paper noted in all columns treated with Ca(N03)2' Attributed to microbial 

degradation, this disintegrated state of the filter paper might have provided less 

impedance to solution flow, and consequently lessened the severity of any waterlogging. 

As a result, these columns leached with Ca(N03)2 may have been less affected by the 

chemical changes responsible for the anomalous Cd distributions observed in CaCl2 and 

CaS04, and this might perhaps render the comparison between Cd movement in 

columns leached with Ca(N03h and that in columns leached with CaC12 and CaS04 

(section 6 .5 .2) less meaningful. 

6.5.4 Experiment 3 :  Response of leach ate cadmium concentrations to 

wetting-drying cycles in columns of Manawatu soil 

During a preliminary experiment in which Manawatu soil columns were leached with 

2 .5  mM CaClz, 2 .5 mM Ca(N0J2, 2 .5 mM CaS04, and deionized water (data not 

presented), increased Cd concentrations (up to 3 and 5 �g Cd Cl) were seen consistently 

in the leachate at the start of leaching. On the completion of leaching, most of the Cd 

leached from the soil columns in this preliminary experiment was found to be contained 

in the first 5 mL of leach ate (0.2 pore volumes) - subsequent leachate generally 

contained concentrations of less than 0. 1 �g Cd Cl . Similar patterns are evident in other 
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leaching studies (Andersson, 1 977; Smith, 1 994), but an in-depth investigation of the 

cause has not been presented. 
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It is possible that these Cd peaks at the start of leaching are a result of Cd ions in the soil 

solution being carried by mass flow through the soil column with the invading solution 

front. If the rate of Cd de sorption from soil is slow relative to the rate of water 

movement, then equilibrium between Cd ions in solution and Cd ions sorbed on to the 

soil will not re-establish. Thus, with continuous leaching, the Cd concentrations in the 

leachate following the solution front will fall away. If, however, a period of low solution 

flux was introduced to allow the solution-solid phase equilibrium to re-establish, at the 

next wetting event these Cd 'peaks' might re-appear. Should this be the case, cycles of 

wetting and drying might provide a significant mechanism for Cd loss from the soil 

system. 

At the conclusion of Experiment 1 (section 6.4.3) the soil columns (replicate controls 

and treatments of: deionized water; 2 .5  and 50 mM CaClz; 2.5 mM CaS04 and 

Ca(N03)Z; KCI at 2.5,  5 .0  and 7.5 mM) were left to drain and partially dry at room 

temperature for 8 days (section 6.4.5). This period enabled some drying of the soil 

without shrinkage and cracking, thus preventing the development of flow paths which 

may have adversely affected the results, but the base of the column remained damp. A 

second leaching cycle was then begun. 

Compared to the first leaching cycle (Figure 6.3 and Figure 6.7 (e) , the second leaching 

event produced no notable increases in leachate Cd concentration from any columns 

treated with Ca salts or deionized water. Examples from columns leached with 2 .5  mM 

and 50 mM CaC12 are presented in Figure 6. 1 1  (a) . In marked contrast, however, two 

columns leached with KCl did show increased concentrations of Cd in the leachate 

immediately following re-wetting (Figure 6. 1 1  (b) - (d)) .  Since this increase in Cd 

concentration was restricted to columns containing added Cd, it  is most likely that the 

Cd entering the leachate had originated from the Cd-amended top soil layer. However, 

as Ca, a stronger competitor for sorption sites than K, did not induce a similar effect at 

either at 2.5 mM or 5 0  mM CaC12, the mechanism causing this release of Cd in 

solutions of KC 1 is unlikely to be simply cation exchange. 
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The Cd peaks which appeared when the columns were first leached (Experiment 1 )  can 

possibly be attributed to fine soil particles and colloidal material washing through the 

permeameter mesh and carrying the Cd with them. Korentajer et al. ( 1 993) and Keller 

and Domergue ( 1996) have both found that the association of elements such as Cd with 

clay particulate matter provides an important means of transport. As a reduced mesh 

size was used for the permeameter base in these experiments compared to that used in 

the preliminary study, the lower maxima of the Cd peaks (generally < 1 .0 Ilg L-J )  might 

be explained by a reduction in sediment loss from the columns. Removal of extraneous 

soil particles from the column base after packing may also have contributed. 

It i s  possible that the difference seen between columns leached with Ca solutions and 

those leached with K solutions could also be attributed to particulate transport of Cd. As 

noted in section 6.4.3, Ca
2+ causes clay particles to flocculate, stabilizing the soil 

structure and making it less susceptible to sediment loss. Soils leached with K+, 

however, may possibly have been less well flocculated, allowing the physical movement 

of clay particles. It seems, therefore, that Cd loss from the soil column as a result of 

some sorption equilibrium re-establishing between leaching events is not an important 

mechanism in this Manawatu soil under these conditions. And though physical transport 

in association with colloid material may be an important route for Cd loss from soils, it 

is outside the scope of this study. 

6.5.5 Experiment 4 :  Cadmium movement i n  soils of differing chemical and 

physical properties when leached with 2.5 mM CaCl2 

Many of the physical, chemical and biological properties affecting Cd mobility are 

themselves interrelated in a complex manner. This makes the influences of various soil 

properties and conditions on Cd movement difficult to isolate. One means of gaining a 

quantitative understanding of how Cd behaviour changes under different conditions is to 

compare its movement in soils of differing properties. 

When leached with 2.5  mM CaClz, a large variation in Cd mobility was found across the 

four soils studied here (Figures 6. 1 2  and 6. 1 3, previous pages). This movement ranged 

from very little in the columns of Wharekohe [Developed] soil, to extensive 



1 37 

Table 6.8 Amount of Cd recovered in the leachate and that remaining in the soil 
column when four different soils were leached with 1 000 mL (630 mm) of 
2 .5  mM CaC12 solution. 

Soil column 

Cd-amended Columns 

Manawatu 

Kohemarere 

Wharekohe [Undeveloped] 

Wharekohe [Developed] 

Control Columns 

Manawatu 

Kohemarere 

Wharekohe [Undeveloped] 
::: 

Wharekohe [Developed] 

Cd collected in leach ate Cd loss from Cd recovery 
Cd-amended for treatment 

(�g) 

0. 1 0  

2 .5  

6 .5  

0.23 

0 . 1 0  

2.9 

0.24 

0.23 

0.27 

4 

1 8  

0.29 

1 .9 

1 0  

1 8  

0.53  

top soil layer 
- - - - - - - - - - - - - -(�)- - - - - - - - - - - - - -

1 0  

37  

85 

2 

1 03 

1 03 

1 09 

98  

1 1 6 

I I I  

236 + 

1 0 1  
f 

Expressed as % of the total Cd present in the soil column at the start of leaching (Table 6.4) t From a mass balance it appears that the Wharekohe [Undeveloped] control columns (both duplicates) 
received additional Cd ( 1 .6 Ilg) through contamination. This suggests that 4.5% of the Cd recovered 
from the Cd-amended columns is also due to contamination. 

redistribution within, and rapid loss of added-Cd from the columns of its related soil, the 

Wharekohe [Undeveloped] (Table 6.8). 

Compared to these extremes, the Kohemarere soil showed moderate Cd movement 

3 7% of Cd was lost from the top soil layer - while the Manawatu soil showed somewhat 

more restricted redistribution as described previously (section 6 .5 .2 - 2 .5  mM CaCl2 

treatment). 

Using the percentage of Cd lost from the top soil layer as a measure, Cd mobility in 

these soils increased in the order: Wharekohe [Developed] < Manawatu < Kohemarere < 

Wharekohe [Undeveloped] . This order is the same as that recorded for leachate pH and 

soil pH (Figure 6. 1 4, Table 6.3) as most clearly demonstrated by the two Wharekohe 
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soils. These soils, though almost identical in mineralogy, differed markedly in pH and 

exchange acidity (Table 6.3).  Whereas the Wharekohe [Undeveloped] soil was very 

acidic (PH 4.95) and had a CEC dominated by H+, the CEC ofthe Wharekohe 

[Developed] soil was dominated by Ca
2+ with an associated soil pH of 6.02 - features 

consistent with a history of liming and active soil management. These soil 

characteristics were clearly reflected in the significantly different leachate pH recorded 

for each soil (Figure 6. 14) and provide the most plausible explanation for their striking 

contrast in Cd movement. 

Similar results on the impact of pH have been reported in other studies. McBride 

( 1 994), for example, found greatly enhanced retention of Cd in a soil column when 

liming raised the soil pH to 6.5 .  Likewise, in a study of 1 5  different European soils, 

Holm et al. ( 1 995) (as cited by Folke and Landner, 1 996) found that the two soils which 

differed only in pH (5 . 1  and 7 .8)  produced the greatest and least leaching losses of Cd 

respectively. Indications are, therefore, that soil pH may have played an important part 

in determining the mobility of Cd in these soils under these leaching conditions - a 

finding consistent with the overwhelming evidence presented in literature. 

8 .0  

7.0 

::t 
� 6.0 -eo: ..c � eo: 5 .0  
Q.i � 

4.0 

o 200 400 600 800 1 000 
Cumulative leachate volume (mL) 

Figure 6.14. Trends in pH o f leachate collected from Cd-amended columns of 
Manawatu (0); Kohemarere (0); Wharekohe [Undeveloped] (�); and 
Wharekohe [Developed] ( ... ) soil when leached with 2.5 mM CaC12. 
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In addition to the clear movement of added-Cd from the top soil layer of most soils, the 

Kohemarere soil also showed leaching of resident Cd. This was evident both from the 

concentration of Cd in the leachate of the control columns (Figure 6 . 1 2  (b)) and also the 

loss of Cd from the surface layer of these same columns (Figure 6. 1 3  (b)) .  

With the possible exception of the Wharekohe [Developed] soil, none of the other soils 

appeared to show the distortions in Cd mobility which were so evident in the Manawatu 

soil. Features such as declining Cd concentrations in the leachate; the restriction of Cd 

redistribution to within the top soil layer; and accumulation of Cd above the boundary 

point are largely absent from Figures 6. 1 2  (b) - (d) and 6. 1 3  (b) - (d) . The fluctuations in 

leachate pH from the Wharekohe [Developed] columns (Figure 6. 1 4) are, however, 

similar to that of the Manawatu soil and may indicate the development of anaerobic 

conditions in this soil. Certainly, nearing the completion of the experiment, columns of 

both the Wharekohe [Developed) and Wharekohe [Undeveloped] soils became fully 

saturated, and experienced severe surface ponding and declining leachate flow rates. In 

the case of the Wharekohe [Developed] soil this phase was accompanied by a second, 

sharp rise in leachate pH (Figure 6. 1 4) .  The low pH of the Wharekohe [Undeveloped] 

soil probably inhibited the development of any anaerobic state, in spite of the 

waterlogged conditions. However, liming is known to increase the rate of development 

of anaerobic conditions (Iu et al., 1 98 1a) and may have made the Wharekohe 

[Developed] columns susceptible to these conditions. Nonetheless, the anomalous 

behaviour of Cd reported in section 6.5 .3 was not observed in columns of either of these 

Wharekohe soils. 

6.6 SUMMARY 

Before the final conclusions and implications of this leaching work are presented, the 

major findings from each experimental section are briefly summarized. 

Preliminary studies 

• A predominance of cr over other anions was found in the soil solution of soils on 

the coastal property of Limestone Downs. 
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Experiment 1 

• In columns ofManawatu soil leached with Ca(N03h, CaS04 and CaCI2, Cd showed 

a similar, but limited, degree of redistribution. 

• Anomalous accumulation of Cd at one point in the soil profile was observed in 

columns leached with CaCl2 and CaS04' 

• Compared to leaching solutions containing CaCI2, KCl caused little Cd movement. 

Experiment 2 

• Increasing CaC12 concentrations caused increased redistribution of  both native Cd 

and added Cd in columns of Manawatu soil. 

• The relationship between CaC12 concentration and Cd redistribution appeared linear 

up to 20 mM CaCI2. In soil columns leached with 50 mM CaCI2, nearly all added Cd 

appeared to have been removed. 

• Anomalous behaviour by Cd was clearly apparent in several columns. This was 

attributed to the formation of anaerobic conditions at two points in the soil column 

In the two experiments above, leachate pH appeared to have no bearing on the 

magnitude of  Cd movement. 

Experiment 3 

• No evidence for significant Cd loss from soil on rewetting was found. 

• Increased concentrations of Cd in the leachate at the beginning of  each leaching 

study were therefore attributed to transport of Cd with displaced particulate matter. 

Experiment 4 

• A wide range of Cd movement was seen in four New Zealand pastoral soils. 

• Two soils of identical mineralogy but markedly different pH, encompassed this 

range. 

• The greatest impact on Cd mobility was concluded to be from soil and leachate pH. 
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The common observation i s  that Cd entering soil has a tendency to accumulate at the 

surface and this is interpreted to mean that Cd is essentially an immobile element. 

However a review of its chemical properties suggests that this is not necessarily the case 

under conditions which are aerobic and either acidic or neutral, or in the presence of 

high salinity, especially Cr. 

In investigating the likelihood of inorganic complexation of Cd in soils on Limestone 

Downs, it was found that the coastal location had lead to the anion balance in the soil 

solution being dominated by Cr. Although cr has been found to complex readily with 

Cd and thereby enhance Cd mobility in soils, the concentrations of cr found in these 

soils (0.94 - 1 .8 1  mM) were generally lower than those normally observed to cause 

accelerated leaching of Cd (section 6.2 .4) . Leaching experiments with varying 

concentrations of Cr in solution (as CaClz and KCl) supported this opinion. At one 

extreme, very high concentrations of cr ( 1 00 mM) caused virtually complete removal 

of Cd from the soil column. But at the other extreme under conditions more applicable 

to field soils (5 mM Cr), movement was restricted to redistribution over several 

centimetres. A similar degree of movement was seen with both 2 .5  mM CaS04 and 2 .5  

mM Ca(N03h solutions and this suggested that cation competition effects rather than 

chloride-complexation are the most probable mechanism for Cd redistribution in the 

soils of  Limestone Downs. 

Whereas small-scale movement is ineffective in removing Cd completely from the soil­

plant system, it may still be important in bringing about changes in Cd availability in 

the top few centimetres of soil. In moving from a zone where accumulated organic 

material provides abundant sites for adsorption through cation exchange, and soil pH is 

high from regular lime application to several centimetres deeper where lower pH and 

less CEC means lower adsorption, the plant availability of Cd may change, increasing 

its potential risk to the farming system. However, though this study attempted to 

replicate certain aspects of Cd behaviour in soils, for example, the presence of pre­

adsorbed Cd and its surface accumulation, it could not reproduce the changes in soil pH 

and CEC which occur with depth. More work is required in this area to assess the 
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importance of  accumulated organic matter in the topsoil to Cd mobility and the 

influence of plant induced changes in the rhizosphere on its availability. 

Studies on soils differing in chemical and physical characteristics indicated that changes 

in pH may be an important consideration in Cd movement. Thus the impact of farm 

management practices, for instance, liming and fertilizer application, may be highly 

influential in determining the Cd cycle within grazed pasture systems. 

This work also revealed that a substantial proportion (50%) of the fertilizer and native 

Cd already resident in soil can remain in an exchangeable state and may therefore 

become mobile should the ionic strength of the soil solution increase for example with 

the application of fertilizer salts or sheep and cattle urine. The latter situation is 

especially likely as urine also contains high concentrations of cr ( 1 0  - 20 mM Cr) 

which may further increase Cd mobility through chloride-complexation. Evaporation of 

soil moisture is another means of increasing ionic strength and this may consequently 

lead to increasing Cd concentrations in solution. However, results from this study also 

suggested that such changes in soil conditions as the development of localized anaerobic 

zones and zones of iron oxide precipitation, may severely retard Cd movement 

irrespective of the potential for cation exchange or cr complexation. 



CHAPTER 7 

CADMIUM REDISTRIBUTION IN SOIL - MODELLING 

7.1 INTRODUCTION 
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In the previous chapter, evidence of measurable Cd movement in several New Zealand 

soil materials was presented. This movement occurred when both the soil Cd 

concentration and the ionic strength of the percolating solution were within the range 

likely to be encountered under field conditions. Though leaching losses are often 

dismissed as insignificant when constructing Cd mass balances for the field, the results 

of Chapter 6 indicate that Cd loss from field soils by leaching could be important and 

should be investigated further. 

In this chapter, an elementary solute transport model was developed to test whether the 

variation in Cd movement between soils could be explained by simple, independent 

measures of Cd sorption. When the model proved successful in this regard, it was used 

to validate the possible importance of leaching as a mechanism of Cd loss in field soils. 

7.2 THE SOLUTE TRANSPORT MODEL 

Most modelling of heavy metal movement has been centred around the convection­

dispersion equation (Schmitt and Sticher, 1 986; Selim et al. , 1 992; Hinz and Selim, 

1 994; Kookana et al., 1 994; Bajracharya et al. , 1 996). This approach relies on 

describing the water flow within a volume of soil and incorporating mathematically, any 

physical or chemical transformations the solute experiences during transport. Because of 

the complexity of the system being represented, such a model only provides an 

approximation to reality. For example, assumptions used in deriving flow equations for 

water and solute transport in porous media are not necessarily satisfied in the field. This 

is freely acknowledged as being the case here. 

The following sections briefly describe the basic elements of the convection-dispersion 

equation (CDE) and its translation into a computational model. 
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7.2.1 Theory behind the convection-dispersion equation 

A full explanation of  the CDE derivation can be found in Jury et al. ( 1 99 1 ). The 

equations presented in this section have direct relevance to the computational model 

contained in Appendix 5 .  

The CDE i s  derived by considering the transport processes operating in an individual 

soil pore: diffusion and convection. 

Molecular diffusion results from the random motion of molecules in a liquid or gas. For 

non-gaseous solutes in soil it is a slow process which occurs only through tortuous, 

interconnecting, liquid filled pores. For solute in the soil solution, molecular diffusion 

can be described by: 

d C  
q = -B D -

S 
S d z 

(7. 1 )  

where qs i s  the solute flux density (M L-2 TI), C i s  the solute concentration (M L-3), z is 

the diffusion distance (L), 8 is the volumetric water content (L3 L-3) and Ds is the 

molecular diffusion coefficient in soil (L
2 Tl). 

Convection causes solute to be carried conveyor-belt style by moving soil water. In 

reality this is a non-uniform process with fluid-flow fastest at the centre of each pore 

and near-zero at the walls. Convection is described mathematically by: 

(7.2) 

where qs and C have the definitions given above and qw is the Darcy flux density, i.e. the 

flow rate across unit cross-sectional area, (L rl). 

With both molecular diffusion and convection acting, the solute flux density, qs' 

becomes: 

dC 
q = q  C - 8 D -s W 

S dz 
(7.3) 
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Interaction of convection with molecular diffusion at the local scale causes 

hydrodynamic dispersion which is roughly accounted for by replacing the molecular 

diffusion coefficient (Ds ) with D, the dispersion coefficient (L
2 T\ Where a solute is 

not moving too slowly, hydrodynamic dispersion dominates over molecular diffusion. 

This allows D to be expressed as a function V, the average pore water velocity (L Tl), 

equations 7.4 and 7.5. The proportionality constant, A (L), is called the dispersivity. 

(i.e. qw = e V) (7.4) 

D = A  V (7.5)  

Over a small time interval, dt, there is a change in the amount of solute contained within 

a volume of soil. Using the mass balance:  change in amount of solute = solute entering 

- solute leaving, this change can be expressed as: 

o Clot o qs -- = --
o t o z 

(7.6) 

where Ctat is the total concentration of solute in unit soil volume (M L-
3
), t is time (T) 

and oqs (M L-2 Tl) is the difference between solute flux in and solute flux out. 

The final form of the convection-dispersion equation (7.7) is: 

(7.7) 

where the R term is a dimensionless retardation coefficient included to account for 

reversible reactions between the solution and solid matrix. This is a mathematical 

description for one-dimensional steady-state transport of a conservative, reactive solute 

through a homogeneous soil of uniform water content. The form which R takes is 

discussed in the next section. 
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7.2.2 The retardation coefficient 

Processes regulating the concentration of a solute in the soil solution, and thereby 

regulating its movement through the soil system include adsorption, desorption, 

precipitation, dissolution, abiotic degradation, biodegradation, volatilization and 

oxidation-reduction reactions (Travis and Etnier, 1 98 1 ). In order to model the transport 

of a solute through soil these processes need to be described mathematically and 

incorporated into the CDE equation (7.7). For Cd at low concentrations (where 

precipitation processes are negligible) the main interest is in sorption reactions and these 

are expressed through the R term. 

The means by which sorption processes are described mathematically has been 

thoroughly reviewed by Travis and Etnier ( 198 1 ). The approach need not be 

mechanistically correct. A satisfactory approximation can be achieved by fitting 

sorption data to a particular equilibrium sorption isotherm with no implication as to the 

specific sorptive mechanism (Travis and Etnier, 1 98 1 ). Predominantly, Cd reactions in 

soil have been modelled using either of two approaches: (a) equilibrium sorption 

isotherms, linear or curvilinear that assume fast sorption in comparison to the rate of soil 

water flux (Poelstra et aI., 1 979; Christensen, 1 985 ;  Bajracharya et al., 1 996), or (b) an 

equilibrium sorption isotherm in conjunction with a kinetic sorption model which 

accommodates time dependent reactions (Selim et al., 1 992; Hinz and Selim, 1 994; 

Kookana et al., 1 994). 

A linear adsorption isotherm assumes that the amount of solute adsorbed by the soil 

matrix, S (mass of solute/mass of soil, M M-I), and the concentration of solute in the soil 

solution at equilibrium, C (mass of solute/volume of solution, M L-3), are linearly 

related by: 

(7 .8) 

where the proportionality constant, Kd (L3 M-I), is referred to as the distribution 

coefficient - a measure of the affinity a soil has for the solute. Though this isotherm has 

the limitation of not setting a maximum quantity of adsorbed solute (Travis and Etnier, 

1 9 8 1 ), at low concentrations, the Cd sorption isotherm is essentially linear (Kim and 
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Fergusson, 1 992; Tjell and Christensen, 1 992; Boekhold et al., 1 993) and hence linear 

isotherms were assumed here. The Kd value for a soil is found by plotting S versus C. 

Incorporating this isotherm into the CDE is done by noting that the total solute 

concentration in a volume of soil, Clot ' is equal to the solute in solution plus that on the 

soil :  

(7.9) 

where Pb is the soil bulk density (M C\ 

Substituting equation 7.8 for S in equation 7 .9  and defining a retardation coefficient, R, 
as: 

gIVes 

R = 1 +  Pb Kd 
e 

Ctot = Re C 

where R is the same coefficient as that in equation 7 .7 .  

(7. 1 0) 

(7. 1 1) 

7.2.3 Translating the theoretical CDE into a computational model 

The equations given above to derive the CDE can be written in a programming 

language, for example BASIC or Pascal, to create a computer program capable of 

solving the CDE numerically. For this study, Turbo Pascal was used. A copy of the 

programme, definitions of the variables and an explanation of the calculations are 

contained in Appendix 5 .  

7.2.4 Estimating parameters in the CDE 

Values for physical parameters in the CDE model were obtained from data recorded 

during Experiment 4 in section 6 .5 .5 .  These data are summarized in Table 7 . 1  for each 

of the four soils: Manawatu, Kohemarere, Wharekohe [Undeveloped] and Wharekohe 

[Developed] . 
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Table 7.1  Physical parameters measured from the experimental soil columns studied in 
section 6 .5 . 5  which acted as input data for the CDE model (Appendix 5) 
used to predict Cd movement in columns of each soil. 

Parameters 

Soil column height, I (m) 

Height of Cd-amended top 
layer (m) 

Soil volume, vol. = n/Z (m3) t 

Mass of soil in column, ms (kg) § 

Packed bulk density, 

Pb = m,lvol. (kg m'3) If 

Mass of water in column, 
mw (kg) t 

Gravimetric water content, 
w = mw/ms (kg kg" t) 

Volumetric water content, 
e = W*Pb IPwater (m3 m'3) 

Average leachate flow rate, 
Q (m3 ho t ) 

Darcy flux density, 
q = Q/area (m hot ) t 

Manawatu 

60 x l 0-3 

20 x IO-3 

0.095 x lO'3 

0 . 1 02 

1 070 

0 .065 1 

0.638 

0.683 

2 . 1 x l O-6 

1 .32 x l O-3 

Kohemarere 

75 x l 0-3 

27 x l O-3 

0 . I 19 x lO,3 

0, 1 02 

855 .0 

0.0662 

0.649 

0.555 

2 .1  X 1 0-6 

1 .32 x lO-3 

Wharekohe 
[Undevelo�edl 

72 xIO-

24 x IO-3 

0. 1 1 5 x IO-3 

0 . 1 02 

890.7 

0.0786 

0.77 1 

0.686 

1 .62xl O-6 

1 .02 x l O-3 

Wharekohe 
[Develo�edl 

9 1  x l O-
3 

30 x 1 0-3 

0 . 1 45 x l O,3 

0 . 1 02 

704.8 

0. 1 946 

1 .908 

1 .345 

1 .62xl O-6 

1 .02 x l O-3 

Cd concentrations in top (Cd-amended) and bottom (unamended) soil layers prior to leaching: 

Cd-amended soil,. 
Cad<! (mg kg"t) § 

1 .0 1 4  1 .290 1 .0 1 9  1.435 

Unamended soil, 0.050 0.272 0.01 3  0.430 
Cresident (mg kg

"t) § 

Influent Cd (mg m-3) 0.60 0.60 0.60 0.60 

r is radius of column, 22.5 x l O-3 m; area is cross-sectional area of column, nr2 == 1 .59x lO-3 m2• 
illw is mass of water remaining in the experimental soil columns after completion of leaching. 
Data involving soil weights are given for oven dry ( 1 05 QC) soil. 
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An influent Cd concentration of 0.6 mg m-
3 

was included after analysis of the 2.5 mM 

CaClz leaching solution indicated some low-level Cd contamination. The only 

parameters to be determined independently of the soil column leaching experiment were 

the distribution coefficient, Kd, and the (effective) dispersivity. A dispersivity of 3 mm 

was selected as a reasonable estimate (D. R. Scotter, pers. comm.). Higher values than 

this generally apply to structured soils with a range of pore sizes as opposed to the 

sieved and repacked soil columns used in Chapter 6 .  

The distribution coefficients for each soil were initially calculated from simple 

adsorption isotherms. However, some discrepancy was seen between the Cd movement 

predicted by the model and that observed in the experimental soil columns. Because 

initial movement in the soil columns of Chapter 6 was a result of desorption rather than 

adsorption mechanisms, a difference between the sorption and desorption isotherms 

(hysteresis) may cause adsorption data to inaccurately represent Cd movement. As a 

consequence, distribution coefficients from desorption isotherms were also considered 

in an attempt to improve the agreement between the model and the Cd redistribution 

observed in the leaching studies. The methodology for obtaining these sorption 

isotherms is detailed below. The procedure was carried out for each of the four soils, 

Manawatu, Kohemarere, Wharekohe [Undeveloped] and Wharekohe [Developed] . 

Batch equilibrium adsorption isotherms 

Solutions of2 .5  mM CaC12 with Cd concentrations ranging from 0 to 1 50 )..lg L-1 (0 to 

1 .34 )..l.M) were prepared from standard Cd(N03)2' A 0 .5  g sample of air-dry soil was 

suspended in 5 mL of solution at each Cd concentration. Blanks without soil were 

included for each of the Cd solutions to account for any extraneous adsorption on to the 

walls of the plastic centrifuge tubes. Each adsorption i sotherm comprised 12  points 

representing 6 duplicated Cd concentrations of 0, 30, 60, 90, 1 20 and 1 50  )..lg Cd Cl .  

The soil suspensions and blanks were shaken for 20  hours on an end-over-end shaker at 

room temperature. After centrifuging at 4000 rpm for 1 0  minutes, a small aliquot of the 

supematant solution was taken for measuring solution pH. The remaining solution was 

analyzed for (equilibrium) Cd concentration by GF AAS using an oxalic acid modifier 
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(section 3.5). The difference between the initial and equilibrium concentrations was 

used to calculate the amount of Cd adsorbed by the soil. 

An equilibration period of 20 hours was chosen. This time was indicated by a review of 

the literature (Christensen, 1 984a; Boekhold et al. , 1 993 ;  Hinz and Selim, 1 994). In 

general, Cd adsorption occurs rapidly. Christens en ( 1984a), for example, reported 95% 

adsorption within 1 0  minutes and equilibration after one hour. Other equilibration 

periods have been used, e.g. 24 hours (Kookana et aI. , 1 994) and 48 hours (Kim and 

Fergusson, 1 992). 

Batch equilibrium sorption-desorption isotherms 

There are several methods of conducting desorption experiments. The variation between 

methods comes from a difficulty in maintaining the same equilibrium conditions at each 

stage of the desorption isotherm, e.g. variations in soil:solution volume, equilibrium 

solution pH and ionic composition. Each method has advantages and disadvantages in 

this respect, however for this investigation the following procedure was chosen. 

Five-mL aliquots of2 .5  mM CaClz solution containing 1 50 llg CdIL were placed in 

weighed centrifuge tubes. Eight samples of 0.5 g air dry soil were suspended in these 

solutions and shaken for 20 hours at 25 °C. These 8 samples represented 4 sets of 

duplicates. After centrifuging at 4000 rpm ( I  0 minutes), the solution phase was 

decanted and analyzed for both pH and Cd concentration as done for the adsorption 

isotherms above. 

After weighing, the duplicate centrifuge tubes containing the retained soil and entrained 

solution received either 5, 1 0, 20 or 40 mL [the Manawatu soil had an extra pair of 

samples with a de sorption volume of 1 00 mL] of Cd-free 2.5 mM CaClz solution. 

Following stirring on a vortex mixer to redisperse the soil particles, the soil and solution 

were shaken for a further 20 hours at 25 °C. After separation of the phases by 

centrifuging at 4000 rpm ( 1 0  minutes), the equilibrated solution was decanted and 

analyzed for both pH and Cd. 
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Figure 7.1.  Adsorption isothenns for each soil detennined in a background matrix of2.5 mM CaCl2 and at the soil ' s  natural pH. Solution pH 
values and equations for the fitted linear i sothenns are presented in Table 7.2. 
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7.3 RESULTS AND DISCUSSION 
Adsorption isotherm data for each of  the four soils are presented in Figure 7 . 1  and Table 

7 .2 .  With the possible exception of the Wharekohe [Undeveloped] soil - which shows 

some curvilinear behaviour - fitting a linear isotherm appears to describe each of the 

data sets satisfactorily. 

Ranking the soils according to their Kd value (determined from the slope of the linear 

isotherms, Table 7.2) gives the same order as that obtained for Cd movement from the 

experimental soil columns. The soils which showed the least (Wharekohe [Developed]) 

and greatest (Wharekohe [Undeveloped]) Cd movement have the highest and lowest Kd 

values respectively. 

All isotherms had a positive intercept on the solid-phase axis; this indicates a high 

affinity of the soil for Cd at low Cd concentrations. The value of the intercept (given in 

Table 7 .2) can be taken as an estimate of Cd specifically, or irreversibly, adsorbed on to 

the solid phase (Garcia-Miragaya and Page, 1 976), and it was subsequently incorporated 

into the CDE model (Appendix 5) as a measure of non-des orb able or 'fixed ' Cd in each 

soil. 

By inserting the value for Kd, obtained from the adsorption isotherm, and the data 

contained in Table 7. 1 ,  Cd movement in each of the four soil columns was simulated. 

Results are presented in Figures 7.2 and 7.3 .  

Overall, a fairly accurate prediction of Cd movement, in terms of the solute 

concentration in the leachate and the position of the solute peak within the soil column, 

is achieved for all four soils using the simple CDE model and linear adsorption 

isotherm. There is, however, some variation in the agreement between modelled results 

and experimental data. This is discussed briefly below. 

The best agreement between predicted and observed movement is seen in the case of the 

Kohemarere soil. Here both the Cd profile in the soil column and the Cd concentrations 

in the leachate agree closely with the experimental results (Figure 7 .2 (b) and Figure 7.3 

(b)) .  This was helped by the incorporation of a value for non-desorbable Cd on the solid 



Table 7.2 Adsorption isotherm equations for sorption of Cd on four soils in 2.5 mM CaC12. 

Soil 

Equation of linear isothenn t 

Kd (L g- l ) 

Non-desorbable Cd (llg g- l) 

pH of equilibrium solution 
from adsorption isothenns 

.' 

Leachate pH from 
experimental columns + 

Manawatu 

S = 0.0539C + 0.070 
(0.995) 

0.0539 

0.070 

4.97 - 5 .04 

5 .56  - 7.03 
(6.58  ± 0.33) 

S 

R2 values for the linear isothenn equation are given in parentheses. 

Kohemarere 

0.06 1 1 C  + 0.099 
(0.997) 

0.06 1 1  

0 .099 

4.44 - 4 .53 

4.35 - 4.64 
(4.48 ± 0.07) 

The average leachate pH over the duration of leaching is given in parentheses. 

Wharekohe 
(Undeveloped] 

S = 0.01 54C + 0.03 1 
(0.997) 

0.0 1 54 

0.03 1 

3 .57 - 3 . 64 

3 .36 - 3 . 76 
(3.49 ± 0. 1 1 )  

Wharekohe 
[Developed] 

S = 0.624C + 0. 1 58 
(0.985) 

0.624 

0. 1 5 8  

5 .99 - 6 .38 

5 .77 - 7 .80 
(7. 16  ± 0.42) 
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Figure 7.2. Concentrations of Cd in leachate from columns of soil leached with 2.5 mM CaC12 : measured (symbols) from experimental soil 
columns; and predicted (-) using a simple convection-dispersion equation and assuming sorption equilibrium. Model constants 
are given in Table 7. 1 and 7.2. 
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phase, particularly in bringing the predicted Cd concentrations in the leachate close to 

those of the experimental data (Figure 7.2 (b) . Without the inclusion of this non­

desorbable value, the loss of Cd to the leachate would have been over predicted by 

about 1 .5 times. 

Similarly, the simple CDE model has satisfactorily predicted Cd movement in the 

Wharekohe [Developed] soil - despite the lower pH of the adsorption isotherm 

solutions compared to the leachate from the experimental soil columns (Table 7.2) . The 

high Kd calculated from the adsorption isotherm reflects well the severe retardation of 

Cd mobility found experimentally in this soil (Figure 7.3 (d) . 

Cadmium redistribution in the Wharekohe [Undeveloped] soil is also reasonably well 

modelled. However, while the model slightly over predicts Cd movement in the soil 

column (with respect to the position of the Cd peak), it fails to replicate the rapidity with 

which Cd actually appeared in the leachate. Two factors in the model may be 

responsible for these contradictory observations. Firstly, the inclusion of a non­

desorbable Cd concentration in the model, which delays the predicted appearance of Cd 

in the leachate (Figure 7.2 (e) . And secondly, the assumption in the model that the soil 

column is already saturated at the start of the experiment. In contrast to the saturated 

state of the theoretical column, the experimental columns all began in an unsaturated 

state. Hence, all leachate collected from the experimental columns had passed through 

the high-Cd topsoil. Where Cd mobility is high, such as in the Wharekohe 

[Undeveloped] soil, even initial collections of this leachate could contain added-Cd. 

The close agreement obtained between the modelled and observed redistribution of Cd 

is illustrated further by comparing the predicted and observed loss of Cd from the top, 

Cd-amended layer. Data for this comparison are presented in Table 7.3 .  With one 

exception, the predicted and observed loss agree within 1 0%. In the Manawatu soil, 

however, it is evident that the model has seriously over predicted the degree of Cd 

redistribution. This is despite having predicted well the final position of the Cd peak 

within the soil profile (Figure 7.3 (a) . 



Table 7.3 Comparison of Cd loss from the Cd-amended topsoil predicted using the 
CDE model with a distribution coefficient determined from adsorption 
isotherms, and measured Cd loss from the experimental soil columns. 

Soil Proportion of Cd lost from top soil layer 
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--- Predicted by model --- -- Found experimentally --

Kohemarere 47 % 37 % 

Manawatu 50 % 10 % 

Wharekohe [Undeveloped] 93 % 85 % 

Wharekohe [Developed] 3 %  2 %  

Recalling the anomalous behaviour shown by Cd in the Manawatu soil (section 6 .5 .3),  

the discrepancy between the modelled and experimental data, described here probably 

should not be unexpected. Changes in soil chemistry, such as those proposed to have 

occurred in the columns ofManawatu soil during leaching, can not be accommodated 

by a retardation coefficient determined from an adsorption isotherm. Consequently, 

differences in the chemical properties of the leached soil (experimental columns) and 

unleached soil (adsorption isotherm) may account for some of the gross model error. 

In general, some poorness-of-fit between the experimental and predicted data is evident 

for each soil. There has also been no allowance in the model for the dependence of Cd 

movement on desorption processes (section 6 .3) .  In basing the leaching model solely on 

adsorption data, one is implicitly assuming that the adsorption and desorption isotherms 

are similar. This may not be the case. In some soils, under some conditions, desorption 

and time-dependent changes in Cd speciation may be the regulating factors in Cd 

movement (Mann and Ritchie, 1 994). The possibility that the model predictions 

(particularly in the case of the Manawatu soil) could be improved by considering Cd 

desorption rather than adsorption was, therefore, investigated. 

Sorption-desorption isotherms 

Cadmium sorption on to soil shows both total reversibility and partial irreversibility, 

depending on the soil in question and solution conditions (Pickering, 1 980; Christensen, 
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1 985;  Gray et al., 1 998). This is evident as a divergence between the adsorption and 

desorption isothenns. In some cases the divergence is such that a given Cd 

concentration in the solution is associated with a much higher Cd concentration on the 

soil surface in the desorption phase than is found at equilibrium in the adsorption phase 

- an indication that time-dependent immobilization processes are operating. 

Desorption isothenns for all four soils are shown in Figure 7.4. Because very little 

desorption occurred from the high sorbing Wharekohe [Developed] soil, the data points 

for this soil 's  isothenn were closely grouped and could not be satisfactorily delineated 

(Figure 7.4 (d)). In the other three soils (Kohemarere, Manawatu and Wharekohe 

[Undeveloped]) functional desorption isothenns were obtained. A comparison of these 

isothenns with those obtained by adsorption seems to indicate some degree of hysteresis 

(or time-dependent sorption) in each soil. Closer inspection of the data reveal, however, 

that this hysteresis may be superficial. In two of the soils (Kohemarere and Wharekohe 

[Undeveloped]) the initial sorption point in the de sorption experiment does not coincide 

exactly with the equivalent point in the adsorption isotherm. Thus the lines of the 

isothenns may simply be displaced as a result of analytical error or day-to-day variation 

in the experimental conditions (for example, temperature) rather than as a result of some 

time-dependent reaction. 

It is only in the Manawatu soil that there is some clear evidence of hysteresis. However, 

use of these desorption data in the CDE model did not greatly assist in improving the 

prediction of Cd movement in this soil. Ideally, more work would be required before the 

usefulness of de sorption isothenns could be fully established. 

Predicting cadmium movement over time under pasture conditions 

Having established that the simple CDE model can describe Cd movement in three out 

the four soils studied, the model can then be used to estimate potential leaching rates of 

Cd from these soils under field conditions. In doing this, however, there are no 

pretensions to accuracy. Extrapolating laboratory findings to the field is difficult as 

assumptions used to model laboratory data may not be applicable in the field (Bond and 

Smiles, 1988). Water infiltration, for example, is often represented as piston flow (or 

displacement) - a suitable description for simulating repacked soil columns, but it does 
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not represent the field situation quite so well (Thomas and Phillips, 1 979). Rather, this 

section is an exploration of possible leaching scenarios and their potential impact on Cd 

accumulation rates. 

In order to estimate the potential leaching rates of Cd from each of the four soils, the 

following assumptions were made: 

1 )  That solute flow and behaviour in the field would b e  similar to that seen i n  the 

experimental soil columns. 

2) All Cd present in the soil, with the exception of non-des orb able Cd determined 

from the adsorption isotherms, is available for exchange. This may not apply in 

the immediate topsoil where a proportion of the Cd will have been returned to 

the soil as decaying plant material and dung (i.e. in an organically complexed 

form) and where an accumulation of organic matter may improve the soil 's 

ability to bind Cd. 

3) Physical properties of the field soils are similar to those existing in the repacked 

soil columns. Bulk densities for the Wharekohe soils in the field were not 

dissimilar, over the depth 0 - 3 cm, to those of the repacked soil columns - the 

Wharekohe [Developed] averaged 7 1 4  kg m-
3 

while the Wharekohe 

[Undeveloped] averaged 898 kg m-
3 (1. Edwards, pers. comm.). 

4) The field sites have a Cd concentration of 0.44 mg kg-I - the average soil Cd 

concentration reported by Roberts et al. ( 1 994) - and experience an annual 

average drainage of 300 mm down through the soil profile. 

5) Soil solution ionic strengths and salt concentrations can be approximated by 2.5 

mM CaClb making the distribution coefficients determined for each soil in this 

matrix applicable to the field situation. 

6) Cd losses through plant uptake and assimilation by stock were estimated using 

pasture production and pasture utilization figures of 1 0  000 kg dry matter yr-I 
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Table 7.4 Estimated Cd loss from topsoil through grazing and leaching (predicted 
using the CDE model and parameters discussed previously). t 

Estimated annual Cd losses Cd store in soil 

Removal via grazing and animal products: 

Loss via leaching: Kohemarere 
Manawatu 
Wharekohe [Undeveloped] 
Wharekohe [Developed] 

0.0 16  

17  
20 
75 

1 .4 

132 
1 65 
137  
1 09 

1 6 1  

Estimated for an average concentration of 0.44 m g  C d  kg'
l 

soil, a soil bulk density of that given in 
Table 7. 1 for the repacked soil columns, and a soil depth of 3 .5 cm - the depth of most interest 
regarding Cd accumulation in pastoral soils. 

and 80 % respectively, a pasture concentration of 0.2 mg Cd kg -I dry matter, and 

a Cd retention by the animal of 1 % (Lee et al., 1 996). 

Estimates for Cd removal from the top 3.5 cm of soil using these simple calculations are 

presented in Table 7.4. The outstanding feature of the data contained in Table 7 .4 is the 

magnitUde of the estimated Cd leaching losses compared to annual Cd loss by plant and 

animal uptake. Even if these leaching rates were overestimated several fold by the 

model, the data suggest that leaching will still be the more important mechanism for Cd 

movement from the immediate surface soiL 

Leaching losses of a similar magnitude have been reported in studies overseas and this 

lends support to the possible importance of leaching as a loss mechanism for Cd from 

soiL As examples, leaching rates of between 0.5 and 1 7  g Cd ha' l per 1 00 mm net 

infiltration have been found in a range of European soils (Holm et al. , 1 995, as cited by 

Folke and Landner, 1 996) and, though lower than the values given in Table 7.4, 

Nicholson et al. ( 1 996) calculated losses of between 0.7 and 4.9 g Cd ha-l yr-l for the 

humus-rich permanent grassland soils ofRothamsted, England. But, whereas data 

presented, both in Chapter 6 of this study and in the study of Holm et al. (cited in Folke 

and Landner, 1 996), indicate a strong dependence of leaching rate on soil pH, the work 
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by Nicholson et al. (1 996) found Cd loss to be independent of this variable - similar 

losses were recorded for limed (PH 6.5) and unlimed (PH 4.9) plots. 

The potential for Cd loss by leaching can now be viewed in the context of the broader 

Cd cycle on a pastoral farm. According to estimates by Bramley ( 1 990) the Cd input to 

soil from fertilizer is likely to be ofthe order of 8 .9  g Cd ha-1 yr-l .  This is within the 

region of the Cd losses predicted by the model for three of the soils at concentrations of 

around 0.44 mg Cd kg-I soil. There is therefore, a possibility that Cd may reach a steady 

state concentration in the topsoil whereby this element is lost through leaching at a rate 

equal to that at which it is being applied. In view of the potential leaching rates 

discussed above, this steady state concentration may be quite low for some soils. 

7.4 CONCLUDING DISCUSSION 

A simple convection-dispersion equation using retardation coefficients obtained from 

linear adsorption isotherms, was tested for its ability to describe Cd movement in 

columns of re packed soil. It did this successfully for three of the four soils. In the case 

of the Manawatu soil, marked discrepancies between observed and predicted 

redistribution were found. Although this soil showed some degree of hysteresis between 

adsorption and desorption of Cd, this was insufficient to remove the discrepancies. It is 

considered that the anomalous experimental conditions described with respect to this 

soil in Chapter 6 were largely responsible for the disagreement. 

In the remaining three soils, the model closely predicted the Cd concentrations in the 

leachate and the final position of the Cd peak in the soil column. The model was 

therefore used to explore the possible potential for Cd leaching from these soils in the 

field. A comparison of possible leaching rates with probable losses through plant and 

animal uptake - the other main means of Cd removal from topsoil - highlighted the 

potential importance of Cd loss from pastoral soils by leaching. Even on such a highly 

sorbing soil as the developed Wharekohe fine silt loam, leaching provides the greatest 

opportunity for Cd loss. Losses by plant and animal uptake are clearly several orders of 

magnitude lower than what may occur through leaching. A further comparison with the 

likely input rates of Cd from fertilizer, indicated that the rates of leaching loss may be 
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sufficiently high to have a significant impact on its accumulation in soil. Several of the 

soils studied here demonstrate the potential to reach a comparatively low steady state 

concentration of Cd. Though this may be beneficial to agriculture it could shift the 

concern to Cd concentrations in water reservoirs. 

The possibility of significant leaching rates suggested in this preliminary study support 

the comments by Rothbaum et al. ( 1 986) regarding the loss of fertilizer-applied Cd as a 

result of leaching. Though Cd loss by leaching has often been dismissed as insignificant 

(section 6.2), on some soils under certain conditions (such as low pH and low organic 

matter) leaching may provide the major means of regulating Cd accumulation in soils. 

While not quantifying accurately the loss of Cd from field soils by leaching, the data 

presented here do justify further work in investigating Cd leaching from New Zealand 

soils. However, this should be undertaken in a way, and under conditions, that render 

the results more applicable to a practical assessment of the field situation. 
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CHAPTER S 

FATE OF CADMIUM IN A WHAREKOHE SILT LOAM CHRONOSEQUENCE 

S.l INTRODUCTION 

This thesis has presented evidence for the dominant role that phosphatic fertilizer has 

played in elevating Cd concentrations in New Zealand farming soils. Additional work 

was able to show that, under certain soil conditions, Cd has the potential to be relatively 

mobile and could be leached through soil columns with weak electrolyte solutions. This 

suggested that some of the Cd entering the soil with phosphatic fertilizer additions may 

be lost from some soil profiles over time. 

Both Cd accumulation and Cd movement are time dependent. The fate of Cd in soils 

over time is therefore of primary interest. But, to investigate this requires a soil 

chronosequence where sites have received known fertilizer applications, and hence have 

known Cd application rates, for varying periods of time. Such a chronosequence exists 

on the Wharekohe fine silt loam, a Northern podzol, at the AgResearch Grasslands 

research station in Kaikohe, New Zealand. 

The development of pastoral land at this research station over many years has provided 

sites ranging in development age from zero years (undeveloped land under manuka 

scrub) to 32  years (under permanent pasture and regularly fertilized with 

superphosphate). Work investigating the accumulation ofP at this site has already been 

done and results indicate that up to 30% of applied P, generally considered an immobile 

anion, can not be accounted for in mass balances (Edwards et al. 1 994) . Laboratory­

based leaching experiments, on intact soil cores, and field work both showed P 

movement through leaching and surface and subsurface water runoff. In view of the 

strong relationship found between P and Cd in pastoral soils in general, it appeared that 

this soil could provide an ideal opportunity to study leaching losses of Cd. 

The objectives of this Chapter were, therefore, to : 1 )  construct mass balances for sites 

of varying pasture development age in order to evaluate the magnitude of Cd 

accumulation and Cd loss from the Wharekohe silt loam, and 2) interpret and explain 
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the results from these mass balances in terms of the knowledge gathered in the 

preceding Chapters of this study on Cd behaviour in soils. 

Acknowledgment 
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bulk density, fertilizer histories) were kindly provided by Dr. Jenni Edwards. I would 

like to take this opportunity to thank Jenni and her supervisor, Dr. Paul Gregg, for the 

opportunity that this co-operative research provided. 

8.2 BACKGROUND 

Site selection, soil and herbage sampling procedures, and methods of analysis for soil 

pH and total P in the soil samples are detailed in Edwards (1997), section 3 .3 .  The 

following briefly covers information relevant to this case study. 

The dominant soil type in the field area at Kaikohe is the Wharekohe silt loam variant. 

This soil is characterized by a dense, pale, eluvial horizon (denoted as the E horizon) 

and very low P retention in the surface horizons compared to other soils (NZ Soil 

Bureau, 1 968b; Edwards, 1 997). 

0-10 c m  below E 

20-30 cm below E 

Pit 1 

Figure 8.1 

Schematic diagram of the position of the four 
pits at each of the 7 sites, and the depth 
intervals from which soil was sampled. 
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Soil samples were taken from sites that had been under pasture for 0, 8, 23, 25, 3 0  and 

32 years. A 1 0  m by 1 0  m area not subject to stock-camping was located for each site. 

Four pits were dug on each side as shown in Figure 8 . 1 ,  and soil sampled from 6 depths. 

The sampling intervals were: 0 - 3 cm; 3 - 7 .5 cm; 7 .5 - top ofE horizon; E horizon; 0-

1 0  cm below the E horizon; and 20-30 cm below the E horizon. Soil sampling took 

place during the spring of 1 990, while pasture samples from each site were collected on 

1 1  February, 1 992, from beneath animal exclusion cages (Edwards, 1 997). 

Variability in the depth to the E horizon resulted in varying depths for the profiles, both 

between sites and between pits at the same site. Average depths to the top of the E 

horizon and bulk density data for each site are presented in Table 8 . 1 .  With the 

exception of the 0 year site, these values are averaged over the 4 pits. The 0 year data 

are averages over 8 pits from two separate sampling sites, undeveloped 1 and 

undeveloped 2 .  

Detailed fertilizer histories for each pasture development age were available (J. 

Edwards, pers. corn.), these are reproduced in Appendix 6. Lime was also applied 

throughout the pasture development period; data for tonnage applied at the beginning of 

the development period and several years prior to soil sampling are presented in Table 

8.2. Recorded soil pH values are shown in Table 8 .2 .  

Table 8.1 Age, profile depth and bulk density data for soil sampling sites in the 
Wharekohe chronosequence. t 

Development Depth to top of E Soil bulk density (kg m-
3
) 

Site age (years) horizon (cm) 
0 - 3 cm 3 - 7.5 cm 7.5 cm - E  

Undeveloped 0 1 3 .4  898 1 125 1 264 

Pa 1 8 1 7 . 5  822 1 146 1 1 79 

M Farm 23 1 0. 1  945 1 092 1 245 

L Block 25 1 3 .0 7 1 4  926 1 060 

College 4 30 14.4 83 1  958 1 200 

Pylon 2 32 23 .8 626 836 1 3 1 1  

Average of at least 4 pits, Edwards ( 1 997). 



Table 8.2 Soil pH at the time of sampling and recorded lime applications for each site following initial pasture development and 
over the 1 0  years prior to soil sampling. t 

Development Lime application (tonne ha-i) Soil pH at time of sampling (spring 1 990) t 
Site age 

(years) first 7 years 1 98 1  - 1990 0 - 3 cm 3 - 7.5 cm 7.5 cm - E horizon 

Undeveloped 0 4.0 4.0 4. 1 

Pa 1 8 9 . 1  1 1 . 1  6.0 6.0 5.4 

M Fann 23 unknown 5 .0  5 .6  5 .6 5 .7 

L Block 25 1 0.6 7 .2 5 .6 5 .5  5 .3 

College 4 30 4 .5  5 .0 5 .5  5 .4 5.4 

Pylon 2 32  1 5 .3  5 .0  5 .6  5 .5  5 .2 

Reproduced from Edwards ( 1 997). 
Mean value determined from at least 4 pits. 

" 
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8.3 MATERIALS AND METHODS 

8.3 . 1  Chemical analyses 
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Soil samples were obtained in a 2 mm-sieved state. To determine total Cd and total Zn, 

subsamples were taken and ground using a ceramic mortar and pestle as described in 

section 3 .3 .  Total Cd and total Zn were determined using the HF:HN03 digestion 

procedure outlined in section 3 .3 .2 and section 3 .6 .2 respectively. 

Pasture samples from each site were provided ready for analysis and only required 

drying at 70°C before digestion in concentrated HN03 to determine total Cd (section 

3 .4). 

8.3.2 Cadmium mass balance calculations 

A detailed fertilizer history was needed to estimate the amount of Cd applied to each 

site coincident with the application of phosphatic fertilizer (Appendix 6). Unfortunately, 

the Cd contents of the fertilizers used had not been regularly determined. Thus, in order 

to estimate the likely Cd concentrations in the single superphosphate (SSP) product, 

P :Cd ratios in the raw phosphate rocks used in the manufacture of the fertilizer at that 

time have been used (section 2.4.2). Over the period 1 958  to 1 990, the source of 

phosphate rock changed several times. In the absence of more specific information, it 

was assumed for this study that Northland fertilizer manufacturers used a similar mix of 

phosphate rock to that reportedly used at Ballantrae, Woodville (Loganathan et al. 

1 995).  The proposed fertilizer mixes and their Cd content, assuming a final SSP P 

Table 8.3 Proposed phosphate rock mixes used to manufacture superphosphate in New 
Zealand from 1 958  to 1 990 and the estimated Cd contents of the resulting 
SSP. 

Years Phosphate rock sources 
to make SSP 

1 958  - 1 970 50:50 NaurulOcean 1.  
1 97 1  - 1 978  70:30 NaurulChristmas 1 .  
1 979 - 1 986 50:50 NaurulChristmas 1. 
1 986 - 1 990 60:40 NaurulN. Carolina 

Fertilizer PICd 
SSP 

1 44 1  

2208 

2571  

2 1 74 

Cd in fertilizer 
(mg kg-I) 

63 

4 1  

3 5  

42 
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content of 9 . 1  % (1. Edwards, pers. cornm.), are presented in Table 8 .3 .  The P 

concentrations and PICd ratios used for these calculations are given in bold text in Table 

2 .3 .  

Although SSP made up the base of most P-fertilizers used on the Wharekohe sites, the 

application rate frequently included quantities of sulphur, potash, serpentine rock or 

RPR. With the exception of RPR, it was assumed that none of these additional 

components in the fertilizer contributed Cd. Estimates of the Cd and P additions made 

to each site with each fertilizer application (using the data in Table 8.3) are presented in 

Appendix 6 as part of the fertilizer histories and the Cd inputs for each site are 

summarized later in Table 8 .4. 

Aerial deposition and lime were also considered as potential sources of Cd. However, 

these could be discounted. Aerial deposition would be negligible in the lightly 

populated, predominantly rural inland area of Kaikohe, and additions from liming would 

be insignificant compared to that from SSP. Compared to phosphate rocks, the Cd 

content of limestone is very low (section 2.4.2). Other farm-based sources of Cd, such 

as anthelmintic drenches, can also be regarded as unimportant (Longhurst et al., 1 994). 

An estimate of Cd loss from the soil system by plant uptake and removal through 

animal products was determined for each site over the period of fertilizer application. In 

this calculation it was assumed that net Cd loss via animal transfer of dung off the site 

was unimportant, and that Cd contained in plant roots can be treated as a part of the soil 

Cd store (and is unavailable for ingestion by stock). 

To approximate the increasing concentration of Cd in the herbage with increasing top­

soil Cd concentrations over the development period, Cd uptakes by pasture at the sites 

were calculated incrementally using Cd concentrations in the herbage samples of 

successive development ages. Pasture production of around 10,000 kg dry matter (DM) 

ha- I yr-I was assumed over the development period for each site. This value falls within 

the range of dry matter yields reported for 1 99 1  and 1 992 by Edwards ( 1 997). Cadmium 

stored in the pasture at time of  soil sampling was estimated by assuming a standing 

pasture mass of 1 000 kg DM ha-I . 
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The removal of  Cd  from the soil-plant-animal system via animal products was estimated 

using an average stocking rate of 1 5 .6 stock units (SU) (J. Edwards, pers. comm.) ­

where 1 SU consumes 550 kg DM ha- l yr-l . On this basis the figure for pasture 

utilization would be about 86%. Due to the poor structural nature of  the Wharekohe soil 

(l Edwards, pers. comm.), soil ingestion by the stock (sheep) was included at a rate of 

7S kg soil animar1 yr-l 
(PEH Gregg, pers . comm.). Predominantly topsoil (0 - 3 cm) 

would be ingested and because Cd concentrations would be increasing each year, the 

amounts of Cd ingested were calculated incrementally using topsoil concentrations from 

each development age. Of the Cd ingested by stock, approximately 1 % is retained in the 

animal (Lee et al. 1 996); 99% is returned to the soil pool. A breakdown of these Cd loss 

estimates is given in Appendix 7 .  

Results from the mass balance calculations for each site are presented later in Table 8 .4. 

8.4 RESULTS AND DISCUSSION 

8.4.1 Cadmium accumulation in the Wharekohe silt loam 

The impact of fertilizer use on Cd concentrations in these Wharekohe soils is plainly 

evident. The difference in soil Cd concentrations between the unfertilized soil (year 0) 

and sites which have been subject to phosphatic fertilizer applications is far greater than 

the small variability in Cd concentrations between replicate pits at the same site, Figure 

8.2. Thus, all soils developed under pasture are clearly showing an accumulation of Cd 

at the surface. Furthermore, the distribution of Cd with depth (Figure 8 .2) suggests that 

Cd may be accumulating at depth down the soil profile as pasture development 

continues. Negligible amounts of Cd were found, however, within the E horizon or 

below. Accordingly, only the top three depths (0 - 3 cm, 3 - 7.5 cm and 7 .5  cm - E 

horizon) are considered in the following discussion. 

These results are in close agreement with those of a similar study presented in Chapter 5 

that investigated the accumulation of Cd in soils under bush (unfertilized) and pasture 

(fertilized) on the hill-country station of Limestone Downs. 
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Inspection of the relationship between Cd and P concentrations in the soil at each site 

(Figure 8 . 3) shows that, as seen in other pastoral soils that have received fertilizer 

(Chapter 4 and 5),  these two elements are again strongly related. The ratio of ZnJCd 

concentrations in the soil also follow the common trend for phosphate fertilized soils 

(section 2.4.2 and Chapter 5) and are narrower at the fertilized sites (under pasture) than 

the unfertilized sites, Figure 8 .4 .  Though there is perhaps one exception. The ZnJCd 

ratios  in the 8 years site at the 7 . 5  - E horizon depth are similar to those found in 

unfertilized soils ( the 0 year sites) - the data are not shown explicitly in Figure 8.4 as 

depths are not differentiated. This may indicate that little fertilizer has penetrated below 

7 .5  cm in this recently developed soil, an observation consistent with the low Cd 

concentration seen in the 7 .5  - E horizon interval (Figure 8.2 (b) . 

The 8 year site further differs from the other older sites with respect to the P-Cd 

relationship, Figure 8 .3 .  There is a suggestion that soil samples taken from this site 

have, on average, a marginally greater P:Cd ratio than that of the other sites. The trend 

in recent years towards lower-Cd fertilizers may account for this observation - the 8 
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year site probably receiving most of its P with a lower input of Cd. But also there may 

be an effect from leaching losses. Edwards ( 1 997) found a lower loss of P from the soil 

profile at this site compared to sites of a greater development age. Hence the difference 

in the P-Cd relation might be attributed to differences in the relative losses of P and Cd. 

The Cd mass balances constructed for each site are presented and discussed below. 

8.4.2 Cadmium mass balance 

Although the number of years of development ranged from 8 to 32 years, the total 

amounts of P and Cd added in fertilizer did not vary in direct proportion to the years of 

development. Thus, Cd accumulation in the soil does not increase linearly with 

increasing development age (Table 8 .4). Results from the mass balance (Figure 8 .5) 

further reveal that, with the exception of the youngest site (year 8), significant amounts 

of Cd thought to have been applied cannot be accounted for in the soil profile above the 

E horizon (Table 8 .4). In the year 8 site, slightly more Cd was recovered from the soil 

profile above the E horizon than was estimated to have been added. Inaccuracies in 

input estimates, determination of soil Cd concentrations and natural variation in the field 



1 76 

600 

500 

[illill Cd appJied with fertil izer 

III Cd recovered in soil profile above E horizon 

o Cd unaccounted for in soil 

400 +-----------------U8�----£0.�----40S,�----4 

--� 300 
::: 

� 200 +----------­
U 
-� 
-

� 1 00 +-----+.J.,) 

Figure 8.5 

o years 8 years 23 years 25 years 30 years 32 years 

Pasture Development Age 

Diagrammatic representation of the Cd mass balance calculated for each 
site. Bars represent: total amount of Cd estimated to have been applied to 
each site with fertilizer; total amount of Cd accumulated in the soil above 
the E horizon at each site - error bars denote the standard error of the 
mean value for at least four pits; and the amount of Cd unaccounted for at 
each site. See also Table 8.4. 

may be responsible, but, the total retention of applied Cd within the soil profile implied 

by the mass balance agrees well with indications of limited Cd movement into the 7 .5 

cm - E horizon depth. 

Correction for losses through plant uptake and removal of animal product do not 

reconcile the mass balance figures. Instead it is apparent that, compared to the Cd inputs 

from fertilizer, losses through plant and animal are negligible (Table 8 .4). This leaves 

between 27 and 44% of the Cd unaccounted for. Losses of a similar order of magnitude 

were also found at each site for P, but were generally lower in the older sites, ranging 

from 1 6  to 27%, with the 8 year site showing a 4% loss (Edwards, 1 997). Thus, the 

close relationship between Cd and P anticipated when starting this study has been 

verified. 



Table 8.4 Cadmium mass balance for each site showing the amount of Cd accumulated in the soil at time of sampling, likely additions 
from phosphatic fertilizer and estimated losses through leaching. 

Cd accumulated in soil (g ha-I) :  

Estimated inputs (g ha- I ) :  Fertilizer 

Cd unaccounted for above E horizon (g ha- I ) :  

Estimated losses (g ha- I ): Product removal 

Standing herbage 

Proportion of Cd estimated to have been applied 
with fertilizer which is unaccounted for (%): 

o years 

1 7  

o 

8 years t 

207 

1 56 

-34 

0.08 

0.07 

o 

Assuming Cd which is unaccounted for has been leached from soil profile: 

Estimated leaching rate olCd (g Cd ha-l yr-I): o 

Pasture development age 

23 years 

332 

480 

1 65 

0 .30 

0. 1 1  

34 

7 .2 

25 years 

333 

464 

147 

0.34 

0. 1 7  

32 

5.9 

More Cd was recovered from the soil a t  this site than was estimated t o  have been added with the fertilizer, see discussion. 

30 years 

3 1 6  

532 

232 

0.46 

0.22 

44 

7.7 

32 years 

4 1 5  

546 

147 

0.60 

0 .39 

27 

4.6 
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8.4.3 Cadmium loss through leaching 

Assuming losses by erosion and lateral soil movement to be unimportant at these sites 

(land slopes ranged from 4 to 1 4° - Edwards, 1997), leaching provides the most 

probable explanation for the unaccounted Cd. To reconcile the mass balance figures, an 

annual leaching loss of between 4.6 g Cd ha-I yr-I (for the 32 year site) and 7.7 g Cd ha-I 

yr- l (for the 30  year site) would be required on the older sites (Table 8 .4) . These rates 

are not unreasonable given the range reported recently in literature (Holm et al., 1 995, 

as cited in Folke and Landner, 1 996), however, they are several times greater than the 

1 .4 g Cd ha-I yr- I predicted in Chapter 7 using soil from the 25 year site (Table 7 .4, 

Developed). 

Edwards ( 1 997) attributed the loss ofP from the Wharekohe silt loam to a low P 

sorption capacity in the soil. For this reason she proposed that P loss from the soil 

would be low during the years following initial pasture development, and would become 

higher in later years. Despite the apparently close relationship between P and Cd, Cd 

loss from this Wharekohe soil is unlikely to follow a similar pattern. During the 

laboratory leaching studies of Chapter 6 it was found that Cd movement in the 

Wharekohe silt loam was greatest when the soil was undeveloped and reduced 

substantially in soil that had been developed for 25 years. Furthermore, adsorption 

isotherms (Chapter 7) for this developed soil showed a very high sorptive capacity for 

Cd up to at least 2 mg Cd kil soil - a concentration which does not appear to have been 

exceeded at the sites sampled for this study. 

Cadmium leaching losses are more likely than P leaching losses to be affected by 

changes in soil properties (such as pH, organic matter, and CEC) which occur with 

pasture development. In the undeveloped state these Wharekohe soils are very acidic 

(Table 8.2, year 0), and exhibit high Cd mobility (section 6.5.5) .  Therefore, the highly 

soluble Cd present in SSP fertilizer (Loganathan and Hedley, 1 997) applied at the 

beginning of pasture development was probably susceptible to leaching. Following 

regular additions of lime and further SSP, however, both soil pH and organic matter 

would increase, resulting in decreased Cd mobility (section 6.2) and consequently 

reduced leaching rates. Thus, losses of Cd from the soil profile may have been high in 
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the initial years following pasture development and declined in later years. This is the 

reverse of that proposed by Edwards (1 997) for P .  
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Just as the use of fertilizers containing reactive phosphate rock (RPR) probably reduced 

P losses on the Wharekohe silt loam (Edwards, 1 997), so too would their use reduce the 

loss of Cd. Cadmium in the RPR fraction has extremely low solubility (Loganathan and 

Hedley, 1 997) and would therefore be less available for leaching than Cd present in 

SSP. The low loss of Cd calculated for the year 8 site is most likely a consequence of 

this fact. Almost half of its Cd was applied in the form of 'Longlife-super' , a fertilizer 

with a high RPR component. On the older sites, by comparison, most of the Cd was 

applied in a much more soluble form as SSP. 

8.5 CONCLUDING DISCUSSION 

The development chronosequence studied here shows clearly that the application of 

phosphatic fertilizer has had a huge impact on Cd concentrations in pastoral soils. 

However, a mass balance accounting for Cd inputs from fertilizer and losses by plant 

uptake and removal in animal products showed that up to 44% of Cd applied to the 

surface has been lost from the soil profile above the E horizon. Though these losses are 

consistent with the those of fertilizer-derived phosphorus, the stages when most rapid 

loss occurred and the reason for this loss may be quite different. 

Cadmium loss from the soil profiles is most likely to have occurred during the early 

stages of pasture development when the soil was still relatively acidic and large 

quantities of the highly soluble SSP fertilizer had just been applied. The low soil pH and 

high solubility of the SSP-derived Cd could be expected to favour Cd mobility. This 

suggests that variability in Cd loss between sites can probably be attributed to 

differences in liming rates during the initial stages of pasture development, and 

differences in the proportion of Cd applied during this stage. The greatest loss, for 

example, was found to have occurred on the 30 year site (College 4) which coincidently 

had the lowest lime application rate during the first 7 years (Table 8 .2). In contrast, 

Edwards ( 1 997) proposed that most losses of P took place later in pasture development 

when the soil' s sorptive capacity for P was exceeded. Nonetheless, removal of the 
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soluble P and Cd from the surface soil probably occurred in the same manner - through 

lateral movement of soil water above the impermeable E horizon. 

With all the Wharekohe sites now showing high soil pH and soil organic matter -

both of which influence Cd mobility - future additions of Cd can probably be expected 

to accumulate in the topsoil with little movement to depth. The estimated leaching rates 

for these sites over their development period (between 0 and 7 .7 g ha-1 yr-l) are therefore 

likely to over predict future Cd losses. This will be further exacerbated by the use of 

fertilizers containing RPR, since Cd present in such material is relatively insoluble and 

would be more resistant to leaching. 
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CHAPTER 9 

SUMMARY AND SUGGESTIONS FOR FUTURE RESEARCH 

9.1 INTRODUCTION 

1 8 1  

Cadmium i s  recognised as a threat to the health o f  the human population through the 

consumption of agricultural products. Much work has demonstrated that addition of Cd, 

and its subsequent accumulation in soil, is an almost irreversible process. Consequently, 

the exposure of  soil to phosphatic fertilizer, sewage sludge and atmospheric pollution 

has lead to increasing Cd concentrations in topsoils world-wide. Policies are therefore 

being instituted globally to control both Cd additions to soils and the exposure of the 

human population to Cd from foodstuffs. Included in these is a push to restrict the 

application of soil amendments containing Cd, and a reduction of the Cd concentrations 

of these amendments where possible. Further control policies are focusing on limiting 

the exposure of the human population to Cd through the exclusion of products from sale 

where these products exceed a threshold Cd concentration. Both of these measures are 

currently affecting New Zealand agriculture. 

Phosphatic fertilizer has been used extensively for many decades in New Zealand 

agriCUlture. It has played an important part in sustaining the productivity of much of  our 

pastoral land. With the knowledge that phosphatic fertilizers can contain significant 

concentrations of Cd, this history of widespread use is now causing concern as to the 

extent of Cd accumulation that has taken place unknowingly in New Zealand soils. 

Currently, New Zealand soils exhibit Cd concentrations on a par with that shown by 

most countries active in the Cd debate. And, in line with the international trend, we have 

instituted control measures to protect the consumer from excessive exposure to Cd. The 

export of animal offal, for example, has been limited to product containing less than 1 

ppm Cd fresh weight. Meanwhile, New Zealand fertilizer companies are coming under 

increasing pressure to provide low-Cd fertilizers. 

There is an economic cost to these measures; particularly the production of low Cd 

fertilizer. As a result, there has been some understandable reluctance on the part of 

fertilizer companies to make major changes until all potential inputs of Cd to New 

Zealand soils have been investigated. Biocycling (not studied in the current work) could 
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cause accumulation of Cd in topsoils through root uptake of Cd from depth down the 

soil profile, and its deposition on to the surface as leaf litter. The impact ofthis process 

on surface Cd concentrations depends largely on the concentration of Cd in the subsoil 

and parent material. With a lack of published data on the Cd contents of New Zealand 

parent rock, the importance of parent material as a contributor of Cd to New Zealand 

soils has been open to some debate. 

Should it be proven that phosphatic fertilizer is the major source of Cd, then the 

acceptable Cd concentration in this product will need to reviewed. The permissible level 

will depend on the current status of Cd in New Zealand soils, the likely rates of Cd 

accumulation and the maximum concentration at which damage to the environment or 

human health is perceived to begin. 

Several studies have reported on the range and average concentration of Cd in New 

Zealand soils. However, these data do not convey the high variability of Cd 

concentrations in soil, even within the limited area of a paddock. The Cd concentration 

of a soil sample is highly dependent on factors such as the physical and chemical 

properties of the soil, the soil parent material, the local topography and variations in Cd 

inputs from non-litho genic sources, e.g. animal transfer and fertilizer. A poor 

understanding of this variation reduces our ability to effectively manage the Cd 

accumulation in stock that i s  raised on Cd contaminated land. 

Currently we are searching for a balance between the economic costs of protecting the 

environment and the health ofthe human popUlation and the advantages gained by 

permitting the application of Cd-containing material to the soil. This requires a thorough 

understanding of the sources of Cd, its behaviour and redistribution within the soil­

plant-animal system and its potential for entry into the human food chain. 

9.2 AIMS OF THE STUDY 

This work centred on the study farm, Limestone Downs. The diversity of soil types and 

soil parent materials on this farm permitted a study of potential Cd sources to pastoral 
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soils, and enabled the development of a better understanding of the spatial distribution 

and variability of Cd in the landscape. 

While investigating the Cd distribution and origin in the above soils, significant 

quantities of Cd were found at depth in the soil profile. Having concluded that this Cd 

was predominantly fertilizer-derived, and had therefore resided in the surface soil at 

some point, there appeared to be strong evidence for Cd redistribution in soil. Though 

leaching of Cd from soil is generally considered to be negligible; in some soils, under 

some conditions, significant leaching has been reported. There is a paucity of data on Cd 

leaching in New Zealand soils and this was considered an important gap in our 

understanding of  Cd. The ability of Cd to migrate through soil was therefore 

investigated with the aid oflaboratory-based leaching experiments and modelling. 

9.3 CADMIUM DISTRIBUTION AND ORIGIN IN PASTORAL SOILS 

A large variation in Cd concentration was found for the topsoils of a regularly fertilized 

hill-country farm. The range was 0.07 to 0.91  mg Cd kg- 1 with an arithmetic mean of 

0.36 mg Cd kg- I . These values were typical ofthose reported elsewhere for New 

Zealand agricultural soils. 

The Cd contribution from parent material was studied for pedologically described and 

sampled soil profiles. In most cases, digestion with HF acid (to break down all minerals 

including acid-resistant silicates) failed to recover any Cd from depth in the B and C 

horizons or from parent rock. This indicated that parent material was, in general, 

unlikely to be responsible for the high Cd content of most topsoils. 

Four exceptions to the above observation were found. In two cases, Cd in the parent 

material (between 0. 1 and 0. 1 6  mg Cd kg-I ) could be related back to the presence of  

calcareous deposits in the rock. In another instance, Cd in the parent material (0. 1 3  mg 

Cd kg-I ) was concluded to be predominantly from iron sand deposits. These ironsands 

represented a potential source of Cd not only to topsoils developed in situ, but also to 

topsoils some distance away through aeolian deposits derived from local irons and 

dunes. However, the Cd from this source was soluble only in HF acid. It would 
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therefore be of very low plant availability, and consequently of no threat to plants and 

animals. In the fourth parent material, an excessively large concentration of Cd (0.76 mg 

Cd kil) was found. The origin of this Cd was unknown, but could possibly be from 

marine detritus. 

Overall, grouping topsoils according to their parent material was unable to explain their 

variability in Cd concentrations. The only soil characteristics that were found to 

correlate significantly with Cd concentrations in topsoils across the whole farm were the 

P status (r = 0.84) and the total carbon content (r = 0.79) of the soil. 

Cadmium spatial variability was investigated for its relationship to changes in 

topography and the resultant effect of animal transfer. In this localized study, P and Cd 

were also correlated, but the strength of this correlation was strongly dependent on 

topography. Soils from the steep slope showed a very strong, linear correlation between 

P and Cd (r = 0 .86) . This was interpreted as indicating that variation in the spread of 

fertilizer granules had caused the variation in soil Cd concentrations. In contrast, the Cd­

P correlation on the low slope was much weaker (r = 0.46). 

A small increase in Cd concentration was seen for soils on the low slope over that on the 

steep slope. However, the increase was only 1 . 1  times, and much less than the two-fold 

increase reported by another, similar study. The effect of slope on P concentrations was 

more marked - a 1 .4 times increase on low slopes. These observations lead to the 

conclusion that, while animal transfer would always act to increase Cd concentrations 

on low slopes, the impact of this process would be highly dependent on the plant 

availability of Cd in the surrounding soil. The apparently greater impact of animal 

transfer on P than on Cd also suggested that this process could be responsible for the 

weakening correlation between Cd and P and the low slopes. Furthermore, some of the 

variability in Cd concentration between sample points on these low slopes could 

perhaps also be attributed to spatially-variable dung deposition. 

The consistently strong correlation between Cd and P in topsoils on this regularly 

fertilized farm pointed clearly to P fertilizer history as a means of explaining both the 

magnitude of, and variability in Cd concentrations. This was confirmed by a study 
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comparing fertilized and unfertilized sites on the same farm. A mass balance for Cd and 

P showed that the Cd accumulated in the soil profile could reasonably be accounted for 

by inputs from phosphatic fertilizer over many decades. Other sources of Cd, such as 

atmospheric and sea spray were concluded to be negligible. 

9.4 CADMIUM MOBILITY IN SOILS 

Artificial columns of repacked soil were created with a layer of Cd-amended soil 

overlying unamended soil. This closely represented the field situation where soil high in 

Cd is frequently found at the surface. With the pre-adsorbed Cd and Cd-free leaching 

solutions, this arrangement also allowed the study of Cd movement as a pulse under 

typical field conditions. 

Pertinent aspects of Cd behaviour in soil were reviewed and this revealed, in addition to 

the effect of pH, a significant impact of cr concentrations on the mobility of Cd. The 

finding that cr was the dominant anion in soil solution samples taken from the coastal 

study farm (Limestone Downs) lent importance to the effect of this anion on Cd 

behaviour in New Zealand soils. 

Using columns ofManawatu soil, cr was studied for its effect on Cd mobility. Only 

limited redistribution of Cd occurred when this soil was leached with 2 .5  mM CaC12. A 

comparison with several other leaching solutions containing different anions and cations 

[Ca(N03h, CaS04 and KCl] indicated that, at the concentration used (2.5  mM CaC12), 

the primary cause of Cd redistribution was competition between Cd
2+ and ci+ for 

cation exchange sites rather than cr complexation. A concurrent study demonstrated, 

however, that almost complete removal of Cd from the soil columns could be achieved 

with 50 mM CaC12. This lead to an investigation of changing Cd mobility with 

increasing CaC12 concentration. 

Increasing the concentration of CaC12 clearly increased the mobility of Cd, both native 

and added. This increase (measured as loss of Cd from the Cd-amended layer) was seen 

to be linearly related to the concentration of CaC12 up to about 20 mM. Above 3 5  mM 

CaCl2 the extent of Cd movement increased only slightly, a result of much of the added 
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Cd (88%) having been already removed from the top layer of soil. At these CaC12 

concentrations, significant complexation of Cd by cr is reported frequently. 

Nonetheless, competition for cation exchange sites by Ca
2+ will also be important. Thus 

it was concluded that cation competition and anion-complexation had operated together 

throughout the CaC12 concentration range to cause Cd redistribution. 

Although the effect of  CaCl2 concentration on Cd movement was clear, anomalous 

behaviour in several of the columns lead to a discussion of factors that can enhance Cd 

adsorption in soil. The Manawatu soil demonstrated how physical changes in the soil 

can modify Cd mobility, and hence emphasized the sensitivity of this cation to its 

environment. Iron oxide precipitation in the soil column during leaching indicated 

waterlogging had occurred. Through its effect on the soil chemistry, this waterlogging 

was believed to be responsible for the observed immobility and accumulation of Cd at 

specific points in some columns - despite the high concentrations of CaC12• This was 

not seen in any other soil studied. These observations may have implications for the 

field where iron oxide precipitates are commonly found - around root channels, for 

example. 

Three additional soils, with differing physical and chemical properties, were studied 

concurrently with the Manawatu soil. These soils were also leached with 2 .5  mM CaCl20 

an electrolyte solution which reasonably approximates field soil solution concentrations. 

Under the approximated field conditions of these leaching columns, a broad range of Cd 

movement was seen. Movement varied from very limited to extensive. Interestingly, 

these extremes of Cd mobility were shown by two soils almost identical in mineralogy 

but markedly different in soil pH and carbon content. This difference had come about 

through the application of lime and superphosphate to one of the soils (Wharekohe 

[Developed]) during 25  years of pasture development and maintenance. This developed 

soil showed the smallest degree of Cd movement and therefore highlighted the effect of 

a high pH (6.0) and high carbon content (7.5%) on Cd mobility. 

Using the convection-dispersion equation and adsorption isotherms, the Cd 

redistribution found in the above four soils (leached with 2 .5  mM CaC12) was, in 

general, modelled satisfactorily. When this basic model was used to predict Cd loss 
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from pastoral soils, it was concluded that the process of leaching is likely to be 

significantly more important than losses through the removal of animal products. In 

some situations, the loss of Cd may even equal inputs from phosphatic fertilizer, thus 

mediating the threat of Cd accumulation. Such information is important if Cd levels in 

fertilizer are to be based on prospective Cd accumulation rates. 

The above observations were instrumental in understanding and explaining the Cd 

distribution profiles at a second study site. The Wharekohe chronosequence investigated 

in Chapter 8 presented a unique opportunity to study the Cd balance in a pastoral soil. 

While the soils in this sequence showed marked Cd accumulation - attributable to 

phosphatic fertilizer application - data on their fertilizer history suggest that 

considerable loss of Cd from the soil profile (up to 44%) had also occurred. Changes in 

the soil properties with pasture development, and the effect of these changes on Cd 

mobility (demonstrated by the leaching experiments described above), indicated that 

most of this Cd loss probably occurred at the beginning of pasture development. During 

this period, soil pH would have been low and would have enabled rapid leaching of Cd 

contained in the highly soluble fertilizer, SSP. 

9.5 CONCLUDING COMMENTS AND AREAS FOR FUTURE RESEARCH 

Observations on the Cd content of pastoral soils on Limestone Downs indicate a general 

accumulation of Cd in topsoils across the property. The primary origin of this Cd would 

appear to be external, and most likely phosphatic fertilizer. Levels of Cd in subsoils and 

parent material are generally too low to account for this accumulation through 

biocycling. Fertilizer was confirmed as the predominant source by a comparison of 

fertilized and unfertilized soils. 

Cadmium variability between soil samples was marked, even over small sampling 

distances. This variability could not be explained by variations in Cd concentration 

associated with parent material or soil group. The best explanation came from fertilizer 

application and, to a lesser extent, the grazing patterns of stock. Cadmium is transferred 

to stock camps in much the same way as P .  However, in contrast to P, the extent of this 

animal transfer will vary markedly according to the properties of the surrounding soil -
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for example, pH which has a major influence on herbage Cd concentrations and hence 

animal uptake. 

Cadmium distributions down the soil profiles, mass balance calculations and laboratory 

leaching studies all indicated the potential for Cd loss from topsoil. Under some soil 

conditions model predictions suggest that the loss of Cd by leaching is likely to be much 

more important than loss of Cd from the farm system in animal products. Current 

information on leaching and movement of Cd under field conditions is sparse. There is, 

therefore, an urgent need for further research in this area. 

If leaching is indeed the maj or loss mechanism for Cd from topsoils, then quantification 

of this process is critical to the development of models for the accumulation of Cd in 

soils. Such models are essential for the fertilizer industry and regulatory authorities to 

determine appropriate Cd loadings in fertilizer. 

Further, with the regulation of  Cd plant-availability by soil properties (e.g. pH and 

organic carbon content), and with changes in these properties over depth, even limited 

movement of Cd in the topsoil may significantly affect its plant availability. 

Understanding this process will be important if the management of Cd availability by 

surface application of lime is to be recommended. 

Another area for further study is the aspect of Cd transfer to campsites by stock. This 

transfer results in high Cd concentrations on campsites, but the associated deposition of 

dung and urine also results in changes in many soil properties, for example, pH and 

organic carbon content. The implications of this to Cd availability and leaching are 

essentially unknown. 

A final area of future study relates to the impact of increasing soil acidity - as a 

consequence of farming practices or changes in land use - on Cd availability and 

movement. Laboratory studies, described earlier in this work, clearly demonstrated the 

importance of soil pH to Cd movement. Ongoing acidification may therefore assist in 

removing accumulated Cd from topsails, but the impact of the leached Cd on the wider 

environment would need careful consideration. 
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APPENDIX l 

GF MS furnace programmes used for the determination of Cd concentrations in acid­

digested soil and plant samples and leachate samples from Chapters 4, 5, 6, 7 and 8. 

For graphite tube with oxalic acid as a modifier. 

Step Final temp. Ramp time Hold time Gas Signal read 
number 

{OCl {sl 
{sl Type 

1 20 1 0 N2 
2 95 20 20 N2 
3 300 1 5  20 Ar 
4 300 0 1 None 
5 950 1 .5 2 None Peak Area 
6 2000 3 2 N, 

For graphite tube with PdlMg(N03h modifier and using either ascorbic acid or H2 
in the Ar purge gas as a reducing agent. 

Step Final temp. Ramp time Hold time Gas Signal read 
number 

{oC2 {sl {sl Type 

1 20 1 0 N2 
2 1 20 1 0  50  Ar 
3 800 5 20 Ar 
4 800 0 1 None 
5 1 600 0 .5 3 None Peak Area 
6 2500 3 2 N, 

For graphite tube with L'vov platform and PdlMg(N03)z modifier and using either 
ascorbic acid or H2 in the Ar purge gas as a reducing agent. 

Step Final temp. Ramp time Hold time Gas Signal read 
number tC2 {s2 {s2 Type 

1 85 1 1 0  None 
2 1 20 5 5 N2 
3 200 20 40 Ar 
4 250 1 5  0 Ar 
5 800 5 20 Ar 
6 800 0 1 None 
7 1 500 1 3 None Peak Area 
8 2300 1 1 N, 
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APPENDIX 2 

Descriptions of modal soil profiles from the hill country farm of Limestone Downs as 

recorded by F. W Krieger (Department of Soil Science, Massey University, Palmerston 

North). The locations of these profile sites are indicated on Map 1 - the Reconnaissance 

Soil Map of Limestone Downs. 

Key to Figures: 

Soil Cd: 

Soil pH: 

Total soil carbon: 

Profile 1 :  
Profile 2 :  
Profile 3 :  
Profile 4 :  
Profile 5 :  
Profile 6 :  
Profile 7 :  
Profile 8:  
Profile 9 :  
Profile 1 0: 
Profile 1 1 :  
Profile 1 2 :  
Profile 1 3 :  
Profile 1 4: 
Profile 15 :  
Profile 1 6: 
Profile 17 :  

Total Cd 
(detennined using an HF-based digestion) 

Extractable Cd 
(detennined using a 0. 1 M HCI extraction) 

• 

Whangape clay loam (W g) 
Wairama Hill soils (WaH) 
Mangapiko clay (Mp c) 
Mangapiko humic clay loam (Mphcl) 
Kotare Hill soils (KtH) 
Kotare clay loam (Ktcl) 
Ruakiwi Hill soils (RwH) 
Dunmore silt loam (Du) 
Kotare fine sandy loam (Kfsl) 
Horea Hill soils (HoH) 
Horea fine sandy loam (Ho) 
Tuahu sandy loam (Tu) 
Akatea steepland soil (AkS) 
Waingaro steepland soil (WnS) 
Kapamahunga steepland soils (KpS) 
Kohemarere Hill soils (KeH) 
Tauterei humic fine sandy loam (Tt) 
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Profile 1 :  

Location: 
Topography/Relief: 
Vegetation: 
Parent material : 
Drainage: 
Soil group: 

Horizon Depth 

Ap 0 - 17 cm 

AB 1 7  - 32 cm 

Bt 32 - 55 cm 

Btg 55  - 1 05 cm 

Brg 105  + cm 

Soil profile 

0 
Ap 

20 AB 
40 Bt 

Depth 60 
down 80 Btg 

Profile 
(cm) 

1 00 

1 20 Brg 
140  

1 60 

1 80 

Whangape clay loam (W g) 

Limestone Downs 
Terrace flat, 2 - 3° north slope 
Rye-clover dominated, rushes 
Rhyolitic alluvium 
Imperfectly of somewhat poorly drained 
Yellow-brown earth 

Description 

Dark brown ( 10YR3/3) silt loam; very friable; moderately developed fme 
crumb structure; non-sticky, slightly plastic; many very fme to fme roots; 
diffuse, irregular boundary. 

Yellowish brown ( lOYR5/4) silty clay loam; friable; moderately 
developed fme crumb to fme granular structure; slightly sticky, slightly 
plastic; common very fme roots; indistinct, wavy boundary. 

Yellowish brown ( I  OYR5/6) silty clay; fIrm; moderately developed fme 
nut structure; sticky, plastic; few, fme, distinct manganese nodules; few 
very fme roots; indistinct, wavy boundary. 

Yellowish brown ( l OYR5/6) clay; flrm; strongly developed fme nut to 
fme block structure; sticky, plastic; common, fme, distinct ochreous 
( l OYR7/8,  yellow) mottles; low chroma mottles ( I OYR8! I ,  white) begin 
at 75 cm; few, fme, distinct manganese nodules; distinct, smooth 
boundary. 

Yellowish brown ( lOYR5!6) clay; flrm; strongly developed fme nut to 
flne block structure; sticky, plastic; common, fme, distinct ochreous 
( l OYR7/8, yellow) mottles; reduced low chroma mottles ( l OYR811 ,  
white) ;  few, fme, distinct manganese nodules. 

Cadmium (mg kg-I) 

0 .0 0 .2 0 .4 0 .6  0.8 3 

r 

r 

pH (water) 

4 5 6 7 

,. 
J � 
I ,. 
I 
I 

• 

8 

Total carbon (%) 

o 2 4 6 8 1 0 1 2 1 4 
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Location: 
Topography/Relief: 
Vegetation: 

Wairama Hill soils (WaH) 

Limestone Downs 
North-facing, 1 2  - 1 5° hill slope 
Rye-clover dominated 

2 1 9  

Parent material: Calcareous siitstone, may also contain local bands of sandstone 
and low grade limestone 

Drainage: Moderately well drained 
Soil group: Yellow-brown earth 

Horizon Depth Description 

Ap 0 - 1 1  cm Dark greyish brown ( l OYR4/2) silt loam; friable; moderately developed 
fme crumb to granular structure; slightly sticky, slightly plastic; many 
very fine to fme roots; distinct, irregular boundary. 

AB 1 1  - 22 cm Yellowish brown ( l OYRS/4) clay loam; finn; moderately developed fine 
nut structure; slightly sticky, slightly plastic; common very fme roots; 
indistinct, irregular boundary. 

Bt 22 - 35 cm Light yellowish brown ( l OYR6/4) clay; finn; strongly developed fme to 
medium nut, and fine to medium block structure; sticky, plastic; 
indistinct, wavy boundary. 

Btg 35 - 1 00+ cm Yellow ( l OYR7/S) clay; finn; strongly developed medium to coarse block 
structure; sticky, plastic; many, fme to medium, ochreous (7.5YR7/S, 
reddish yellow) mottles with distinct and clear boundary, decrease down 
profile; few, fine to medium distinct low chroma (7.5YR7/0, light grey) 
mottles with diffuse boundary, increase down profile. 

Soil profIle Cadmium (mg kg-I )  pH (water) Total carbon (%) 

0 .0 0.2 0 .4 0 .6  0 .8  3 4 5 6 7 8 0 2 4 6 8 1 0 1 2 1 4 
0 Ap ., :- /' )0' 

20 AB r • It' 
/ 

Bt • ,. 
40 

I 

Depth 60 Btg i I 

down , .>i 

80 \ 

Profile \ 
1 00 \ \ 

(cm) \ \ 
\ \ 

Parent material n 
"'---'------' 

• 
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Profile 3 :  

Location: 
Topography/Relief: 
Vegetation: 
Parent material: 
Drainage: 
Soil group: 

Horizon Depth 

Ap 0 - 4 cm 

Btg 4 - 30 cm 

Mangapiko clay (Mpc) 

Limestone Downs 
Low-lying, swampy flats, humped and hollowed. Site on a hump 
Rye-clover dominated and many rushes 
Alluvium of mixed origin 
Poorly drained 
Gley recent soils 

Description 

Greyish brown ( lOYRS/2) silty clay; very friable; weakly developed fme 
nut structure; sticky, plastic; common, fme, distinct ochreous (2.SYRS/8, 
red) mottles with clear boundaries along root charmels; many very fme to 
fine roots (to 20 cm depth); indistinct, irregular boundary. 

Light yellowish brown ( IOYR6/4) clay loam; friable; weakly developed 
fme to medium nut structure; sticky, plastic; many fme to medium 
ochreous (2.SYRS/8, red) mottles, not only along root channels; few, fme, 
distinct manganese nodules. 

30 cm Water Table 

Soil profile 

0 Ap 

20 Btg 
Water 

40 table 

Depth 60 

down 80 
Profile 

(cm) 
1 00 

1 20 

1 40 

1 60 

1 80 

Cadmium (mg kg-I ) 

0.0 0 .2 0 .4 0 .6  0 . 8  

pH (water) 

3 4 5 6 7 8 
1'" 

• 

Total carbon (%) 

o 2 4 6 8 1 0 1 2 1 4  
.'" 



Profile 4: 

Location: 
Topography/Relief: 
Vegetation: 

Parent material: 
Drainage: 
Soil group: 

Horizon Depth 

Ap/O 0 - 6 cm 

Bgt 6 - 30 cm 

Br 30 - SO cm 

Br SO  cm 

Soil profile 

0 Ap/O 
20 Bgt 

40 Br 

Depth 
. Water 

60 table 

down 
80 

Profile Br 

(cm) 
1 00 

1 20 

1 40 

1 60 

1 80 

--�--------------------
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Mangapiko humic clay loam (Mphcl) 

Limestone Downs 
Low-lying, swampy flats, humped and hollowed. Site on a hump 
Rye-clover with high percentage ( 1 0  - 20%) of rushes and 
buttercup 
Alluvium of mixed origin 
Very poorly drained 
Gley recent soils 

Description 

Greyish brown ( 1 0YRS/2) silty clay; friable; weakly developed fme nut 
structure; sticky, plastic; cormnon, fme, distinct ochreous (2.5YR5/8, red) 
mottles with clear boundaries along root channels; many very fme to fine 
roots (to 20 cm depth); indistinct, irregular boundary. 

Light yellowish brown (l OYR6/4) clay loam; friable; weakly developed 
fme to medium nut structure; sticky, plastic; many fme to medium 
ochreous (2.SYRSI8, red) mottles, not only along root channels; few, fme, 
distinct manganese nodules; distinct, wavy boundary. 

Light brownish grey (2.SY6/2) clay; very friable; lacking apparent 
structure, possibly due to high water content at time of mapping; very 
sticky, plastic. 

Water Table 

Cadmium (mg kg-I ) 

0 . 0  0 . 2  0 .4 0 . 6  0 . 8  3 

pH (water) 
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Total carbon (%) 
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Profile 5:  

Location: 
Topography/Relief: 
Vegetation: 
Parent material: 
Drainage: 
Soil group: 

Kotare Hill soils (KtH) 

Limestone Downs 
North-facing, 1 0  - 1 20, hill slope 
Rye-clover dominated but poor pasture, some rushes 
Hamilton ash 
Imperfectly or somewhat poorly drained 
Brown granular loam 

Horizon Depth Description 

Ah 0 - 7 cm Very dark greyish brown ( 1 OYR312) sandy clay loam; friable; moderately 
developed fme nut and fine to medium granular structure; non-sticky, 
slightly plastic; common, very fme to medium roots; sharp, irregular 
boundary. 

Btg 1 7 - 30 cm Pale brown ( lOYR6f3) sandy clay; firm.; moderately developed fme to 
medium block and nut structure; slightly sticky, slightly plastic; many 
medium to coarse, prominent, sharp, ochreous ( 1  OYR6!8, brownish 
yellow) mottles ;  indistinct, wavy boundary. 

Btg 2 30 - 60 cm Yellowish brown ( 10YR5f8) sandy clay (slightly sandier than Btg 1 ); 
firm; moderately developed fme to medium block and nut structure; 
slightly sticky, slightly plastic; many medium to coarse, prominent, sharp, 
ochreous ( I OYR6f8, brownish yellow) mottles; diffuse, irregular 
boundary. 

Br 60 - 1 00+ cm Very pale brown ( l OYR8!3) sandy clay; firm; weakly developed medium 
to coarse block structure; slightly sticky, slightly plastic. 

Soil profile 

0 Ah 
20 Btg 1  

40 Btg" 
Depth 60  

down 80  Br 
Profile 

(cm) 
1 00 

1 20 Br 

1 40 

1 60 

1 80 

Cadmium (mg kg-I) 

0.0 0 .2  0.4 0.6 0 . 8  

� 
3 

pH (water) 
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Total carbon (%) 
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Profile 6: 

Location: 
Topography/Relief: 
Vegetation: 
Parent material : 
Drainage: 
Soil group: 

Horizon Depth 

Ap 0 - 6 cm 

AB 6 - 1 9 cm 

Bt 1 1 9  - 64 cm 

Bt 2 64 - 84 + cm 

Soil profile 

0 AP 
20 

A B  

40 Bt 1  

Depth 60 

down Bt2 

- -- -- ------

Kotare clay loam (Ktc1) 

Limestone Downs 
Westward sloping, 3 - 5°, hill crest 
Rye-clover dominated 
Hamilton ash 
Well drained 
Brown granular loam 

Description 

Dark greyish brown ( lOYR4/2) clay loam; very friable; moderately 
developed fme crumb to nut structure; non-sticky, slightly plastic; 
abundant very fme to fine roots; six worms; indistinct, irregular 
boundary. 
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Strong brown (7.SYRS/6) clay loam; friable; moderately developed fine 
to medium nut and block structure; slightly sticky, slightly plastic; many 
fme to very fme roots; diffuse, irregular boundary. 
Yellowish brown ( l OYRS/8) clay loam; firm; moderately developed fine 
to medium nut and block structure; slightly sticky, slightly plastic; 
common fme roots; distinct, smooth boundary. 

Dark yellowish brown ( lOYR4/4) c lay; very firm; moderately developed 
medium block and fme prism structure; sticky, plastic; prominent clay 
skins; no roots. 

Cadmium (mg kg-I) 

0.0 0.2 0.4 0.6 0 . 8  

pH (water) 

3 4 5 6 7 8 
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Total carbon (%) 
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Profile 7 :  

Location: 
Topography/Relief: 
Vegetation: 
Parent material: 

Drainage: 
Soil group: 

- - --- ----- - -�- -

Ruakiwi Hill soils (RwH) 

Limestone Downs 
East-facing, 22° hill slope 
Rye-clover dominated, rushes 
Calcareous siltstone, with prominent outcrops of bands of 
calcareous sandstone 
Imperfectly drained 
Yellow-brown earth 

Horizon Depth Description 

Ap 0 - 1 7  cm Grey ( 1  OYRS/l )  clay loam; very firm; moderately developed fme to 
coarse nut and block structure; slightly sticky, plastic; Many fme to 
medium roots; no worms; sharp, wavy boundary. 

Bt 17 - 32 cm Yellowish brown (1 OYRS/6) clay; extremely firm; weakly developed 
medium to coarse block structure; slightly sticky, plastic; few fme roots; 
distinct, wavy boundary. 

Btg 32 - 74 cm Yellowish brown ( IOYRS/6) clay; extremely firm; weakly developed 
medium to coarse block structure; slightly sticky, plastic; common, fme, 
distinct ochreous (2.SYR4/8, red) mottles with clear boundary; no roots; 
sharp, wavy boundary. 

C 74 - 1 40+ cm Weathered , fractured siltstone parent material. 

Soil profile Cadmium (mg kg-I) pH (water) Total carbon (%) 

0.0 0 .2  0 .4 0 .6 0 .8 3 4 5 6 7 8 0 2 4 6 8 1 0 1 2 1 4 
0 

0J 
. 

Ah ,. .. 
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Bt • It I 

40 I 
I 

Btg 
I 

D epth ,. .. 
60 

down I 
80 r 

Profile � 
(cm) 

1 00 C I r-
1 20 

1 40 

I I • I 
Parent material � 



Profile 8:  

Location: 
Topography/Relief: 
Vegetation: 
Parent material: 
Drainage: 
Soil group: 

Dunmore silt loam (Du) 

Limestone Downs 
Flat, 2° west slope 
Rye-clover dominated 
Volcanic ash 
Well drained 
Yellow-brown loam 

Horizon Depth Description 

Ap 0 - 1 3  cm Very dark brown ( 10YR2/2) silt loam; very friable; moderately 
developed coarse to fme granular and crumb structure; non-sticky, 
slightly plastic; many very fme to fme roots; worms and grass-grub; 
distinct, wavy boundary. 

AB 1 3  - 29 cm Dark yellowish brown ( 1 0YR4/4) silt loam; very friable; moderately 
developed fme to medium granular and fme nut structure; non-sticky, 
slightly plastic; common fme roots; grass-grubs, no worms; indistinct, 
wavy boundary. 

Bt 1 29 - 60 cm Strong brown (7.5YRS/6) clay loam; friable; moderately developed fme 
to medium nut and block structure; slightly sticky, slightly plastic; few 
fme roots; distinct, smooth boundary. 
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Bt 2 60 - 1 00+ cm Strong brown (7.5YR5/6) clay loam; fIrm; moderately developed fme to 
medium block and nut structure; sticky, plastic; no roots. 

Soil profile Cadmium (mg kg-I )  

0 .0  0 .2 0.4 0.6 0 .8  
0 Ap I 

20 AB 

40 Bt )  

Depth 60 

down 80 Bt2 

Profile 
(cm) 
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pH (water) 

3 4 5 6 7 

It 
• 

\ 
\ 

" 
\ 
\ 

" 

8 
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Profile 9 :  

Location: 
Topography/Relief: 
Vegetation: 
Parent material : 
Drainage: 
Soil group: 

Kotare fine sandy loam (Kfsl) 

Limestone Downs 
Flat ridge crest between two gullies, 5° slope west 
Rye-clover dominated 
Hamilton ash 
Well drained 
Brown granular loam 

Horizon Depth Description 

Ap 0 - 22 cm Very dark brown ( 10YR2/2) very fme sandy loam; very friable; strongly 
developed fme to medium granular and fme crumb structure; non-sticky, 
slightly plastic; about 5% charcoal present; abundant very fme to fme 
roots; worms; indistinct, irregular boundary. 

AB 22 - 39 cm Dark yellowish brown ( lOYR4/4) silt loam; very friable; moderately 
developed medium to fme granular and fme nut structure; very rare 
charcoal; non-sticky, slightly plastic; many fme to very fme roots; no 
worms; distinct, wavy boundary. 

Bt I 39 - 64 cm Strong brown (7.5YR5/6) clay loam; friable; moderately developed fme 
to medium nut and block structure; slightly sticky, slightly plastic; few 
fme roots; sharp, smooth boundary. 

Bt 2 64 - 1 00+ cm Strong brown (7.5YR5/6) clay loam; fIrm; moderately developed fme to 
medium block and nut structure; sticky, plastic; no roots. 

Soil profile Cadmium (mg kg-I ) pH (water) Total carbon (%) 

0.0 0 .2 0 .4 0.6 0 .8 3 4 5 6 7 8 0 2 4 6 8 1 0 1 2 1 4  
0 
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Profile 1 0: 

Location: 
Topography/Relief: 
Vegetation: 
Parent material: 

Horea Hill soils (HoH) 

Limestone Downs 
South-west facing hill slope of about 20° 
Rye-clover dominated 
Weathered black sand and admixed volcanic ash 
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Drainage: 
Soil group: 

Imperfectly drained. Drainage would be worse if not for slope. 
Intergrades between yellow-brown earths and yellow-brown 
sands. 

Horizon Depth Description 

Ah 0 - 20 cm Very dark greyish brown ( 1  0YR312) fme sandy loam; very friable; 
moderately developed fme to medium granular, to fme nut structure; non­
sticky, slightly plastic; many very fme to fme roots; few worms; 
indistinct, irregular boundary. 

AB 20 - 36 cm Dark greyish brown ( l OYR412) sandy clay loam; friable; moderately 
developed fme to medium nut structure; slightly sticky, slightly plastic; 
lumps or sandy parent material; common very fine roots; rare worms; 
distinct, wavy boundary. 

Bt 36 - 1 16 cm Yellowish brown ( 10YR5/6) sandy clay; firm; weakly developed fme to 
coarse block structure; sticky, plastic; iron staining around weathered 
lumps of sand; few very fine roots; indistinct, wavy boundary. 

Btg 1 1 6 - 1 50+ cm Yellowish brown ( 1 0YR5/6) sandy clay; firm; very weak blocky 

Soil profile 

0 
Ah 

20 
AB 

40 

Depth 60 
down 80 Bt 

Profile 
(cm) 

1 00 

1 20 

1 40 
Btg 

1 60 

1 80 

structure; sticky, plastic; many, distinct, medium to coarse light grey 
( 1  OYR611 )  low chroma mottles, with a diffuse boundary; common, 
distinct, fme ochreous ( 1  OR4/6, red) mottles, with clear boundaries ;  no 
roots. 

Cadmium (mg kg-I) pH (water) Total carbon (%) 

0.0 0.2 0.4 0 .6 0 .8 3 4 5 6 7 8 o 2 4 6 8 1 0 1 2 1 4 
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Profile 1 1 :  

Location: 
Topography/Relief: 
Vegetation: 
Parent material: 
Drainage: 

�-- -- ----- -- --

Horea fine sandy loam (Ho) 

Limestone Downs 
North-facing slope of 7° 
Rye-clover dominated, also kikuya and rushes 
Weathered black sand and admixed volcanic ash 
Imperfectly drained. 

Soil group: Intergrades between yellow-brown earths and yellow-brown 
sands. 

Horizon Depth Description 

Ah 0 - 40 cm Very dark brown ( 1  0YR2/2) fIne sandy loam; friable; moderately 
developed fme to medium nut structure; slightly sticky, slightly plastic; 
many very fme to fme roots; few worms; indistinct, wavy boundary. 

ABg 40 - 58  cm Dark greyish brown ( lOYR4/2) sandy clay loam; fIrm; weakly developed 
fIne to medium nut structure; sticky, plastic; common, fme, distinct 
brownish yellow ( lOYR6/8) ochreous mottles with a diffuse boundary; 
indistinct, wavy boundary. 

Btg 58  - 1 00+ cm Yellowish brown ( 1  OYR5/4) sandy clay; fIrm; weakly developed block 
structure; sticky, plastic; mottles increase from common to many, fme to 
medium, distinct mottles with clear boundary; low chroma ( 1  OYR8/3, 
very pale brown) mottles are profuse by 1 00 cm. 

Water seeps above Btg boundary 

Ah-ABg 30 - 50 cm Shells 

Soil profile Cadmium (mg kg-I) 

0.0 0.2 0.4 0.6 0 .8 
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Profile 
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Profile 1 2 :  

Location: 
TopographylRelief: 
Vegetation: 
Parent material : 
Drainage: 
Soil group: 

Tuahu sandy loam (Tu) 

Limestone Downs 
South-facing slope of I So 
Rye-clover dominated 
Wind-blown sand and minor amounts of volcanic ash 
Well drained. 
Yellow-brown sands. 

Horizon Depth Description 

Ah 0 - 3 1  cm Dark brown ( 1 OYR3/3) very fIne sandy loam; very friable; moderately 
developed fme to medium granular and fme nut structure; non-sticky, 
slightly plastic; Abundant very fme to fme roots; few worms; indistinct, 
irregular boundary. 
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AB 3 1  - 59 cm Dark yellowish brown ( 1  OYR4/4) sandy loam; friable; weakly developed 
medium block to fme nut structure; slightly sticky, slightly plastic; 
common very fme roots; no worms; sharp, smooth boundary. 

Bt 59 - l I S  cm Yellowish brown ( l OYRS/S) sandy clay loam; friable; weakly developed 
fme to medium blocky structure; sticky, slightly plastic; no worms and no 
roots; sharp, smooth boundary. 

C l I S - 1 60+ cm Very dark greyish brown (2.5Y312); structureless. 

Soil profile Cadmium (mg kg-l)  pH (water) 
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Profile 1 3 :  

Location: 
T opography/Relief: 
Vegetation: 
Parent material : 
Drainage: 
Soil group: 

Horizon Depth 

Ah 0 - 8 cm 

Btg I 8 - 50  cm 

Btg 2 50 - 98 cm 

C 98+ cm 

Soil profile 

0 _ Ah 
20 

Btg l 
40 

Depth 60 

down 80 
Btg2 

Profile 
(cm) 

1 00 
C 

1 20 

1 40 

1 60 

1 80 

- - --- ---------- --- ---- --- ----- -

Akatea steepland soil (AkS) 

Limestone Downs 
South-east-facing slope of 30° 
Rye-clover dominated with occasional rushes 
Calcareous siltstone with minor sandstone bands 
Imperfectly drained. Drainage would be worse if not for slope. 
Steepland soils related to yellow-brown earths. 

Description 

Yellowish brown ( lOYR5/6) silty clay loam; friable; strongly developed 
fme granular to fme nut structure; slightly sticky, slightly plastic; many 
fme roots; very few worms; distinct, wavy boundary. 

Very pale brown ( l OYR8/4) silty clay; very fIrm; moderately developed 
medium to coarse block structure; sticky, plastic; few, fme, faint ochreous 
( 1 0YR6/8, brownish yellow) mottles with clear boundaries ;  common fme 
roots; distinct, irregular boundary. 

Light yellowish brown ( 1  OYR6/4) clay as a matrix for lumps of siltstone 
parent material; extremely fIrm; weakly developed medium block to 
medium prism structure; sticky, plastic; common, fme, faint ochreous 
( 1 0YR 7/4, very pale brown) mottles with clear boundaries; distinct, 
smooth boundary. 

Light grey ( IOYR711)  bedded, weathered calcareous siltstone. 

Cadmium (mg kg-I ) pH (water) Total carbon (%) 
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Profile 14 :  

Location: 
Topography/Relief: 
Vegetation: 
Parent material: 
Drainage: 
Soil group: 

Horizon Depth 

Ah O - S cm 

AB 8 28 cm 

Btg 28 - 140 cm 

c 1 40+ cm 

Soil profile 

0 Ah 
20 AB 

40 

Depth 60  

down 80 Btg 
Profile 

(cm) 
1 00 

1 20 

1 40 
C 

1 60 

1 80 

Waingaro steepland soil (WnS) 

Limestone Downs 
South-east-facing slope of 29° 
Rye-clover dominated with occasional rushes 
Argillite and greywacke 

23 1 

Imperfectly drained. Drainage would be worse if not for slope. 
Steep land soils related to yellow-brown earths .  

Description 

Dark brown ( 1 0YR3/3) clay loam; friable; moderately developed fme to 
medium granular and fme nut structure; non-sticky, slightly plastic; many 
fme roots; no worms; distinct, wavy boundary. 

Brown ( 1  OYRS/3) clay loam (higher clay content than Ah); fIrm; weakly 
developed fme to medium block structure; slightly sticky, slightly plastic; 
common fme roots; distinct, irregular boundary. 

Brownish yellow ( l OYR6/6) clay; very fIrm; moderately developed block 
structure; very sticky, very plastic; few, fme, distinct ochreous ( l OYR6/S, 
brownish yellow) mottles with diffuse boundary, decreasing down 
horizon; distinct, wavy boundary. 

Decreasing from bottom of horizon upwards: 
weakly developed medium to coarse block to prism structure; profuse, 
medium to coarse, prominent low chroma ( l OYR7/ l ,  light grey) mottles 
with clear boundaries 

Weathered fractured greywacke 

Cadmium (mg kg-I) pH (water) Total carbou (%) 
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Profile 15:  

Location: 
Topography/Relief: 
Vegetation: 
Parent material: 

Kapamahunga steepland soils (KpS) 

Limestone Downs 
South-east-facing slope of 32° 
Rye-clover dominated, common rushes 
Calcareous sandstone 

Drainage: 
Soil group: 

Imperfectly drained. Drainage would be worse if not for slope. 
Steep land soils related to yellow-brown earths.  

Horizon Depth Description 

Ah 0 - 20 cm Dark brown ( 1 0YR3/3) very fme sandy loam; friable; moderately 
developed fme crumb to nut structure; slightly sticky, slightly plastic; 
many very fme to fine roots; no worms; indistinct, irregular boundary. 

Bt 20 - 66 cm Brownish yellow ( lOYR6/6) sandy clay; firm; moderately developed fme 
nut to medium block structure; sticky, plastic; common, very fme roots; 
distinct, wavy boundary. 

Bts 66 - 1 10+ cm Yellowish red (5YR5/8) sandy clay (sandier than Bt); firm; moderately 
developed medium to coarse block structure; sticky, plastic; no roots. 

Soil profile Cadmium (mg kg-I ) pH (water) Total carbon (%) 

0.0 0 .2  0.4 0 .6 0 . 8  3 4 5 6 7 8 o 2 4 6 8 1 0 1 2 1 4  
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Profile 16 :  

Location: 
TopographylRelief: 
Vegetation: 
Parent material: 

Drainage: 
Soil group : 

Horizon Depth 

Ah 0 - 20 cm 

Bt 20 - 66 cm 

Btg 66 - 1 1 0 cm 

C 1 1 0+ cm 

Soil profile 

0 
Ah 

20 

40 Bt 
Depth 60 

down 80 
Profile Btg 

(cm) 
1 00 

1 20 
C 

1 40 

1 60 

1 80 

Kohemarere Hill soils (KeH) 

Limestone Downs 
East-facing slope of 1 5° 
Rye-clover dominated, common rushes 
Calcareous sandstone, with local bands of siltstone and rare 
limestone 
Imperfectly drained. 
Yellow-brown earths .  

Description 

Dark brown ( 1 0YR3/3) very fme sandy loam; friable; moderately 

developed fme crumb and fme nut structure; slightly sticky, slightly 
plastic; many fme roots; no worms; indistinct, irregular boundary. 
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Brownish yellow (1 OYR6/6) sandy clay; firm; moderately developed fme 
nut to medium block structure; sticky, plastic; common very fme roots; 
distinct, wavy boundary. 

Brownish yellow ( 1 0YR6/8) fme sandy clay; weakly developed medium 
to coarse block structure; decreasing down horizon, common, fme to 
medium, distinct ochreous (2.5YR4/6, red) mottles with diffuse to clear 
boundaries; starting at 66 cm as few, fme, distinct low chroma ( l OYR7/1 ,  
light grey) mottles with clear boundaries, and becoming many, and coarse 
at 1 1 0  cm; sharp, wavy boundary. 

Weathered sandstone 

Cadmium (mg kg-l ) pH (water) Total carbon (%) 
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Profile 17 :  

Location: 
Topography/Relief: 

Vegetation: 
Parent material : 
Drainage: 

Soil group: 

Horizon Depth 

Ah 0 - 8 cm 

Bw 8 - 22 cm 

P eat 22 - 50+ cm 

50 cm 

Soil profile 

0 Ah 
20 Bw 
40 

Peat 

. Water 
Depth 60 table 

down 80 
Profile 

(cm) 
1 00 

1 20 

1 40 

1 60 

1 80 

Tauterei humic fine sandy loam (Tt) 

Limestone Downs 
Site is flat and at the centre of a small depression that once 
formed a small peat swamp 
Rye dominated with rushes and buttercups 
Peat and inwash alluvium 
Imperfectly drained. Drainage is not as bad as expected due to 
sandy nature of soil, and there is sufficient fall in the present 
drainage system to allow run-off. 
Gley recent soils. 

Description 

Very dark brown ( 1  0YR2/2) very fme sandy loam; very friable; weakly 
developed fme crumb structure; non-sticky, non-plastic; abundant very 
fme to fine roots; no wonns; distinct, wavy boundary. 

Dark brown ( l 0YR3/3) very fine sandy loam; very friable; weakly 
developed fme crumb structure; non-sticky, non-plastic; many very fme 
to fme roots; sharp, smooth boundary. 

Black ( 1 0YR2/1 ) ;  no visible leaves, twigs, etc. 

Water table 

Cadmium (mg kg-I) pH (water) 

0 .0 0.2 0.4 0.6 0 .8 3 4 5 6 7 8 
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APPENDIX 3 

Descriptions of soil profiles used to compare fertilized (pasture) and unfertilized (bush) 

sites on two soil types: Yellow-brown Loam (YBL) and Yellow-brown Earth (YBE); as 

recorded by A. S. Palmer (Department of Soil Science, Massey University, Palmerston 

North). The location of these sites are shown on Map 1 - the Soil Reconnaissance Map 

of Limestone Downs. 
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YBL-Fertilized 

Vegetation: 
Soil type: 

Location: 
Topography!Relief: 

Horizon Depth 

0 - 1 1  

1 1  - 1 9  

1 9  - 23 

23 - 64 

64 - 92 

92 - 1 10+ 

Pasture 
Yellow-brown Loam 
Dunmore silt loam 
Limestone Downs 
On shoulder, slope of 6° to east, and 200 ID west of native bush 

Description 

Dark brown to very dark greyish-brown ( 1 0YR3/3 - 312); 
loam; friable; strong fine nutty and fine granular structure; 
non-sticky, non-plastic; 
abundance of very fine roots; gradual boundary. 

Very dark grey to very dark greyish-brown ( 1 0YR31 l  - 3/2); 
loam; friable; 
non-sticky, non-plastic; strong fine nutty and fine granular 
structure; some charcoal < 2%; abundance of very fine roots; 
gradual boundary. 

Dark brown ( l OYR4/3); loam; friable; non-sticky, non­
plastic; strong fine nutty and strong fine granular structure; 
abundance of very fine roots; 
gradual boundary. 

Yellowish brown ( I OYR517 - 5/8); loam; very friable; non­
sticky, non-plastic; strong medium crumb and strong fine 
nutty structure; ++NaF; 
many very fine roots; gradual boundary. 

Yellowish brown ( 1 0YR5/8); clay loam; friable; non-sticky, 
non-plastic; strong medium nutty structure; ++NaF; a few dark 
brown ( 1 0YR3/3) coatings on peds; common very fine roots; 
gradual boundary. 

Yellowish brown to strong brown ( 10YRS/8 - 7 .5YRS/8) ;  
clay; firm; slightly sticky, plastic; moderate medium nut and 
moderate medium blocky structure; ++NaF; a few dark brown 
(1 0YR3/3) and yellowish red (SYR4/6) coatings on peds; no 
roots. 
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YBL-Unfertilized 1 

Vegetation: 
Soil type:  

Location: 
Topography/Relief: 

Horizon Depth 

LIF 2 - 0 

Ah 0 - 1 5 

AB 1 5  - 23 

23 - 42 

42 - 90 

90 - 1 1 0+ 

Broadleaf 
Yellow-brown Loam 
Dunmore silt loam 
Limestone Downs 
On shoulder, slope of 1 0° to east, 70 m into bush 

Description 

Partly decomposed and undecomposed broadleaf litter; loose. 

Dark brown ( 1 0YR3/3) ;  loam; friable; non-sticky, non­
plastic; strong fine granular and strong medium crumb 
structure; many very fine to medium roots; gradual boundary. 

Dark brown to dark yellowish brown ( 1 0YR3/3 - 4/3);  loam; 
very friable; non-sticky, non-plastic; strong medium crumb 
structure; many very fine to medium roots; gradual boundary. 

Yellowish brown (1 0YR517); loam; very friable; non-sticky, 
non-plastic; strong medium crumb structure; ++NaF; many 
very fine to medium roots; gradual boundary. 
Yellowish brown ( 1 0YR4/6); loam; very friable; non-sticky, 
non-plastic; strong medium crumb and moderate medium 
nutty structure; ++NaF; many very fine to medium roots; 
gradual boundary. 

Yellowish brown ( 10YR4/6); clay loam; friable and firm; 
non-sticky, non-plastic; strong medium crumb and moderate 
medium nutty structure; ++NaF; many very fine to medium 
roots. 
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YBL-Unfertilized 2 

Vegetation: 
Soil type: 

Location: 
Topography/Relief: 

Horizon Depth 

LIP 1 2  - 1 0  

H 1 0  - 0 

Ah 0 - 4  

4 - 33 

33  - 72 

72 - 1 1 0+ 

Podocarp - young and older Rimu trees 
Yellow-brown Loam 
Dunmore silt loam 
Limestone Downs 
On shoulder, slope of 1 0° to east, 70 m into bush but 1 5  m north 
of Site YBL-Unfertilized 1 .  

Description 

Mostly rimu litter 

Dark reddish brown (5YR2.S/2); root mat; very friable; 
strong fine granular and strong medium crumb structure; 
spongy root mat and humus; abundance of medium roots; 
gradual boundary. 

Dark brown (7.5YR3/3); loam; very friable; non-sticky, non­
plastic; strong fine granular and strong medium crumb 
structure; many very fine roots; gradual boundary. 

Yellowish brown ( 1 0YR5/6); loam; very friable; non-sticky, 
non-plastic; strong medium crumb structure; many very fine 
to coarse medium roots; gradual boundary. 

Yellowish brown ( l OYR4/6) ;  loam; very friable; non-sticky, 
non-plastic; strong medium crumb and moderate medium 
nutty structure; ++NaF; many very fine to medium roots; 
gradual boundary. 

Yellowish brown ( 1 0YR4/6) ;  clay loam; friable and firm; 
non-sticky, non-plastic; strong medium crumb and moderate 
medium nutty structure; ++NaF; many very fine to medium 
roots. 



YBE-Fertilized 

Vegetation: 
Soil type: 

Location: 
Topography/Relief: 

Horizon Depth 

Ab 0 - 8  

8 - 1 6  

1 6  - 3 8  

38 - 75 

7S - 1 1 0+ 

Pasture 
Yellow-brown Earth 
Kohemarere hill soil 
Limestone Downs 
Amongst Glen Massey Blocks, slope of I So south-west. 

Description 

Dark brown ( l OYR4/3); S% fine, distinct, strong brown 
(7.SYR4/6) mottles; clay loam; slightly sticky and slightly 
plastic; strong medium nutty and fine blocky structure; 
abundant very fine roots; gradual boundary. 
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80% Yellowish brown ( 1 0YRS/4); 1 0% strong brown 
(7.SYRS/8); 1 0% dark brown ( 1 0YR4/3) coarse distinct 
mottles; clay loam; sticky, plastic; moderate medium blocky 
structure; many very fine roots; gradual boundary. 

60% Yellowish brown ( 1  OYRS/6); 20% strong brown 
(7.SYRS/8); 1 0% pale brown ( 1 0YR6/3); 1 0% yellowish 
brown ( 1  OYRS/4), coarse distinct mottles; clay; firm; very 
sticky, very plastic; strong medium blocky structure; 
yellowish brown ( 1 0YRS/4) coatings on peds; common very 
fine roots; gradual boundary. 

Yellowish brown ( l OYR5/6); 1 0% pale brown ( l OYR6/3); 
5% strong brown (7.5YR5/8) coarse distinct mottles; clay; 
very firm; very sticky, very plastic; strong medium blocky 
structure; few very fine roots; gradual boundary. 

40% reddish yellow (7.SYR6/6); 40% brownish yellow 
( 1 0YR6/6); 1 0% yellowish brown (5YRS/8); 1 0% pale brown 
( 1 0YR6/3), coarse prominent mottles; sandy clay; firm; 
moderate coarse blocky structure; few reddish coatings on 
peds; no roots. 
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YBE-Unfertilized 

Vegetation: 
Soil type: 

Location: 
Topography/Relief: 

Horizon Depth 

L 5 - 2  

FIH 2 - 0  

Ah 0 - 8  

ABw 8 - 2 1  

2 1  - 32 

32  - 78 

78  - 1 1 0+ 

Under podocarp with a broadleaf 5 m away 
Yellow-brown Earth 
Kohemarere hill soil 
Limestone Downs 
Well into bush, on concave foot slope, slope of 1 20 to south-east 

Description 

Loose podocarp litter 

Dark reddish brown (5YR312); humus; friable; abundance of 
roots; sharp boundary. 

Dark brown ( 1 0YR4/3 - 3/3);  common black ( 1 0YR211 )  
mottles; silt loam; friable; slightly sticky, plastic; moderate 
fine nut and moderate fine block structure; common medium 
roots; gradual boundary. 

80% dark brown ( l OYR4/3);  1 0% dark brown ( 1 0YR3/3) ;  
1 0% fine distinct, strong brown (7.5YR4/6) mottles; clay 
loam (sandy); sticky, plastic; moderate medium blocky and 
nutty structure; common medium roots; gradual boundary. 

60% yellowish brown ( 1 0YR5/6); 20% strong brown 
(7 .5YR4/6);  1 0% dark brown ( 1 0YR4/3);  1 0% pale brown 
( 1 0YR6/3) medium distinct mottles; clay loam (sandy); 
sticky, very plastic; moderate medium blocky structure; few 
medium roots; gradual boundary. 

80% yellowish brown ( 1 0YRS/8); 1 0% pale brown 
( 1 0YR6/3) ;  1 0% yellowish red (SYR4/6) coarse prominent 
mottles; clay loam (sandy); very sticky, very plastic; 
moderate coarse blocky structure; few medium roots; few 
organic coatings on root channels; gradual boundary. 

80% yellowish brown ( 1 0YR5/8); 1 0% pale brown 
( l OYR6/3);  1 0% yellowish red (SYR4/6) coarse prominent 
mottles; clay loam (sandy); very sticky, very plastic; 
moderate coarse blocky structure; few medium roots; few 
organic coatings on root channels; a few large stones.  



APPENDIX 4 

Plots of (a) the Cd concentration in the leachate; and (b) the final Cd concentration 

profile in the soil column; for replicated columns of Manawatu soil leached with 2. 5 

mM CaCI2· 

24 1 

The data were obtained during Experiment 1 (section 6. 5.2) and Experiment 4 (6. 5. 5) of 

the laboratory-based leaching experiments discussed in Chapter 6. 

Figure 1 presents the results from Cd-amended columns and Figure 2 presents the 

results from control columns. These figures illustrate the close agreement between 

results obtained from four replicated columns. 
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Plots of: (a) the Cd concentration in the leachate; and (b) the final Cd 

concentration profile in the soil column; for replicated Cd-amended 

columns of Manawatu soil leached with 2.5  mM CaCI2. Arrow indicates 

initial Cd concentration in the Cd-amended soil of the top layer. 
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Plots of: (a) the Cd concentration in the leachate; and (b) the final Cd 

concentration profile in the soil column; for replicated control columns 

of Manawatu soil leached with 2 .5  mM CaCl2. 
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APPENDIX 5 

This appendix provides an explanation of, and the code jor, the computer programme 

used in Chapter 7 to model Cd movement through columns of repacked soil. 

Based on convection-dispersion theory and the linear isothenn, the programme uses a 
conceptual soil column of length L divided into a series of discrete sections or 
compartments of depth dz, Figure 1 .  Each section has the same volumetric water content 
e, bulk density Pb, and experiences identical water flow. 

q 
" 

Ctot [ 1 ] Compartment 1 
C [ 1 ] I 

1-----1 qsf l ] � 
Ctot (2] , Compartment 2 
C [2] I 

1-----1 qs[2] � 
, Compartment 3 

Compartment n - 1 

1-----·l qs[n - 1 ] -J 
Ctot [n] , Compartment n 

L....-
c

_
[n

_
] ___ t q,[n] � 

C [2] = Ctot [2] 
eR 

qs [2] = C [2]*q - (C [3] - C [2]) qA. 
dz 

dt dC/at [2] = ( q, [ 1 ] - q, [2] )d; 

Figure 1.  Schematic diagram of computational model showing discreet 
compartments and example calculations for solute flux densities and 
solution solute concentrations. 

The Cd concentration in solution (C) in each compartment is detennined from the total 
Cd (Ctot , mg Cd m-3) in that compartment using equations 7 . 1 0  and 7 . 1 1 . Cadmium flux 
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between compartments, the rate of solute movement across unit area of boundary, is 

determined from equation 7.3. However, for practical purposes Ds is substituted for by 

D (equation 7.5) . In equation 7.3, the term dC/dz defines the concentration gradient 

across the lower boundary of a compartment, and is therefore the driving force for 

molecular diffusion of the solute. The diffusion distance, dz, is equal to the 

compartment depth, also dz. The value of dC is calculated by taking the solute 

concentration difference between compartment n and compartment n + 1 .  The convection 

component of equation 7.3 is evaluated by assuming that solution leaving compartment 

n enters compartment n +  1 .  

Once the solute flux density, qs' has been determined, the change in solute mass present 

in each compartment over a time step dt can be calculated by: 'what came in minus what 

went out' (equation 7.6). The new total Cd concentration (Ctot ) in a particular 

compartment is therefore the sum of what was present before, and the change in solute 

mass during dt. 

Because the columns in this study had soil with added-Cd making up a part of the 

column at the start of leaching, the computer model splits the column into two sections. 

The top layer, making up one-third of the column, has compartments with high Cd 

concentrations; the bottom layer has compartments with low Cd concentrations. 

As most adsorption isotherms had positive intercepts on the vertical axis (section 7.3), a 

mass of Cd (per unit volume) was defined as being unavailable for desorption into 

solution (Non-desorb). This value is subtracted from the total Cd in a compartment 

(Ctot) to remove it from the calculation which determines Cd concentrations in solution 

(equation 7. 1 1 ). 

One difficulty when using a multi-compartment model to simulate a real system is 

numerical dispersion - the overestimation of dispersion effects when infinitely small 

increments dz are approximated with finite and practicable increments C!.z. Solute 

entering through the top boundary of a compartment is immediately spread over the 

whole of that compartment and thereby increases the apparent dispersion (Frissel and 



Reiniger, 1 974). This is corrected by replacing the concept of dispersivity with an 

estimated effective dispersivity (Campbell, 1 985). 
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A further modification to the numerical model is required for column end-effects. The 

bottom-most compartment has no following compartment with which to calculate a 

diffusion concentration gradient (equation 7.3), and therefore has its solute flux density 

determined only from convection. To remove this complication from the simulation, 

several extra compartments were added to the base of the "column". Cadmium 

concentrations in the simulated leachate were then calculated from the average solution 

concentration in the (true) final compartment and the compartment following. 

The assistance of Dr. D .  Scotter in converting this theory of the CDE into the following 

programming code is gratefully acknowledged. 
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Definition of variables used in program CDEmodel 

Variable 

area 

bulkd 

Cdfluxden[ n ] 

Cdlayer 

cotlength 

disp 

dt 

dtotalcn 

dz 
effdisp 

endlayer 

I 

Imax 

initial Cd 

Kd 

leachcn 

Madd 

Mresident 

nolayer 

q 

R 

solncn[n] 

theta 

totalcn[n] 

Description 

Cross-sectional area of the column. 

Bulk density of soil packed into column. 

Mass of Cd moving across the lower boundary of 
compartment n per unit time. 

Number of compartments which begin with high-Cd 'soil' .  

Height o f  column (excluding th e  extra compartments from 
'nolayer' to ' endlayer').  

Dispersivity, a measure of how much the solute front 
spreads out. 

Specified time steps at which Cd concentrations and flux 
densities in the column are recalculated. 

Change in Cd mass in compartment over time interval dt 

The depth of each compartment. 

Effective dispersivity, a measure of dispersivity 
incorporating correction for numerical dispersion. 

Total number of compartments in theoretical column after 
adding extra layers to avoid end-effects because dispersion 
cannot be calculated. 

Amount of solution which has passed through column. 

Maximum amount of leaching solution which is to pass 
through column. 

Mass of Cd in column at beginning as determined by 
summing the mass of Cd in all compartments. 

Distribution constant obtained from the linear sorption 
isotherm. 

Cd concentration of the leachate leaving the column at 
compartment 'nolayer' . 

Concentration of Cd (mass per unit volume) in layers 
containing high-Cd soil. 

Concentration of Cd (mass per unit volume) in layers 
containing low-Cd soil. 

Number of compartments of interest in theoretical column. 

D arcy flux density, the flow rate of solution entering and 
leaving the column and each compartment. 

Retardation coefficient calculated using Kd. 

Cd concentration in soil solution of compartment n 

Time or duration of leaching. 

Volumetric water content of column during leaching. 

Total Cd concentration in compartment n, a defmed volume 
of soil. 

Units 

m 

m 

h 

·3 
mg m 

m 

m 

m 

m 

mg 

-3 
mg m 

-3 
mg m 

-3 
mg m 

h 
3 -3 

m m 
-3 

mg m 



program CDEmodel; 
{$E+} {$N+} 
uses 

Crt; 
const 
soiltype='Manawatu, linear isotherm'; 

(Soil column parameters) 
nolayer=30; Cdlayer=nolayer/3 ; 
col length=60* 1 0-

3
; dz=col lengthJnolayer; - 3 - 3 

mw=6S . 1  * 1 0- ; ms=102* 1 0- ; 

endlayer=nola�er+5 ; 
area=1 .59* 1 0- ; 
bulkd= 1 070; 

theta=(mw/ms )*bulkdll 000; 

(Leaching solution parameters) 
q=1 .32* 1 0-3 ; Imax=630* 1 0-

3
; dt=O. l ;  dI=dt*q; 

(Cd concentrations and retardation coefficient) 
Madd= 1 .0 1 4  *bulkd; Mresident=0.050*bulkd; Nondesorb=0.070*bulkd; 
influentCd=0.60; Kd=0.0539; R=l +(Kd*bulkd)/theta; 
disp= 3 * 1 0-

3
; effdisp=disp-( dz-q * dtltheta )/2; 

resyrin=200; width=25; width2=1 0; 

var 
data: text; {text is short for 'file of char'} 
extfile: string[20]; 
counter: integer; 
leachcn, dtotalcn, t, I: double; 
Cd_leach, Cd_col, initial_Cd :  double; 
solncn, totalcn: array[ l . .endlayer] of double; 
Cdfluxden: array[O  .. endlayer] of double; 

end; 

procedure initialize; (Sets programme variables at their starting values) 
begin 

t := 0; I := 0; initial_Cd := 0; 
Cd_col := 0; Cd_leach :=  0; Cdfluxden[O] := influentCd*q; 
counter := res yrin; 

end; 

procedure col_setup; (Assigns Cd concentrations to the solid and solution phase in 
each compartment of the column prior to leaching) 

var 
n: integer; 

begin 
For n := 1 to endlayer do 
begin 
if n <= Cdlayer then 

totalcn[n] := Madd 
else totalcn[ n] := Mresident; 
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if tota1cn[n] < Nondesorb then 
solncn[ n] := 0 
else 
solncn[n] := (tota1cn[n]-Nondesorb) I theta I R; (Equation 7. l l) 

end; 
For n :=1 to nolayer do 

initial_Cd := initial_Cd + tota1cn[n] * area * dz; 
end; (Calculates total mass of Cd in column before leaching) 

procedure soluteflux; (Calculates the Cd flux density across each compartment­
boundary of the column) 

var 
n: integer; 

begin 
Cdfluxden[endlayer] := solncn[endlayer] * q; (Equation 7.2) 
For n :=1 to (endlayer- l )  do 

Cdfluxden[n] := solncn[n]*q  - effdisp*q*(solncn[n+ l ]-solncn[nD/dz 
end; (Equation 7.3) 

procedure newconcs; (Calculates the Cd concentrations in each compartment of the 
column after an increment of time, dt) 

var 
n: integer; 

begin 
For n := 1 to endlayer do 
begin 

dtota1cn := (Cdfluxden[n- l ]  - Cdfluxden[nD*dt/dz; (Equation 7. 6) 
totalcn[n] := totalcn[n] + dtotalcn; 
if totalcn[n] < Nondesorb then 
solncn[n] := 0 
else 
solncn[n] := (totalcn[n]-Nondesorb) I theta / R (Equation 7. 1 1) 

end 
end; 

procedure printleach; (Prints the Cd concentrations in the leachate for each increment 
of time, dt) 

begin 
writeln( data,t:width2:2, 1* 1 000:width2:4, I*area* 1 000000:width:4, leachcn:width:3); 
counter :=0; 

end; 

p rocedure p rintcol; (Prints the Cd concentrations in each compartment of the 
column at the completion of leaching) 

var 
n: integer; 

begin 
writeln(data, 'mean depth, mm' :width, 'soil [Cd], mglkg' :width, 

'solution [Cd] , glL' :width); 



- - - - - --------------

For n := 1 to nolayer do 
begin 

write( data, ( dz*n-dzl2)* 1 000:width:2); 
write( data,totaicn[ n ]lbulkd:width:3); 
writeln( data,solncn[ n] :width:3); 
Cd _ col:=Cd_ col+(totalcn[n]* area*dz); 

end; 
writeln( data,'Cd mass balance:') ;  
writeln(data,'Initial Cd in column, /lg: ',initial_ Cd* l 000:6:3);  

25 1 

writeln(data,'Cd gained from Leaching solution, /lg: ',influentCd* 1 000*1*area:5 :3) ;  
writeln( data); 
writeln(data,'Cd lost to leachate, I1g: ',CdJeach* 1 000:6:3) ;  
writeln(data,'Cd remaining in soil column, /lg: "Cd_col* 1 000:6 :3) ;  

end; 

begin {Main programme} 
ClrScr; 
if (effdisp > 0) then 
begin 

writeln('Enter name of data file: '); 
readln( extfile); 
assign( data,extfile); 
rewrite( data) ; 
writeln(data, 'CDE calculations for ', soiltype); 
writeln(data, 'time, h' :width2, '1, mm':width2, 'leachate volume, ml':width, 

'leachate (Cd], mg/m
3
':width); 

initialize; 
col_setup; 
while (1 <= (Imax+O.OO l »  do 

begin 
t := t + dt; 
1 := q * t; 
soluteflux; 
leachcn := (solncn[nolayer] + solncn(nolayer + 1 ])/2; 
Cd_leach := Cd_leach + leachcn*dI*area; 
if (counter >= resyrin) then printleach 
else counter := counter + 1 ;  
newconcs; 
end; 
writeln( data); writeln( data) ; 
printcol; 
close(data); 

end 
else writeln(,effective dispersion was < 0: ',effdisp* 1 000:8 :4) 

end. 
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APPENDIX 6 

Contained in this Appendix are the fertilizer histories for each site of the Wharekohe 
Development Sequence studied in Chapter 8. Included are the estimated additions of Cd 
and P for each fertilizer application. The soils were sampled in the spring of 1990 and 
the estimated total additions of Cd and P up to this date are shown at the base of each 
Table. These estimated additions are presented in the main thesis in Table 8. 4. 

Part of the College 4 site was developed later than the rest. This development began in 
the Autumn of 1962 and therefore this section received fertilizer applications for 1 year 
that were different to older areas of the site. The full fertilizer history for both parts of 
this site are given in the appropriate tables. The value for the total Cd applied to the 
College 4 site was taken as an average of these two fertilizer histories. 

A footnote to all Tables presented here: 

t At each site a fertilizer application of Trace element mix was made in spring 1 989. 
This trace element mix consisted of 1 tonne made up of: 

943 .3 kg 1 5% K Longlife + 50 kg borate + 5 kg selenium priUs + 1 .5 kg CoS04 

Site: Pa 1 
Development Age: 8 years 

Date Fertilizer Description and application rate Estimated Estimated 
Added Cd Added P 

kg ha·
1 

Fertilizer type g ha·
1 

kg ha·
1 

Spring 1981  800 800 kg SSP + 1 90 kg KCl + 10 kg Cu (ha·') 28 .45 72.80 

Spring 1 982 600 1 5% K-SSP + Co 1 8. 14 46.4 1 

Spring 1983 600 20% KCl serpentine SSP 1 2.80 32.76 

Summer 1 985 407 15% K-SSP 1 2.30 3 1 .48 

Autumn 1 986 485 1 5% K-SSP 17 .02 37.00 

Spring 1 986 600 1 5% K-Longlife + Cu 20.86 52.55 

Summer 1 987 400 15% K-Longlife + Cu 1 3 .90 35 .03 

Autumn 1 989 350 1 5% K-Longlife 1 2 . 1 7  30.65 

Spring 1 989 200 Trace Element mix t 6.56 1 6.52 

Autumn 1 990 400 1 5% K-Longlife 1 3 .90 35 .03 

At sampling Total element added over 8 years 156 g Cd ha·' 390 kg P ha·' 
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Site: M Fann 

- - -

Development Age: 23 years 

Date Fertilizer Description and application rate 

kg ha-1 Fertilizer type 

Autumn 1965 750 SSP 

Autumn 1967 1000 15% K-SSP 

Spring 1967 430 30% K-SSP 

Autumn 1968 630 1 5% K-SSP 

Spring 1968 390 30% K-SSP 

Autumn 1969 390 30% K-SSP 

Spring 1 969 390 30% K-SSP 

Autumn 1 970 390 30% K-SSP 

Spring 1 970 500 50% K-SSP 

Spring 1 97 1  500 50% K-SSP 

Spring 1972 375 30% K-SSP + eu + S 

Autumn 1973 375 50% K-SSP 

Autumn 1974 250 1 5% K-SSP 

Spring 1 974 275 50% K-SSP ( 1 %  eu, 2% S) 

Autumn 1975 250 50% K-SSP + S 

Spring 1975 300 30% K-SSP 

Autumn 1 976 250 50% K-SSP + S 

Spring 1 976 400 50% K-SSP 

Autumn 1977 250 50% K-SSP + S 

Spring 1977 540 30% K-SSP 

Spring 1 978 500 30% K-SSP 

Spring 1979 275 SSP 

Spring 1980 455 50% K sulphurised serpentine super 

Spring 198 1  600 1 5% K-SSP 

Spring 1982 600 30% K-SSP + S + Mo 

Summer 1 984 400 20% K-SSP+ S 

Summer 1 985 407 1 5% K-SSP 

Autumn 1986 485 1 5% K-SSP 

Spring 1986 400 1 5% K-Longlife + eu 

Summer 1 988 3 1 5  1 5% K-Longlife + eu 

Autumn 1989 350 1 5% K-Longlife 

Spring 1 989 200 Trace Element mixt 
Autumn 1 990 400 1 5% K-Longlife 

At sampling Total element added over 23 years 

- - - - -

Estimated 
Added Cd 

g ha-1 

47.35 

53.66 

1 9.00 

33 .81  

1 7.23 

17 .23 

17 .23 

1 7.23 

1 5 .78 

1 0.34 

8.69 

7.76 

8.79 

5.69 

4 . l4  

8 .69 

4 . 14 

8.27 

4. 14 

1 5 .63 

14.48 

9.78 

4.85 

1 8. 14 

1 1 .95 

9 . 1 1  

1 2.30 

17 .02 

1 3 .90 

1 0.95 

12 . 1 7  

6.56 

1 3 .90 

480 g Cd ha-I 

- - -

Estimated 
Added P 
kg ha-I 

68 .25 

77.35 

27.39 

48.73 

24.84 

24.84 

24.84 

24.84 

22.75 

22.75 

1 9. 1 1 

1 7.06 

1 9.34 

12 .5 1 

9. 1 0  

1 9. 1 1  

9. 1 0  

1 8.20 

9. 1 0  

34.40 

3 1 .85 

25 .03 

1 2.42 

46.4 1 

30.58 

23.30 

3 1 .48 

37.00 

35 .03 

27.59 

30.65 

1 6.52 

35.03 

917 kg P ha-! 
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Site: L Block 
Development Age: 25 years 

Date Fertilizer Description and application rate Estimated Estimated 
Added Cd Added P 

kg ha-
i 

Fertilizer type g ha-
I 

kg ha-
i 

Autumn 1 965 950 SSP 59.97 86.45 

Spring 1 965 260 SSP 1 6.4 1 23.66 

1 96 6  650 SSP 4 1 .04 5 9. 1 5  

1 967 650 SSP 4 1 .04 59. 1 5  

1 968 650 SSP 4 1 . 04 5 9. 1 5  

1 969 376 30% K-SSP 1 6.63 23.97 

1 97 0  3 7 6  3 0 %  K-SSP 1 6.63 23_97 

1 97 1  376 30% K-SSP 1 0_89 23.97 

Spring 1 972 502 50% K-SSP + eu 1 0. 3 8  22.83 

1 97 3  376 30% K-SSP 1 0.89 23.97 

1 974 376 3 0% K-SSP 1 0.89 23.97 

1 97 5  376 30% K-SSP 1 0.89 23 .97 

1 976 376 3 0% K-SSP 1 0.89 23.97 

1 97 7  750 1 5% K-SSP 2 6.37 5 8 . 0 1  

Spring 1 979 3 8 8  20% K-SSP 1 1 .04 28.25 

Spring 1 980 500 50% K sulphurised serpentine super 5 .34 1 3 .65 

Autumn 1 982 645 30% K-SSP 1 6.06 4 1 .09 

Spring 1 982 600 30% K-SSP + S + Mo 1 1 .95 30.58 

Summer 1 984 400 20% K-SSP+ S 9 . 1 1  23 .30 

Summer 1 985 407 1 5% K-SSP 1 2.30 3 1 .48 

Autumn 1 986 485 1 5% K-SSP 1 7 .02 3 7.00 

Spring 1 986 400 1 5% K-Longlife + eu 1 3 .90 3 5.03 

Summer 1 98 8  3 1 5 15% K-Longlife + eu 1 0.95 27.59 

Autumn 1 989 350 1 5% K-Longlife 1 2 . 1 7  30.65 

Spring 1 989 200 Trace Element mix t 6.56 1 6.52  

Autumn 1 990 400 1 5% K-Longlife 1 3 .90 35 .03 

At sampling Total element added over 25 years 464 g Cd ha-l 886 kg P ha-! 
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Site: College 4, part 1 
Development Age: 30 years 

Date Fertilizer Description and application rate Estimated Estimated 
Added Cd Added P 

kg ha-
I 

Fertilizer type g ha-
I 

kg ha-
I 

Autumn 1 960 753 SSP 47.5 1 68.49 

Spring 1 960 376 SSP 23 .76 34.24 

Autumn 1 96 1  376 SSP 23 .76 34.24 

Spring 1 9 6 1  376 SSP 23 .76 34.24 

Autumn 1 962 25 1 SSP 1 5 .84 22.83 

Spring 1 962 25 1 SSP 1 5 .84 22.83 

Autumn 1 963 376 SSP 23 .76 34.24 

Spring 1 963 376 SSP 23 .76 34.24 

Autumn 1 964 376 SSP 23 .76 34.24 

Spring 1 964 376 SSP 23 .76 34.24 

Autumn 1 965 255 SSP 1 6. 1 2  23 .24 

Autumn 1 966 255 SSP 1 6. 1 2  23 .24 

Autumn 1 967 255 SSP 1 6. 1 2  23 .24 

1 968 376 30% K-SSP 1 6.63 23 .97 

1 969 376 30% K-SSP 1 6.63 23 .97 

1 970 376 30% K-SSP 1 6.63 23 .97 

1 97 1  376 30% K-SSP 1 0.89 23 .97 

Spring 1 972 502 50% K-SSP + Cu 1 0.38 22.83 

1 973 376 30% K-SSP 1 0.89 23 .97 

1 974 376 30% K-SSP 1 0.89 23 .97 

1 975 376 30% K-SSP 1 0.89 23 .97 

1 976 376 30% K-SSP 1 0.89 23 .97 

1 977 376 30% K-SSP 1 0.89 23 .97 

Summer 1 978 500 30% K-SSP + Cu 1 4.48 3 1 .85 

Spring 1 979 3 1 3  20% K-SSP+S+Cu 7 . 1 2  1 8.23 

Spring 1 980 500 50% K sulphurised serpentine super 5 .34 1 3 .65 

Spring 1 982 600 30% K-SSP+S+Mo 1 1 .95 30.58 

Summer 1 984 400 20% K-SSP+S 9. 1 1  23.30 

Summer 1 985 407 1 5% K-SSP 1 2.30 3 1 .48 

Autumn 1 986 380 1 5% K-SSP 1 3 .33 28 .99 

Summer 1 988 3 1 5  1 5% K Longlife+Cu 1 0.95 27.59 

Autumn 1 989 350 1 5% K Longlife 1 2 . 1 7  30.65 

Spring 1 989 200 Trace Element mix t 6.56 1 6.52 

Autumn 1 990 400 1 5 %  K Longlife 1 3 .90 35 .03 

At sampling Total element added over 30 years 537 g Cd ha-I 950 kg P ha-I 
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Site: College 4, part 2 
Development Age: 30 years 

Date Fertilizer Description and application rate Estimated Estimated 
Added Cd Added P 

kg ha-I Fertilizer type g ha-I kg ha-
i 

Autumn 1 962 753 SSP 47. 5 1  68 .49 

Spring 1 9 62 376 SSP 23.76 34.24 

Autumn 1 963 376 SSP 23.76 34.24 

Spring 1 963 376 SSP 23.76 34.24 

Autumn 1 964 376 SSP 23.76 34 .24 

Spring 1 964 376 SSP 23.76 34.24 

Autumn 1 965 376 SSP 23.76 34.24 

Spring 1 965 3 76 SSP 23.76 34.24 

Autumn 1 966 376 SSP 23.76 34.24 

Spring 1 966 376 SSP 23.76 34.24 

Autumn 1 967 376 SSP 23.76 34.24 

1 96 8  376 30% K-SSP 1 6.63 23.97 

1 969 376 30% K-SSP 1 6. 63 23.97 

1 970 376 3 0% K-SSP 1 6.63 23.97 

1 9 7 1  376 30% K-SSP 1 0.89 23.97 

Spring 1 972 5 02 50% K-SSP + eu 1 0.38 22.83 

1 973 376 30% K-SSP 1 0.89 23.97 

1 974 376 3 0% K-SSP 1 0. 89 23.97 

1 97 5  3 7 6  3 0 %  K-SSP 1 0. 89 23 .97 

1 97 6  3 7 6  30% K-SSP 1 0.89 23.97 

1 977 376 30% K-SSP 1 0.89 23.97 

Summer 1978 500 3 0% K-SSP + Cu 1 4 .48 3 1 .8 5  

Spring 1 979 3 1 3  20% K-SSP+S+Cu 7 . 1 2  1 8.23 

Spring 1 980 5 00 5 0% K sulphurised serpentine super 5 .34 1 3 .65 

Spring 1 982 600 30% K-SSP+S+Mo 1 1 .95 30 .58 

Summer 1 984 400 20% K-SSP+S 9. 1 1  23.30 

Summer 1 98 5  407 1 5% K-SSP 1 2 .30 3 1 .48 

Autumn 1 986 380 1 5 %  K-SSP 13 .33  28.99 

Summer 1988 3 1 5  1 5% K Longlife+Cu 1 0.95 27.59 

Autumn 1 989 350 1 5% K Longlife 1 2 . 1 7  30.65 

Spring 1 989 200 Trace Element mixt 6.56 1 6.52 

Autumn 1 990 400 1 5% K Longlife 1 3 .90 3 5 .03 

At sampling Total element added over 30 years 537 g Cd ha-1 950 kg P ha-1 
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Site: Pylon 2 
Development Age: 32 years 

Date Fertilizer Description and application rate Estimated Estimated 
Added Cd Added P 

kg ha-
' 

Fertilizer type g ha-
' 

kg ha-
' 

Autumn 1 95 8  878 SSP 5 5 A3 79_90 

Spring 1 958 376 SSP 23_76 34_24 

Autumn 1 959 376 SSP 23 _76 34.24 

Autumn 1 960 3 1 4  SSP 1 9.80 28.54 

Autumn 1 96 1  627 SSP 3 9.59 57.07 

Autumn 1 962 25 1 SSP 1 5 .84 22.83 

Autumn 1 963 25 1 SSP 1 5.84 22.83 

Autumn 1 964 25 1 SSP 1 5 .84 22.83 

Autumn 1 965 25 1 SSP 1 5 .84 22.83 

Spring 1 965 25 1 SSP 1 5 .84 22.83 

Autumn 1 966 25 1 SSP 1 5 .84 22.83 

Spring 1 966 25 1 SSP 1 5 .84 22.83 

1 967 376 30% K-SSP 1 6.63 23 .97 

1 968 376 30% K-SSP 1 6.63 23 .97 

1 969 376 30% K-SSP 1 6.63 23 .97 

1 970 376 30% K-SSP 1 6.63 23 .97 

1 97 1  376 30% K-SSP 1 0.89 23 .97 

Spring 1 972 502 50% K-SSP 1 0.38 22.83 

1 973 376 30% K-SSP 1 0.89 23 .97 

1 974 376 30% K-SSP 1 0.89 23 .97 

1 975 376 30% K-SSP 1 0.89 23.97 

1 976 376 30% K-SSP 1 0.89 23 .97 

1 977 376 30% K-SSP 1 0.89 23.97 

Summer 1 978 500 30% KCI Cu-SSP 14A8 3 1 .85 

Spring 1 979 3 1 3  20% K-SSP+S+Cu 7 . 1 2  1 8.23 

Spring 1 980 500 50% K sulphurised serpentine super 5.34 1 3.65 

Spring 1 982 600 30% K-SSP+S+Mo 1 1 .95 30.58 

Summer 1 984 400 20% K-SSP+S 9. 1 1  23 .30 

Summer 1985 333 1 5% K-SSP 1 0.07 25 .76 

Spring 1 985 500 1 5% K-SSP 1 5 . 1 2  3 8.68 

Spring 1 986 400 1 5% K Longlife 1 3 .90 35 .03 

Summer 1 988 3 1 5  1 5% K Longlife+Cu 1 0.95 27.59 

Autumn 1 989 350 1 5% K Longlife 1 2. 1 7  30.65 

Spring 1 989 200 Trace Element mix t 6.56 1 6.52 

Autumn 1 990 400 1 5% K Longlife 1 3 .90 35 .03 

At sampling Total element added over 32 years 546 g Cd ha-I 983 kg P ha-I 



APPENDIX 7 

Summary calculations for Cd removal from the soil system via animal products and 

plant uptake. 

Development age 

Herbage Cd in 1 99 1  
(mg C d  kg DM'l ) 

Soil Cd in 1 990 for 0-3 cm 
(mg Cd kg soil' l ) 

Total Cd taken up in herbage 
(g Cd ha'l ) 

Plant Cd ingested by stock (g Cd ha' I ) :  
86% pasture utilization 

Soil Cd ingested by stock (g Cd ha' I ) :  
1 5 .6 sheep ha' l ; 75 kg soil sheep'l yr

'l 

Total Cd ingested by stock over 
development time (g Cd ha' l ) 

8 
years 

0.070 

0.364 

5 .56 

4.78 

3 .4 1  

8 . 1 9  

23 2S 30 
years years years 

0. 1 09 0 . 1 72 0.222 

0.433 0.499 0 .3 77 

2 1 .9 1  25 .35 36.45 

1 8. 84 2 1 .80 3 1 . 3 5  

1 1 . 0 1  12 . 1 8  1 4.39  

29.85 33.98 45 .74 

Total mass of Cd removed from soil system during pasture development period (g Cd ha'!) :  

Cd lost as  animal product: 0.08 0.30 0.34 0.46 
1 % of that ingested by stock 

Cd in standing pasture 0.07 0 . 1 1 0. 1 7  0.22 
at time of soil sampling 

32 
years 

0.390 

0 . 5 89 

44,25 

3 8,01  

1 5.77 

60.02 

0.60 

0.39 
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The use of a soil ingestion rate of 75 kg soil animar1 year' l has led to a much higher 
estimate for Cd intake from soil than is normally found. Reported values for Cd intake 
from soil ingestion include 2 to 4% (Longhurst et al., 1 994) and 2 to 5% during most 
seasons, but 1 0% during winter (Loganathan et al., 1 995). Nevertheless, this 
overestimation of Cd intake does not influence the conclusions of this study. 
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