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AbstractAbstract 

TheThe formsforms ofof cadmiumcadmium inin soilssoils affectaffect itsits uptakeuptake byby plantsplants andand hencehence itsits potentialpotential toxicitytoxicity 
toto animalsanimals .andand humans.humans. WeWe studiedstudied thethe effecteffect ofof pHpH onon thethe formsforms ofof nativenative andand addedadded CdCd 
inin fourfour WestWest AustralianAustralian soilssoils whichwhich differeddiffered inin theirtheir clay,clay, hydroushydrous oxideoxide andand organicorganic mattermatter 
content.content. KCl, BaC12, NaOC1,TheThe formsforms ofof CdCd werewere extractedextracted sequentiallysequentially byby KCI, BaCh, NaOCl, ammoniumammonium 
oxalateoxalate andand concentratedconcentrated acids.acids. 

TheThe majoritymajority ofof CdCd appliedapplied toto aa sandysandy soilsoil waswas foundfound inin thethe solublesoluble (KC1)(KCI) andand thethe 
(BaC12) InIn thethe siliceoussiliceous sand,sand, thethe proportionproportion ofof thetheexchangeableexchangeable (BaCh) formsforms atat allall pHpH values.values. 

CdCd presentpresent inin thethe exchangeableexchangeable formform increasedincreased asas thethe soilsoil solutionsolution pHpH increased.increased. However,However, 
inin thethe peatypeaty sand,sand, thethe oppositeopposite trendtrend waswas observed;observed; atat pHpH 5,5, approximatelyapproximately 50%50% ofof thethe CdCd 
waswas foundfound inin thethe exchangeableexchangeable form,form, whilewhile atat higherhigher pHpH values,values, >60%>60% waswas boundbound toto organicorganic 
mattermatter andand 20%20% waswas inin thethe solublesoluble form.form. InIn soilssoils inin whichwhich thethe mainmain adsorptionadsorption surfacesurface waswas 
dominateddominated byby hydroushydrous oxidesoxides (mainly(mainly goethite),goethite), 50-70%50-70% ofof thethe CdCd waswas extractedextracted asas boundbound 
toto oxidesoxides andand .asas 5 AtAt pHpH valuesvalues >5,>5, thethe majority.(90%)thethe residualresidual fractionfraction atat pHpH ::; 5.5. majority (90%) 
ofof itit waswas extractedextracted inin thesethese forms.forms. Soils,Soils, containingcontaining clayclay (mainly(mainly kaolinite)kaolinite) asas thethe majormajor 
adsorbent,adsorbent, retainedretained CdCd mainlymainly inin exchangeableexchangeable formform atat allall pHpH valuesvalues andand atat allall thethe ratesrates ofof 
CdCd application.application. AtAt pHpH >5,>5, however,however, somesome ofof thethe CdCd waswas alsoalso foundfound inin thethe residualresidual formform andand 
boundbound toto organicorganic matter.matter. 

work has shownThisThis workhasshown thatthat thethe formform ofof addedadded CdCd inin aa soilsoil cannotcannot bebe elucidatedelucidated byby consideringconsidering 
thethe majormajor adsorbingadsorbing componentcomponent alone.alone. ItIt isis alsoalso necessarynecessary toto knowknow thethe pH,pH, thethe presencepresence ofof 
otherother adsorbingadsorbing surfacessurfaces andand thethe ratesrates ofof appliedapplied Cd.Cd. 

IntroductionIntroduction 

ToxicToxic concentrationsconcentrations ofof cadmiumcadmium (Cd)(Cd) inin humanshumans cancan occuroccur fromfrom consumptionconsumption ofof 
plantplant oror animalanimal productsproducts growngrown onon soilssoils inin whichwhich CdCd hashas accumulated.accumulated. PhosphaticPhosphatic 
fertilizersfertilizers containcontain varyingvarying amountsamounts ofof CdCd asas anan impurityimpurity dependingdepending onon thethe sourcesource 
ofof thethe rockrock phosphatesphosphates usedused (Williams(Williams andand DavidDavid 1973).1973). SuperphosphateSuperphosphate isis thethe 
mostmost commonlycommonly usedused fertilizerfertilizer inin AustraliaAustralia andand nearlynearly 50%50% ofof itsits totaltotal CdCd contentcontent 
(18-91(18-91 J..Lgpg g-l)g-l) isis water-solublewater-soluble (Mann(Mann 1989).1989). TheThe uptakeuptake ofof CdCd byby plantsplants 
dependsdepends onon bothboth soilsoil andand plantplant factorsfactors andand isis influencedinfluenced byby managementmanagement practices.practices. 
ItIt hashas beenbeen shownshown thatthat thethe CdCd contentcontent ofof plantsplants increasesincreases withwith thethe amountamount ofof 
superphosphatesuperphosphate appliedapplied (Williams(Williams andand DavidDavid 1973)1973) andand withwith aa decreasedecrease inin soilsoil 
pHpH (Williams(Williams andand DavidDavid 1977;1977; TillerTiller 1988;1988; WhittenWhitten andand RitchieRitchie 1991).1991). SinceSince 
plantsplants taketake upup CdCd fromfrom thethe soilsoil solution,solution, anyany factorfactor thatthat affectsaffects itsits concentrationconcentration 
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Abstract

The forms of cadmium in soils affect its uptake by plants and hence its potential toxicity
to animals .and humans. We studied the effect of pH on the forms of native and added Cd
in four West Australian soils which differed in their clay, hydrous oxide and organic matter
content. The forms of Cd were extracted sequentially by KCI, BaCb, NaOCI, ammonium
oxalate and concentrated acids.

The majority of Cd applied to a sandy soil was found in the soluble (KCI) and the
exchangeable (BaCb) forms at all pH values. In the siliceous sand, the proportion of the
Cd present in the exchangeable form increased as the soil solution pH increased. However,
in the peaty sand, the opposite trend was observed; at pH 5, approximately 50% of the Cd
was found in the exchangeable form, while at higher pH values, >60% was bound to organic
matter and 20% was in the soluble form. In soils in which the main adsorption surface was
dominated by hydrous oxides (mainly goethite), 50-70% of the Cd was extracted as bound
to oxides and .as the residual fraction at pH ::; 5. At pH values >5, the majority.(90%)
of it was extracted in these forms. Soils, containing clay (mainly kaolinite) as the major
adsorbent, retained Cd mainly in exchangeable form at all pH values and at all the rates of
Cd application. At pH >5, however, some of the Cd was also found in the residual form and
bound to organic matter.

This workhasshown that the form of added Cd in a soil cannot be elucidated by considering
the major adsorbing component alone. It is also necessary to know the pH, the presence of
other adsorbing surfaces and the rates of applied Cd.

Introduction

Toxic concentrations of cadmium (Cd) in humans can occur from consumption of
plant or animal products grown on soils in which Cd has accumulated. Phosphatic
fertilizers contain varying amounts of Cd as an impurity depending on the source
of the rock phosphates used (Williams and David 1973). Superphosphate is the
most commonly used fertilizer in Australia and nearly 50% of its total Cd content
(18-91 J..Lg g-l) is water-soluble (Mann 1989). The uptake of Cd by plants
depends on both soil and plant factors and is influenced by management practices.
It has been shown that the Cd content of plants increases with the amount of
superphosphate applied (Williams and David 1973) and with a decrease in soil
pH (Williams and David 1977; Tiller 1988; Whitten and Ritchie 1991). Since
plants take up Cd from the soil solution, any factor that affects its concentration



inin solutionsolution andand thethe raterate ofof replenishmentreplenishment ofof thethe solutionsolution concentrationconcentration (after(after itit 
hashas beenbeen depleted)depleted) willwill affectaffect thethe extentextent ofof CdCd uptake.uptake. 

CadmiumCadmium maymay existexist inin thethe soilsoil inin severalseveral differentdifferent forms.forms. WhenWhen CdCd entersenters thethe 
soilsoil itit maymay remainremain inin thethe soilsoil solutionsolution asas aa freefree cationcation oror complexedcomplexed withwith inorganicinorganic 
oror organicorganic ligandsligands (Tills(Tills andand AllowayAlloway 1983),1983), itit maymay adsorbadsorb ontoonto exchangeexchange sitessites 
onon clays,clays, hydroushydrous oxidesoxides andand organicorganic mattermatter (Brown(Brown 1954;1954; SpositoSposito andand PagePage 

A11985)1985) oror itit maymay bebe specificallyspecifically adsorbedadsorbed byby oxidesoxides andand hydroxideshydroxides ofof Fe,Fe, Al andand 
MnMn (Tiller(Tiller etet al.al. 1984).1984). CadmiumCadmium maymay bebe entrappedentrapped followingfollowing diffusiondiffusion intointo 
goethite,goethite, MnMn oxidesoxides andand otherother mineralsminerals presentpresent inin soilssoils (Brummer(Brummer etet al.al. 1988).1988). 
TheThe reactionsreactions ofof CdCd withwith eacheach soilsoil componentcomponent willwill dependdepend uponupon aa numbernumber ofof 
factors,factors, e.g.e.g. soilsoil type,type, pH,pH, rainfall,rainfall, temperature,temperature, time,time, managementmanagement practicespractices andand 
thethe sourcesource ofof appliedapplied Cd.Cd. ForFor example,example, specificspecific adsorptionadsorption ofof CdCd ontoonto syntheticsynthetic 
goethitesgoethites andand ontoonto thethe edgesedges ofof clayclay mineralsminerals isis pHpH dependentdependent (e.g.(e.g. ForbesForbes etet 
al.al. 1976;1976; TillerTiller etet at.al. 1984;1984; BrummerBrummer etet at.al. 1988).1988). However,However, understandingunderstanding thethe 
factorsfactors thatthat affectaffect thethe amountamount ofof onlyonly oneone possiblepossible formform ofof CdCd inin thethe soilsoil isis notnot 
necessarilynecessarily goinggoing toto helphelp predictpredict itsits availabilityavailability toto plants.plants. 

amountamount any one thetheTheThe ofof CdCd inin anyone formform inin thethe soilsoil couldcould alsoalso dependdepend onon 
extentextent ofof saturationsaturation ofof aa particularparticular typetype ofof site.site. ThisThis couldcould bebe anan importantimportant 
factorfactor forfor soilssoils whichwhich areare fertilizedfertilized regularlyregularly withwith largelarge amountsamounts ofof Cd-containing,Cd-containing, 
phosphaticphosphatic fertilizersfertilizers suchsuch asas inin horticulturalhorticultural enterprises.enterprises. SaturationSaturation ofof sitessites thatthat 
adsorbadsorb CdCd stronglystrongly (and(and hencehence areare inin equilibriumequilibrium withwith aa lowlow solublesoluble CdCd activity)activity) 
couldcould leadlead toto furtherfurther addedadded CdCd beingbeing lessless stronglystrongly adsorbedadsorbed andand hencehence moremore 
readilyreadily availableavailable forfor releaserelease intointo thethe soilsoil solutionsolution andand subsequentsubsequent uptakeuptake byby plants.plants. 
Therefore,Therefore, itit isis importantimportant toto understandunderstand thethe distributiondistribution ofof CdCd intointo differentdifferent 
formsforms inin thethe soilsoil becausebecause eacheach formform willwill havehave aa differentdifferent abilityability toto releaserelease CdCd 
intointo thethe soilsoil solution.solution. InIn turn,turn, wewe needneed toto understandunderstand thethe relativerelative importanceimportance 
ofof exteriorexterior factorsfactors inin changingchanging thethe equilibriumequilibrium betweenbetween eacheach solidsolid formform andand thethe 
soilsoil solution.solution. 

WeWe studiedstudied thethe effecteffect ofof pHpH onon thethe formsforms ofof nativenative andand addedadded CdCd inin fourfour 
WestWest AustralianAustralian soilssoils whichwhich differeddiffered inin theirtheir clay,clay, hydroushydrous oxideoxide andand organicorganic 
mattermatter content.content. TheThe formsforms ofof CdCd werewere KC1, BaC12,extractedextracted sequentiallysequentially byby KCI, BaCh, 
NaOCZ, TheThe amountsamounts ofof CdCd addedaddedNaOCI, ammoniumammonium oxalateoxalate andand concentratedconcentrated acids.acids. 
werewere similarsimilar toto thethe amountsamounts whichwhich wouldwould bebe addedadded overover aa 2020 yearyear periodperiod toto soilssoils 
fertilizedfertilized withwith lowlow toto highhigh ratesrates ofof superphosphatesuperphosphate andand whichwhich areare commonlycommonly usedused 
inin broad-acrebroad-acre agricultureagriculture andand intensiveintensive horticulture.horticulture. InIn addition,addition, CdCd extractedextracted byby 
EDTAEDTA (used(used asas anan estimateestimate ofof labilelabile Cd;Cd; Fujii andand CoreyCorey 1986)1986)h j i i  waswas comparedcompared 
withwith CdCd extractedextracted byby eacheach solutionsolution inin thethe sequentialsequential extractionextraction scheme.scheme. 

TheThe sequentialsequential extractionextraction schemescheme waswas developeddeveloped toto attemptattempt toto distinguishdistinguish betweenbetween 
solublesoluble (KCI), exchangeableexchangeable (BaCI(KCl), (BaC12),2), organicallyorganically boundbound (NaOCI), specificallyspecifically(NaOCl), 
adsorbedadsorbed (ammonium(ammonium oxalateoxalate solution)solution) andand residualresidual CdCd (concentrated(concentrated acids)acids) 
whichwhich werewere consideredconsidered toto bebe thethe majormajor formsforms inin thesethese non-calcareousnon-calcareous soilsoil typestypes 
whichwhich areare lowlow inin Mn.Mn. ItIt isis similarsimilar toto schemesschemes developeddeveloped forfor otherother tracetrace elementselements 

al. (1979)(1979) andand ShumanShuman (1985).(1985).byby McLarenMcLaren andand CrawfordCrawford (1973),(1973), TessierTessier etet at. 

MaterialsMaterials andand MethodsMethods 
SoilsSoils 

SoilSoil waswas collectedcollected fromfrom aa yellowyellow earthearth (Soil(Soil 1;1; NorthcoteNorthcote classification:classification: UcUc 1· 22; NorthcoteNorthcote1.22; 
Uc 5 . 5 l ) ,  Uc2.33)1974),1974), lateriticlateritic podzolicpodzolic (Soil(Soil 2;2; Uc5·51), peatypeaty sandsand (Soil(Soil 3;3; Uc2·33) andand siliceoussiliceous sandsand 

in solution and the rate of replenishment of the solution concentration (after it
has been depleted) will affect the extent of Cd uptake.

Cadmium may exist in the soil in several different forms. When Cd enters the
soil it may remain in the soil solution as a free cation or complexed with inorganic
or organic ligands (Tills and Alloway 1983), it may adsorb onto exchange sites
on clays, hydrous oxides and organic matter (Brown 1954; Sposito and Page
1985) or it may be specifically adsorbed by oxides and hydroxides of Fe, Al and
Mn (Tiller et al. 1984). Cadmium may be entrapped following diffusion into
goethite, Mn oxides and other minerals present in soils (Brummer et al. 1988).
The reactions of Cd with each soil component will depend upon a number of
factors, e.g. soil type, pH, rainfall, temperature, time, management practices and
the source of applied Cd. For example, specific adsorption of Cd onto synthetic
goethites and onto the edges of clay minerals is pH dependent (e.g. Forbes et
al. 1976; Tiller et at. 1984; Brummer et at. 1988). However, understanding the
factors that affect the amount of only one possible form of Cd in the soil is not
necessarily going to help predict its availability to plants.

The amount of Cd in anyone form in the soil could also depend on the
extent of saturation of a particular type of site. This could be an important
factor for soils which are fertilized regularly with large amounts of Cd-containing,
phosphatic fertilizers such as in horticultural enterprises. Saturation of sites that
adsorb Cd strongly (and hence are in equilibrium with a low soluble Cd activity)
could lead to further added Cd being less strongly adsorbed and hence more
readily available for release into the soil solution and subsequent uptake by plants.
Therefore, it is important to understand the distribution of Cd into different
forms in the soil because each form will have a different ability to release Cd
into the soil solution. In turn, we need to understand the relative importance
of exterior factors in changing the equilibrium between each solid form and the
soil solution.

We studied the effect of pH on the forms of native and added Cd in four
West Australian soils which differed in their clay, hydrous oxide and organic
matter content. The forms of Cd were extracted sequentially by KCI, BaCh,
NaOCI, ammonium oxalate and concentrated acids. The amounts of Cd added
were similar to the amounts which would be added over a 20 year period to soils
fertilized with low to high rates of superphosphate and which are commonly used
in broad-acre agriculture and intensive horticulture. In addition, Cd extracted by
EDTA (used as an estimate of labile Cd; Fujii and Corey 1986) was compared
with Cd extracted by each solution in the sequential extraction scheme.

The sequential extraction scheme was developed to attempt to distinguish between
soluble (KCI), exchangeable (BaCI2), organically bound (NaOCI), specifically
adsorbed (ammonium oxalate solution) and residual Cd (concentrated acids)
which were considered to be the major forms in these non-calcareous soil types
which are low in Mn. It is similar to schemes developed for other trace elements
by McLaren and Crawford (1973), Tessier et at. (1979) and Shuman (1985).

Materials and Methods
Soils

Soil was collected from a yellow earth (Soil 1; Northcote classification: Uc 1· 22; Northcote
1974), lateritic podzolic (Soil 2; Uc5·51), peaty sand (Soil 3; Uc2·33) and siliceous sand



TableTable 1-1. SomeSome propertiesproperties ofof thethe soilssoils usedused 

SoilSoil NorthcoteNorthcote TotalTotal CdCd p ~ A  Org.Org. CC	 F C ~  ~1~ ~ e 'pHA ECEC FCB Alc Fec SizeSize fractionfraction (%)(%) DominantDominant 
classificationclassification (pg g-l) ( %  (J1S cm- (J1g( ~ gg-I) SiltSilt mineralsminerals(J1g g-I) (%)	 (pS cm-l)I ) (%)(%) g-l) SandSand ClayClay 

YellowYellow earthearth Gn1·22Gn 1.22 0.07 5·40 0.31 7171 84.4 14981498 2.50·07 5.40 0·31 1010	 8484 7.884·4 2·5 7·8 goethitegoethite && 
kaolinitekaolinite 

Uc5·51 0·14 3.74 0·30 2020 9.9LateriticLateritic podzolicpodzolic Uc 5.51 0.14 3·74 0.30 372372 10.0 292292 8989 0.8 kaolinitekaolinite 
PeatyPeaty sandsand Uc2·33Uc2.33 <0.01 4·04 3-14 3535 1515 32-6 9696 1 - 0  2·5 

10·0	 0·8 9·9 
<0·01 4.04 3·14 32·6 5252 1·0 2.5 quartzquartz 

Uc2.22 <0.01 5·75 0.12 1515 6.4 5.5 0.4 <0.1SiliceousSiliceous sandsand Uc2·22 <0·01 5.75 0·12 1010	 6·4 5·5 9999 0·4 <0·1 quartzquartz 

AA SoilSoil solution.solution. B FieldField capacity.capacity. C AcidAcid ammoniumammonium oxalateoxalate extraction.extraction. 

TableTable 2.2. DetailedDetailed sequentialsequential extractionextraction schemescheme usedused forfor extractionextraction ofof formsforms ofof CdCd fromfrom soilssoils 

ExtractionExtraction FormsForms ExtractantExtractant RatioRatio ofof ProcedureProcedure 
No.No. ofof CdCd soil/solnsoil/soln 

11	 KClsolublesoluble	 0·0050-005 MM KC1 1:51:5 ShakeShake forfor 3030 minmin 
0·1 MM BaCh 1 : l O22	 exchangeableexchangeable 0.1 BaClz 1:10 ShakeShake residueresidue fromfrom (1)(1) forfor 1717 hh 

boundbound toto organicorganic mattermatter 5.3% NaOCl x 8·5) 1:21:2 90°C33 5·3% NaOCI (pH(pH ~ 8.5) 	 ResidueResidue fromfrom (2)(2) placedplaced inin waterwater bathbath atat 90° C 
forfor 1515 min.min. RepeatRepeat twotwo moremore timestimes agitatingagitating inin 
between.between. CombineCombine thethe threethree extractsextracts 

boundbound toto	 0.2 amm. 1:401:40 ResidueResidue fromfrom (3)(3) shakenshaken inin darkdark forfor 44 hh44 0·2 MM ammo ox.ox.
 
oxides/claysoxides/clays O·0-22 MM oxalicoxalic acidacid
 

0.1 ascorbicascorbicO· 1 MM 

acidacid (pH(pH ~ 3)3) 
5 residualresidual concentratedconcentrated TransferTransfer residueresidue fromfrom (4)(4) toto aa teflonteflon beakerbeaker withwith 

HN03/HC104/HF double-deionizeddouble-deionized waterwater washings,washings, drydry onon hothot plate.plate. 

rs 

HNOa/HCl04/HF 
HCI AddAdd 33 mLmL HNOaHN03 andand 0·50-5mLmL HCl04HClO4 andand heatheat totoandand 66 MM HCl acidsacids 

dryness.dryness. AddAdd 55 mLmL HF andand 0·5 mLmL HCl04, heatheatHI? 0.5 HC104, 
HF/HC104toto drynessdryness andand repeatrepeat HF/HCl04 treatment.treatment. AddAdd 

55 mLmL 66 MM HClHCl andand 55 mLmL double-deionizeddouble-deionized waterwater 
andand heatheat forfor 1010 min.min. MakeMake volumevolume toto 1010 mLmL withwith 
double-deionizeddouble-deionized waterwater 

Soil

Yellow earth

Lateritic podzolic
Peaty sand
Siliceous sand

A Soil solution.

Northcote
classification

Gn1·22

Uc5·51
Uc2·33
Uc2·22

B Field capacity.

Table 1- Some properties of the soils used

Total Cd pHA Org. C EC FCB Alc Fec Size fraction (%) Dominant
(J1g g-I) (%) (J1S cm- I) (%) (J1g g-I) Sand Silt Clay minerals

0·07 5·40 0·31 71 10 84·4 1498 84 2·5 7·8 goethite &
kaolinite

0·14 3·74 0·30 372 20 10·0 292 89 0·8 9·9 kaolinite
<0·01 4·04 3·14 35 15 32·6 52 96 1·0 2·5 quartz
<0·01 5·75 0·12 15 10 6·4 5·5 99 0·4 <0·1 quartz

C Acid ammonium oxalate extraction.

Table 2. Detailed sequential extraction scheme used for extraction of forms of Cd from soils

Extraction
No.

1
2
3

4

5

Forms
of Cd

soluble
exchangeable
bound to organic matter

bound to
oxides/clays

residual

Extractant

0·005 M KCI
0·1 M BaCh
5·3% NaOCI (pH ~ 8·5)

0·2 M ammo ox.
O· 2 M oxalic acid
O· 1 M ascorbic
acid (pH ~ 3)
concentrated
HN03/HCI04/HF
and 6 M HCI acids

Ratio of
soil/soln

1:5
1:10
1:2

1:40

Procedure

Shake for 30 min
Shake residue from (1) for 17 h
Residue from (2) placed in water bath at 90° C
for 15 min. Repeat two more times agitating in
between. Combine the three extracts
Residue from (3) shaken in dark for 4 h

Transfer residue from (4) to a teflon beaker with
double-deionized water washings, dry on hot plate.
Add 3 mL HN03 and 0·5 mL HCI04 and heat to
dryness. Add 5 mL HF and 0·5 mL HCI04, heat
to dryness and repeat HF/HCI04 treatment. Add
5 mL 6 M HCI and 5 mL double-deionized water
and heat for 10 min. Make volume to 10 mL with
double-deionized water



(Soil(Soil 4;4; Dc 2·22). SoilsSoils 11 andand 22 werewere collectedcollected fromfrom aa depthdepth ofof 25-4525-45 cmcm whereaswhereas soilssoils 33 andand 44 
werewere collectedcollected fromfrom thethe 0-200-20 cmcm layerlayer afterafter removingremoving thethe vegetationvegetation andand clearingclearing thethe debris.debris. 
TheThe soilssoils werewere air-driedair-dried andand groundground toto passpass throughthrough aa 22 mmmm sieve.sieve. SomeSome propertiesproperties ofof thethe 
soilssoils areare givengiven inin TableTable 1.1. 

Uc2.22). 

AdjustmentAdjustment ofof SoilSoil SolutionSolution pHpH 

TheThe pHpH ofof anan aliquotaliquot ofof eacheach soilsoil waswas adjustedadjusted toto fourfour differentdifferent valuesvalues (4·0, 5·0, 6·0 andand(4.0, 5.0, 6.0 
7·0) byby addingadding differentdifferent concentrationsconcentrations ofof HCI andand KOHKOH inin aa volumevolume equivalent toto thethe fieldfield7-0) HC1 equi~alent 
capacitycapacity ofof eacheach soilsoil andand thenthen incubatingincubating thethe soilsoil samplessamples forfor 11 weekweek atat 40±1° C.C. TheThe moisturemoisture 
inin thethe incubatedincubated samplessamples waswas maintainedmaintained toto fieldfield capacitycapacity throughoutthroughout thethe incubationincubation period.period. 

40%1 

TheThe concentrationsconcentrations ofof HCI andand KOHKOH werewere calculatedcalculated fromfrom thethe bufferbuffer curvescurves (meq(meq H+H+ andand 
OH-OH- perper 100100 gg soil)soil) forfor eacheach individualindividual soil.soil. PreliminaryPreliminary experimentsexperiments indicatedindicated thatthat thethe pHpH 
afterafter incubationincubation variedvaried byby SrtO. 

HCl 

~ ±O· 11 unitunit ifif thisthis procedureprocedure waswas used.used. TheThe soilssoils afterafter incubationincubation 
werewere centrifugedcentrifuged andand thethe pHpH ofof thethe draineddrained solutionsolution waswas measured.measured. 

AdditionAddition ofof CadmiumCadmium 

CadmiumCadmium waswas appliedapplied asas Cd(N03h atat 0,0, 0·8, 3·2 andand 10·0 J-tg g-I soilsoil inin aa volumevolume ofofCd(N03)2 0.8, 3.2 10.0 pg g-l 
double-deionizeddouble-deionized water sufficientsufficient toto bringbring 200200 gg soilsoil toto field capacity.capacity. EachEach subsamplesubsample waswas~ a t e r  fieJd 
incubatedincubated atat 40±1° CC forfor 88 daysdays andand thenthen frozenfrozen atat _20±1° CC unW analysesanalyses werewere carriedcarried out.out.40%l -20% 1 until 

SequentialSequential ExtractionExtraction ofof ChemicalChemical Forms ofof CadmiumCadmiumF o m s  

SamplesSamples toto bebe extractedextracted forfor differentdifferent formsforms ofof CdCd werewere firstfirst thawedthawed toto roomroom temperaturetemperature 
andand werewere mixedmixed thoroughly.thoroughly. WetWet soil,soil, equivalentequivalent toto 11 gg drydry soil,soil, waswas weighedweighed intointo 5050 mLmL 
polypropylenepolypropylene centrifugecentrifuge vialsvials inin triplicate.triplicate. TheThe differentdifferent formsforms ofof CdCd werewere thenthen extractedextracted 
byby thethe sequentialsequential extractionextraction schemescheme describeddescribed inin TableTable 2.2. AfterAfter eacheach soilsoil samplesample waswas shakenshaken 
withwith aa particularparticular solution,solution, thethe samplessamples were centrifugedcentrifugedyere atat 20002000 rpmrpm andand thethe supernatantsupernatant 

(<0.45 pm) 
0 

CC untiluntil analysis.analysis. TheThe soilsoil residueresidue waswas washedwashed withwithwaswas filteredfiltered «0·45 J-tm) andand storedstored atat 44 
double-deionizeddouble-deionized waterwater beforebefore addingadding thethe nextnext extractingextracting solutionsolution toto decreasedecrease contaminationcontamination 
ofof CdCd inin thethe followingfollowing extract.extract. 

CadmiumCadmium AnalysisAnalysis 

CadmiumCadmium inin allall thethe extractsextracts waswas analysedanalysed byby flameflame atomicatomic absorptionabsorption spectrophotometryspectrophotometry 
(AAS)(AAS) onon aa Perkin-ElmerPerkin-Elmer 50005000 atomicatomic absorptionabsorption spectrophotometerspectrophotometer usingusing backgroundbackground 
correctioncorrection toto eliminateeliminate interferenceinterference fromfrom non-atomicnon-atomic absorption.absorption. 

CadmiumCadmium inin ammoniumammonium oxalateoxalate andand NaOCI extractsextracts waswas analysedanalysed byby usingusing aa teflonteflon cupcup 
toto aspirateaspirate thethe extractsextracts andand avoidavoid blockageblockage ofof thethe nebulizernebulizer (Simmons(Simmons andand Plues-FosterPlues-Foster 1977).1977). 

NaOCl 

KC1, BaCl2 NaOClCadmiumCadmium inin KCI, BaCh andand NaOCI extractsextracts whichwhich waswas belowbelow thethe detectiondetection limitlimit ofof thethe 
flameflame waswas complexedcomplexed withwith ammoniumammonium pyrrolidinepyrrolidine dithiocarbamatedithiocarbamate (APDC)(APDC) andand extractedextracted 
intointo 4-methylpentan-24-methylpentan-2 oneone (Syn.(Syn. methylmethyl isobutylisobutyl ketone,ketone, MIBK)MIBK) accordingaccording toto thethe methodmethod 
ofof DudasDudas (1974)(1974) inin orderorder toto eliminateeliminate potentialpotential matrixmatrix effectseffects duringduring analysis.analysis. TheThe MIBKMIBK 
extractextract waswas thenthen analysedanalysed forfor CdCd byby furnacefurnace AASAAS usingusing pyrolyticallypyrolytically coatedcoated platformplatform fittedfitted 
graphitegraphite tubestubes inin aa Perkin-ElmerPerkin-Elmer HGAHGA 500500 graphitegraphite furnacefurnace coupledcoupled toto aa Perkin-ElmerPerkin-Elmer 50005000 
withwith backgroundbackground correction.correction. TheThe temperaturetemperature programprogram usedused forfor thethe determinationdetermination ofof CdCd isis 
givengiven inin TableTable 3.3. 

TableTable 3.3. TemperatureTemperature programprogram forfor CdCd determinationdetermination byby graphitegraphite furnacefurnace 

StepStep 
No.No. 

("C) 

FurnaceFurnace 
temperaturetemperature 

(0C) 
RampRanIp 

TimeTime 

(s)(s) 
HoldHold 

( m ~min-l) 

InternalInternal argonargon 
gasgas flowflow 

(mL min-I) 

11 7070 11 2222 300300 
22 130130 11 1010 300300 
33 400400 11 2020 300300 
44 15001500 00 55 100100 
55 20002000 11 44 300300 

(Soil 4; Dc 2·22). Soils 1 and 2 were collected from a depth of 25-45 cm whereas soils 3 and 4
were collected from the 0-20 cm layer after removing the vegetation and clearing the debris.
The soils were air-dried and ground to pass through a 2 mm sieve. Some properties of the
soils are given in Table 1.

Adjustment of Soil Solution pH

The pH of an aliquot of each soil was adjusted to four different values (4·0, 5·0, 6·0 and
7·0) by adding different concentrations of HCI and KOH in a volume equivalent to the field
capacity of each soil and then incubating the soil samples for 1 week at 40±1° C. The moisture
in the incubated samples was maintained to field capacity throughout the incubation period.
The concentrations of HCI and KOH were calculated from the buffer curves (meq H+ and
OH- per 100 g soil) for each individual soil. Preliminary experiments indicated that the pH
after incubation varied by ~±O· 1 unit if this procedure was used. The soils after incubation
were centrifuged and the pH of the drained solution was measured.

Addition of Cadmium

Cadmium was applied as Cd(N03h at 0, 0·8, 3·2 and 10·0 J-tg g-I soil in a volume of
double-deionized water sufficient to bring 200 g soil to field capacity. Each subsample was
incubated at 40±1° C for 8 days and then frozen at _20±1° C unW analyses were carried out.

Sequential Extraction of Chemical Forms of Cadmium

Samples to be extracted for different forms of Cd were first thawed to room temperature
and were mixed thoroughly. Wet soil, equivalent to 1 g dry soil, was weighed into 50 mL
polypropylene centrifuge vials in triplicate. The different forms of Cd were then extracted
by the sequential extraction scheme described in Table 2. After each soil sample was shaken
with a particular solution, the samples were centrifuged at 2000 rpm and the supernatant
was filtered «0·45 J-tm) and stored at 4

0

C until analysis. The soil residue was washed with
double-deionized water before adding the next extracting solution to decrease contamination
of Cd in the following extract.

Cadmium Analysis

Cadmium in all the extracts was analysed by flame atomic absorption spectrophotometry
(AAS) on a Perkin-Elmer 5000 atomic absorption spectrophotometer using background
correction to eliminate interference from non-atomic absorption.

Cadmium in ammonium oxalate and NaOCI extracts was analysed by using a teflon cup
to aspirate the extracts and avoid blockage of the nebulizer (Simmons and Plues-Foster 1977).

Cadmium in KCI, BaCh and NaOCI extracts which was below the detection limit of the
flame was complexed with ammonium pyrrolidine dithiocarbamate (APDC) and extracted
into 4-methylpentan-2 one (Syn. methyl isobutyl ketone, MIBK) according to the method
of Dudas (1974) in order to eliminate potential matrix effects during analysis. The MIBK
extract was then analysed for Cd by furnace AAS using pyrolytically coated platform fitted
graphite tubes in a Perkin-Elmer HGA 500 graphite furnace coupled to a Perkin-Elmer 5000
with background correction. The temperature program used for the determination of Cd is
given in Table 3.

Table 3. Temperature program for Cd determination by graphite furnace

Step Furnace Time Internal argon
No. temperature Ramp Hold gas flow

(0C) (s) (mL min-I)

1 70 1 22 300
2 130 1 10 300
3 400 1 20 300
4 1500 0 5 100
5 2000 1 4 300



CadmiumCadmium inin ammoniumammonium oxalateoxalate andand acidacid digesteddigested extractsextracts whichwhich waswas belowbelow thethe detectiondetection 
limitlimit ofof flameflame AASAAS waswas complexedcomplexed withwith 40%40% potassiumpotassium iodideiodide (KI)(KI) andand thenthen extractedextracted intointo 
MIBKMIBK (Aziz-AlRahman(Aziz-AlRahman etet al.al. 1983).1983). TheThe CdCd inin thethe MIBKMIBK extractextract waswas determineddetermined usingusing 
furnacefurnace AASAAS asas describeddescribed above.above. 

SoilSoil AnalysisAnalysis 

0.1 NazEDTA HCI. SolutionsSolutions ofof KCI,KC1,AllAll laboratorylaboratory wareware usedused waswas cleanedcleaned inin 0·1 MM Na2EDTA andand 11 MM HC1. 
BaClz Ca(N03)zBaCb andand Ca(N03h werewere preparedprepared fromfrom stockstock solutionssolutions whichwhich hadhad beenbeen earlierearlier purifiedpurified withwith 
dithiozonedithiozone extractedextracted inin chloroformchloroform toto removeremove anyany tracetrace amountsamounts ofof CdCd (Hewitt(Hewitt 1952).1952). AllAll 
otherother solutionssolutions werewere preparedprepared fromfrom ARAR gradegrade reagents.reagents. 

CdCd inin eacheach soilsoil waswas estimatedestimated byby digestiondigestion withwith HN03/HC104/HF/s MM HC1TotalTotal HN03/HCI04/HF /6 HCl 
concentratedconcentrated acidsacids (Elliott(Elliott andand ShieldsShields 1988).1988). SoilsSoils 1-31-3 werewere alsoalso extractedextracted byby aa mixturemixture ofof 
0.005 0.01 Ca(N03)~(Fhjii0·005 MM EDTAEDTA andand 0·01 MM Ca(N03h (Fujii andand CoreyCorey 1986).1986). OrganicOrganic carboncarbon waswas determineddetermined 
byby thethe methodmethod ofof YeomansYeomans andand BremnerBremner (1988).(1988). TheThe pHpH waswas measuredmeasured inin soilsoil solutionssolutions 

(Al)extractedextracted byby thethe methodmethod ofof GillmanGillman andand BellBell (1978).(1978). IronIron andand aluminiumaluminium (AI) extractedextracted byby 
oxdate A1ammoniumammonium oxalate werewere determineddetermined byby flameflame AASAAS (Searle(Searle andand DalyDaly 1977).1977). IronIron andand Al inin 

residualresidual (Table(Table 2)2) andand totaltotal digestsdigests (HN03/HCI04/HF/6(HN03/HC104/HF/6 MM HClHCI concentratedconcentrated acids)acids) werewere 
alsoalso analysedanalysed byby flameflame AAS.AAS. 

ResultsResults 

InIn allall thethe soils,soils, pHpH hadhad aa markedmarked effecteffect onon thethe amountamount andand percentagepercentage ofof CdCd 
(%Cd)(%Cd) inin eacheach formform atat allall thethe ratesrates ofof CdCd applicationapplication exceptexcept whenwhen nono CdCd waswas 
applied.applied. TheThe %Cd%Cd isis thethe amountamount ofof CdCd inin eacheach formform expressedexpressed asas aa percentagepercentage ofof 
thethe sumsum ofof amountsamounts ofof CdCd extractedextracted byby eacheach solutionsolution inin thethe sequentialsequential scheme.scheme. 

FormsForms ofof NativeNative CdCd 

NoNo CdCd waswas extractedextracted fromfrom soilssoils 11 andand 22 byby anyany ofof thethe solutionssolutions inin thethe sequentialsequential 
extractionextraction scheme,scheme, exceptexcept byby thethe concentratedconcentrated acidacid extraction,extraction, Le. O· 07 andand 0·14 
pg g-' NoNo CdCd waswas extractableextractable fromfrom soilssoils 33 andand 

i.e. 0.07 0-14 
p,g g-l respectivelyrespectively (data(data notnot shown).shown). 
44 inin anyany form.form. 

FormsForms ofof AddedAdded CdCd 

KC1TheThe amountamount ofof CdCd inin thethe KCl extractsextracts decreaseddecreased exponentiallyexponentially inin allall thethe soilssoils 
withwith increasingincreasing soilsoil solutionsolution pH,pH, exceptexcept soilsoil 33 wherewhere itit increasedincreased linearlylinearly withwith 
pHpH (Fig.(Fig. 1).1). TheThe raterate ofof decreasedecrease forfor soilssoils 1,1, 22 andand 44 betweenbetween pHpH 44 andand 66 waswas 
greatergreater atat higherhigher additionsadditions ofof CdCd andand waswas inin thethe orderorder ofof thethe soilssoils 11 >> 22 >> 44 

l b  Id).(Figs(Figs l a ,la, 1b andand 1d). InIn soilsoil 3,3, thethe raterate ofof increaseincrease waswas greatergreater atat thethe higherhigher 
lc).ratesrates ofof CdCd applicationapplication (Fig.(Fig. 1c). 

TheThe variationvariation inin thethe BaC12-extractableBaC12-extractable CdCd withwith pHpH dependeddepended uponupon thethe soilsoil 
typetype (Fig.(Fig. 2).2). AtAt aa constantconstant raterate ofof CdCd additionaddition andand pH,pH, thethe amountamount ofof CdCd 
inin thisthis formform waswas inin thethe orderorder ofof soilsoil 22 >> soilsoil 33 >> soilsoil 44 >> soilsoil 11 upup toto pHpH 55 
andand atat pHpH 77 thethe orderorder changedchanged toto soilsoil 44 >> soilsoil 22 >> soilsoil 33 >> soilsoil 1.1. ThereThere waswas 
approximatelyapproximately twicetwice asas muchmuch CdCd inin thisthis formform inin soilsoil 22 thanthan inin soilsoil 1.1. ForFor bothboth 

Cd-BaC12 TheThe curvaturecurvaturesoils,soils, Cd-BaCh increasedincreased withwith pHpH upup toto 55 andand thenthen decreased.decreased.
 
ofof thethe lineline increasedincreased withwith applicationapplication raterate ofof CdCd (Figs(Figs 2a2a andand 2b).2b). InIn soilsoil 3,3,
 
Cd-BaCla
Cd-BaCh decreaseddecreased linearlylinearly withwith pHpH atat allall thethe ratesrates ofof CdCd applicationapplication (Fig.(Fig. 2c).2c).
 

Cd-BaC12 0.8 pg g-'InIn soilsoil 4,4, Cd-BaCh increasedincreased asymptoticallyasymptotically exceptexcept whenwhen 0·8 p,g g-l CdCd waswas 
addedadded (Fig.(Fig. 2d).2d). 

CadmiumCadmium extractedextracted byby NaOClNaOCl fromfrom soilssoils 1,1, 22 andand 44 representedrepresented onlyonly aa smallsmall 
fractionfraction ofof thethe totaltotal CdCd atat allall pHpH values,values, whereaswhereas inin soilsoil 33 thisthis fractionfraction representedrepresented 

Cadmium in ammonium oxalate and acid digested extracts which was below the detection
limit of flame AAS was complexed with 40% potassium iodide (KI) and then extracted into
MIBK (Aziz-AlRahman et al. 1983). The Cd in the MIBK extract was determined using
furnace AAS as described above.

Soil Analysis

All laboratory ware used was cleaned in 0·1 M Na2EDTA and 1 M HCI. Solutions of KCI,
BaCb and Ca(N03h were prepared from stock solutions which had been earlier purified with
dithiozone extracted in chloroform to remove any trace amounts of Cd (Hewitt 1952). All
other solutions were prepared from AR grade reagents.

Total Cd in each soil was estimated by digestion with HN03/HCI04/HF /6 M HCl
concentrated acids (Elliott and Shields 1988). Soils 1-3 were also extracted by a mixture of
0·005 M EDTA and 0·01 M Ca(N03h (Fujii and Corey 1986). Organic carbon was determined
by the method of Yeomans and Bremner (1988). The pH was measured in soil solutions
extracted by the method of Gillman and Bell (1978). Iron and aluminium (AI) extracted by
ammonium oxalate were determined by flame AAS (Searle and Daly 1977). Iron and Al in
residual (Table 2) and total digests (HN03/HCI04/HF/6 M HCl concentrated acids) were
also analysed by flame AAS.

Results

In all the soils, pH had a marked effect on the amount and percentage of Cd
(%Cd) in each form at all the rates of Cd application except when no Cd was
applied. The %Cd is the amount of Cd in each form expressed as a percentage of
the sum of amounts of Cd extracted by each solution in the sequential scheme.

Forms of Native Cd

No Cd was extracted from soils 1 and 2 by any of the solutions in the sequential
extraction scheme, except by the concentrated acid extraction, Le. O· 07 and 0·14
p,g g-l respectively (data not shown). No Cd was extractable from soils 3 and
4 in any form.

Forms of Added Cd

The amount of Cd in the KCl extracts decreased exponentially in all the soils
with increasing soil solution pH, except soil 3 where it increased linearly with
pH (Fig. 1). The rate of decrease for soils 1, 2 and 4 between pH 4 and 6 was
greater at higher additions of Cd and was in the order of the soils 1 > 2 > 4
(Figs la, 1b and 1d). In soil 3, the rate of increase was greater at the higher
rates of Cd application (Fig. 1c).

The variation in the BaC12-extractable Cd with pH depended upon the soil
type (Fig. 2). At a constant rate of Cd addition and pH, the amount of Cd
in this form was in the order of soil 2 > soil 3 > soil 4 > soil 1 up to pH 5
and at pH 7 the order changed to soil 4 > soil 2 > soil 3 > soil 1. There was
approximately twice as much Cd in this form in soil 2 than in soil 1. For both
soils, Cd-BaCh increased with pH up to 5 and then decreased. The curvature
of the line increased with application rate of Cd (Figs 2a and 2b). In soil 3,
Cd-BaCh decreased linearly with pH at all the rates of Cd application (Fig. 2c).
In soil 4, Cd-BaCh increased asymptotically except when 0·8 p,g g-l Cd was
added (Fig. 2d).

Cadmium extracted by NaOCl from soils 1, 2 and 4 represented only a small
fraction of the total Cd at all pH values, whereas in soil 3 this fraction represented
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Fig.Fig. 7.7. EffectEffect ofof soilsoil solutionsolution pHpH inin soilsoil 33 atat CdCd applicationapplication ratesrates ofof (a )(a) 0·8 J-tg g-l0.8 pg g-' 
pg g-l, 4 0.8 pg g-' pgandand ( b )(b) 1010 J-tg g-\ andand inin soilsoil 4 (c)(c) atat 0·8 J-tg g-l andand (d)(d) 1010 J-tg g-lg-l onon %% solublesoluble 

(A), %CdCd (l::.), % exchangeableexchangeable Cd(O),Cd(O), %Cd%Cd boundbound toto organicorganic mattermatter (A),(A), %Cd%Cd boundbound 
(e)toto oxides/claysoxides/clays (e) andand %Cd%Cd inin thethe residualresidual form(.).form(.). 

thethe majoritymajority ofof totaltotal CdCd atat allall pHpH values,values, (Fig.(Fig. 3).3). Cd-NaOC1TheThe amountamount ofof Cd-NaOCl 
increasedincreased withwith increaseincrease inin pHpH andand withwith raterate ofof CdCd additionaddition andand waswas inin thethe orderorder 

3 >> 2 >> soil 1re soilsoil 4.soilsoil 3» soilsoil 2 »soil 1 ~ 4. 
TheThe amountamount ofof CdCd extractedextracted byby ammoniumammonium oxalateoxalate (AO)(AO) fromfrom eacheach soilsoil 

increasedincreased withwith increaseincrease inin pHpH andand withwith thethe raterate ofof CdCd applicationapplication (Fig.(Fig. 4).4). TheThe 
1>> 2 > 3 > 4. TheThe slopesloperaterate ofof increaseincrease waswas inin thethe orderorder soilsoil 1 » soilsoil 2 > soilsoil 3 > soilsoil 4. 

ofof thethe increaseincrease inin thethe amountamount ofof AO-extractableAO-extractable CdCd withwith pHpH increasedincreased withwith 
increasingincreasing raterate ofof CdCd additionaddition inin allall thethe soils.soils. 

TheThe amountsamounts ofof acid-extractableacid-extractable CdCd increasedincreased withwith pHpH andand withwith raterate ofof CdCd 
applicationapplication inin allall fourfour soilssoils andand werewere inin thethe orderorder soUsoil 22 >> soilsoil 11>> soilsoil 44 >> soilsoil 
33 (Fig.(Fig. 5).5). 

KC1 (%Cd-KC1) 4TheThe %Cd%Cd extractedextracted byby KCl (%Cd-KCl) inin soilssoils 1 , 21,2 andand 4 decreaseddecreased exponentiallyexponentially 
6 3,withwith pHpH andand waswas similarsimilar forfor allall thethe ratesrates ofof CdCd additionaddition (Fig.(Fig. 6 andand 7).7). InIn soilsoil 3, 

%Cd-KC1thethe %Cd-KCl increasedincreased linearlylinearly withwith pHpH fromfrom 0-20%0-20% atat allall ratesrates ofof CdCd additionaddition 
TheThe %% Cd-KCl pHpH 4 waswas highesthighest (75%)(75%) 4(Fig.(Fig. 7a7a andand 7b).7b). Cd-KC1 atat 4 inin soilsoil 4 andand 

lowestlowest «2%)(<2%) inin soilsoil 33 atat allall thethe ratesrates ofof CdCd application.application. TheThe largestlargest decreasedecrease 
(30-40%)(30-40%) waswas observedobserved betweenbetween pHpH 4 andand 5 inin soilssoils4 5 1,1,22 andand 4.4. TheThe fractionfraction 

1 2decreaseddecreased fromfrom approximatelyapproximately 50%50% toto almostalmost zerozero inin soilssoils 1 andand 2 whenwhen thethe pHpH 
4 6 6 7.increasedincreased fromfrom 4 toto 6 andand nono furtherfurther changechange waswas observedobserved betweenbetween pHpH 6 andand 7. 
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Fig. 7. Effect of soil solution pH in soil 3 at Cd application rates of (a) 0·8 J-tg g-l
and (b) 10 J-tg g-\ and in soil 4 (c) at 0·8 J-tg g-l and (d) 10 J-tg g-l on % soluble
Cd (l::.), % exchangeable Cd(O), %Cd bound to organic matter (A), %Cd bound
to oxides/clays (e) and %Cd in the residual form(.).

the majority of total Cd at all pH values, (Fig. 3). The amount of Cd-NaOCl
increased with increase in pH and with rate of Cd addition and was in the order
soil 3» soil 2 »soil 1 ~ soil 4.

The amount of Cd extracted by ammonium oxalate (AO) from each soil
increased with increase in pH and with the rate of Cd application (Fig. 4). The
rate of increase was in the order soil 1 » soil 2 > soil 3 > soil 4. The slope
of the increase in the amount of AO-extractable Cd with pH increased with
increasing rate of Cd addition in all the soils.

The amounts of acid-extractable Cd increased with pH and with rate of Cd
application in all four soils and were in the order soU 2 > soil 1 > soil 4 > soil
3 (Fig. 5).

The %Cd extracted by KCl (%Cd-KCl) in soils 1,2 and 4 decreased exponentially
with pH and was similar for all the rates of Cd addition (Fig. 6 and 7). In soil 3,
the %Cd-KCl increased linearly with pH from 0-20% at all rates of Cd addition
(Fig. 7a and 7b). The % Cd-KCl at pH 4 was highest (75%) in soil 4 and
lowest «2%) in soil 3 at all the rates of Cd application. The largest decrease
(30-40%) was observed between pH 4 and 5 in soils 1, 2 and 4. The fraction
decreased from approximately 50% to almost zero in soils 1 and 2 when the pH
increased from 4 to 6 and no further change was observed between pH 6 and 7.



AtAt thethe 1010 p,g g-l CdCd raterate inin soilsoil 4,4, however,however, thethe fractionfraction waswas 75%75% atat pHpH 44 andand 
continuouslycontinuously decreaseddecreased withwith increaseincrease inin pHpH toto 15%15% atat pHpH 77 (Figs(Figs 7c7c andand 7d).7d). 

pg g-' 

TheThe variationvariation inin %Cd%Cd extractedextracted byby BaCh (%(% Cd-BaCh) withwith pHpH forfor soilssoils 1,1, 
22 andand 44 waswas similarsimilar toto thethe amountsamounts ofof Cd-BaClCd-BaC122 %Cd-BaCln 

BaC12 Cd-BaC12) 
exceptexcept thatthat %Cd-BaCh inin soilsoil 

22 waswas moremore oror lessless independentindependent ofof thethe CdCd application. raterate (Figs(Figs 6c6c andand 6d).6d). InIn 
soilsoil 3,3, %Cd-BaCh decreaseddecreased withwith increaseincrease inin pHpH andand%Cd-BaC12 waswas independentindependent ofof thethe 
applicationapplication raterate (Figs(Figs 7a7a andand 7b).7b). 

applicatioh 

InIn soilssoils 11 andand 4,4, thethe variationvariation inin %Cd%Cd extractedextracted byby NaOClNaOCl (%Cd-NaOCl) withwith 
pHpH andand raterate ofof CdCd additionaddition waswas inconsistent.inconsistent. TheThe valuesvalues werewere <4%<4% ofof thethe totaltotal 
CdCd extractedextracted byby thethe sequentialsequential schemescheme andand hencehence werewere consideredconsidered toto bebe negligiblenegligible 

(%Cd-NaOC1) 

(data(data notnot shown).shown). InIn soilssoils 22 andand 3,3, thethe %Cd-NaOCl increasedincreased byby approximatelyapproximately 
12%12% andand 30%30% respectivelyrespectively withwith increaseincrease inin pHpH fromfrom 44 toto 77 (Figs(Figs 6c6c andand 6d;6d; 
FigsFigs 7a7a andand 7b).7b). 

TheThe %Cd%Cd extractedextracted byby ammoniumammonium oxalateoxalate (%Cd-AO)(%Cd-AO) inin allall thethe soilssoils increasedincreased 
withwith increaseincrease inin pHpH andand waswas inin thethe orderorder soilsoil 11 »>> soilsoil 22 >> soilsoil 33 >> soilsoil 44 (Figs(Figs 66 

%Cd-NaOC1 

andand 7).7). InIn soilsoil 1,1, atat aa constantconstant pH,pH, thethe %Cd-AO tendedtended toto decreasedecrease asas thethe raterate 
ofof CdCd applicationapplication increased.increased. %Cd-A0 

%Cd-A0 
TheThe increaseincrease inin %Cd-AO inin soilsoil 22 withwith increaseincrease inin 

almostalmost similarsimilar ( ~ 1 5 % )(~15%) 3 -2  10.0 pg g-IpHpH fromfrom 44 toto 77 waswas atat 3·2 andand 10·0 p,g g-l CdCd rates,rates, 
whereaswhereas atat 0·8 p,g g-lg-l thisthis fractionfraction increasedincreased byby <10%. InIn soilssoils 33 andand 4,4, thethe0 - 8  pg <lo%. 
%Cd-AO waswas almostalmost negligiblenegligible «2%) atat pHpH 44 atat allall thethe ratesrates ofof CdCd applicationapplication 
and,and, eveneven withwith anan increaseincrease inin pHpH fromfrom 44 toto 7,7, thethe fractionfraction increasedincreased byby <5%<5% 
(Fig.(Fig. 7).7). 

TheThe %Cd%Cd extractedextracted byby acidsacids (%Cd-acid)(%Cd-acid) increasedincreased withwith increaseincrease inin pHpH inin thethe 
fourfour soilssoils andand thethe trendtrend waswas moremore oror lessless similarsimilar toto thethe amountsamounts ofof acid-extractableacid-extractable 
CdCd (Figs(Figs 66 andand 7).7). TheThe highesthighest amountamount ofof %Cd-acid%Cd-acid (40%)(40%) waswas foundfound inin soilsoil 22 atat 

%Cd-A0 (<2%) 

pHpH 77 wherewhere 0·8 p,g g-l ofof CdCd waswas appliedapplied (Fig.(Fig. 6c).6c). InIn soilsoil 1,1, %Cd-acid%Cd-acid increasedincreased0.8 pg g-' 
fromfrom 5-15%5-15% withwith increaseincrease inin pHpH fromfrom 44 toto 77 atat thethe 1010 p,g g-lg-l CdCd applicationapplicationpg 
rate;rate; however,however, atat thethe lowerlower raterate (0·8 p,g g-l)g-l) ofof CdCd application,application, itit remainedremained 
almostalmost constantconstant ( ~ 2 2 % )(~22%) atat allall thethe pHpH valuesvalues (Figs(Figs 6a6a andand 6b).6b). InIn soilssoils 33 andand 

(0.8 pg 

4,4, %Cd-acid%Cd-acid waswas aa smallsmall fractionfraction «6%) andand increasedincreased slightlyslightly withwith increaseincrease inin 
pH;pH; however,however, itit variedvaried inconsistentlyinconsistently withwith raterate ofof CdCd additionaddition (Figs(Figs 7a-d).7a-d). 

(<6%) 

EDTA/Ca(N03)2ExtractionExtraction ofof CdCd withwith EDTAjCa(N03h andand itsits RelationshipRelationship withwith 
thethe FormsForms ofof CdCd 

CadmiumCadmium extractedextracted byby EDTAEDTA fromfrom soilssoils 1,1, 22 andand 33 diddid notnot correlatecorrelate wellwell withwith 
anyany ofof thethe individualindividual amountsamounts ofof CdCd extractedextracted byby KCl, BaCh, NaOCl,NaOCl, AO andand 
thethe acidacid digestsdigests atat anyany ofof thethe pHpH valuesvalues andand atat anyany ofof thethe ratesrates whenwhen extractedextracted 
sequentially.sequentially. However,However, Cd-EDTACd-EDTA correlatedcorrelated wellwell withwith totaltotal CdCd (extraction(extraction byby 

KC1, BaC12, A 0  

HN03/HC104/HF/6M HC1HN03 /HCl04/HF/6M HCl concentratedconcentrated acids)acids) andand thethe sumsum ofof CdCd extractedextracted byby 
KC1, BaC12 (r2 0.90). TheThe sumsum ofof thethe CdCd extractedextractedKCl, BaCh andand ammoniumammonium oxalateoxalate (r2 >> 0·90).
 
byby thethe aboveabove threethree extractantsextractants alsoalso correlatedcorrelated wellwell withwith thethe totaltotal CdCd inin thethe fourfour
 

(r2 0.98).soilssoils (r2 >> O· 98) . 

DiscussionDiscussion 

TheThe formsforms ofof addedadded CdCd afterafter incubationincubation withwith eacheach soilsoil dependeddepended onon pH,pH, 
mineralogy,mineralogy, organicorganic mattermatter andand thethe applicationapplication raterate ofof Cd.Cd. 

At the 10 p,g g-l Cd rate in soil 4, however, the fraction was 75% at pH 4 and
continuously decreased with increase in pH to 15% at pH 7 (Figs 7c and 7d).

The variation in %Cd extracted by BaCh (% Cd-BaCh) with pH for soils 1,
2 and 4 was similar to the amounts of Cd-BaCl2 except that %Cd-BaCh in soil
2 was more or less independent of the Cd application. rate (Figs 6c and 6d). In
soil 3, %Cd-BaCh decreased with increase in pH and was independent of the
application rate (Figs 7a and 7b).

In soils 1 and 4, the variation in %Cd extracted by NaOCl (%Cd-NaOCl) with
pH and rate of Cd addition was inconsistent. The values were <4% of the total
Cd extracted by the sequential scheme and hence were considered to be negligible
(data not shown). In soils 2 and 3, the %Cd-NaOCl increased by approximately
12% and 30% respectively with increase in pH from 4 to 7 (Figs 6c and 6d;
Figs 7a and 7b).

The %Cd extracted by ammonium oxalate (%Cd-AO) in all the soils increased
with increase in pH and was in the order soil 1 » soil 2 > soil 3 > soil 4 (Figs 6
and 7). In soil 1, at a constant pH, the %Cd-AO tended to decrease as the rate
of Cd application increased. The increase in %Cd-AO in soil 2 with increase in
pH from 4 to 7 was almost similar (~15%) at 3·2 and 10·0 p,g g-l Cd rates,
whereas at 0·8 p,g g-l this fraction increased by <10%. In soils 3 and 4, the
%Cd-AO was almost negligible «2%) at pH 4 at all the rates of Cd application
and, even with an increase in pH from 4 to 7, the fraction increased by <5%
(Fig. 7).

The %Cd extracted by acids (%Cd-acid) increased with increase in pH in the
four soils and the trend was more or less similar to the amounts of acid-extractable
Cd (Figs 6 and 7). The highest amount of %Cd-acid (40%) was found in soil 2 at
pH 7 where 0·8 p,g g-l of Cd was applied (Fig. 6c). In soil 1, %Cd-acid increased
from 5-15% with increase in pH from 4 to 7 at the 10 p,g g-l Cd application
rate; however, at the lower rate (0·8 p,g g-l) of Cd application, it remained
almost constant (~22%) at all the pH values (Figs 6a and 6b). In soils 3 and
4, %Cd-acid was a small fraction «6%) and increased slightly with increase in
pH; however, it varied inconsistently with rate of Cd addition (Figs 7a-d).

Extraction of Cd with EDTAjCa(N03h and its Relationship with
the Forms of Cd

Cadmium extracted by EDTA from soils 1, 2 and 3 did not correlate well with
any of the individual amounts of Cd extracted by KCl, BaCh, NaOCl, AO and
the acid digests at any of the pH values and at any of the rates when extracted
sequentially. However, Cd-EDTA correlated well with total Cd (extraction by
HN03/HCl04/HF/6M HCl concentrated acids) and the sum of Cd extracted by
KCl, BaCh and ammonium oxalate (r2 > 0·90). The sum of the Cd extracted
by the above three extractants also correlated well with the total Cd in the four
soils (r2 > O· 98) .

Discussion

The forms of added Cd after incubation with each soil depended on pH,
mineralogy, organic matter and the application rate of Cd.



TheThe majormajor adsorptionadsorption surfacesurface differeddiffered betweenbetween soilssoils andand variedvaried withwith pHpH forfor 
aa particularparticular soil.soil. TheThe extentextent ofof retentionretention dependeddepended onon thethe amountamount ofof adsorbingadsorbing 
surfacesurface andand pH.pH. InIn thethe siliceoussiliceous sand,sand, CdCd waswas mainlymainly presentpresent asas thethe solublesoluble 
(KC1) (BaC12)(KCI) andand thethe exchangeableexchangeable (BaCh) formsforms becausebecause ofof thethe lacklack ofof soilsoil componentscomponents 
withwith adsorptionadsorption sites.sites. InIn thethe peatypeaty sand,sand, organicorganic mattermatter waswas thethe mainmain adsorbingadsorbing 
surfacesurface presentpresent andand hencehence thethe majoritymajority ofof CdCd waswas extractedextracted byby NaOClNaOCI andand 
BaC12. NaOCl havehave removedremoved CdCd fromfrom organicorganicBaCh. CadmiumCadmium extractedextracted byby NaOCI wouldwould 

BaC12 maymay havehave extractedextracted exchangeableexchangeable CdCd fromfrom bothbothadsorptionadsorption sites,sites, whereaswhereas BaCl2 

organicorganic andand inorganicinorganic exchangeexchange sites.sites. InIn thethe yellowyellow earth,earth, CdCd boundbound toto oxidesoxides oror 
specificallyspecifically adsorbedadsorbed CdCd waswas thethe dominantdominant form,form, whereaswhereas exchangeableexchangeable CdCd waswas 
moremore prevalentprevalent inin thethe lateriticlateritic podzolic.podzolic. 

IncreasingIncreasing pHpH tendedtended toto increaseincrease thethe numbernumber ofof exchangeexchange andand specificallyspecifically 
adsorbedadsorbed sitessites asas wellwell asas organicorganic sites.sites. However,However, thethe amountamount andand %Cd%Cd inin thesethese 
formsforms onlyonly increasedincreased withwith pHpH ifif itit waswas thethe majormajor formform inin aa particularparticular soilsoil oror 
therethere werewere sufficientsufficient sitessites ontoonto whichwhich CdCd couldcould adsorb.adsorb. 

TheThe raterate ofof applicationapplication ofof CdCd affectedaffected thethe amountamount ofof CdCd inin aa particularparticular formform 
whenwhen thethe numbernumber ofof adsorptionadsorption sitessites onon thethe mainmain adsorptionadsorption componentcomponent becamebecame 
limiting.limiting. TheThe excessexcess CdCd notnot adsorbedadsorbed byby thethe mainmain adsorptionadsorption componentcomponent waswas 
thenthen retainedretained byby anotheranother form.form. ForFor example,example, whenwhen exchangeableexchangeable sitessites inin thethe 

%Cd-KC1siliceoussiliceous sandsand werewere saturated,saturated, %Cd-KCI increasedincreased becausebecause itit waswas thethe onlyonly otherother 
significantsignificant formform ofof CdCd inin thatthat soil.soil. InIn contrast,contrast, whenwhen thethe sitessites onon oxideoxide surfacessurfaces 
becamebecame limitinglimiting inin thethe yellowyellow earth,earth, thethe excessexcess CdCd waswas adsorbedadsorbed atat exchangeexchange 
sites.sites. 

InIn thethe siliceoussiliceous sand,sand, mostmost ofof thethe CdCd (>95%)(>95%) isis presentpresent inin thethe solublesoluble 
(%Cd-KC1) (%Cd-BaClz)(%Cd-KCI) andand thethe exchangeableexchangeable formform (%Cd-BaCI2 ) andand thethe proportionproportion inin bothboth 
formsforms variedvaried withwith pHpH andand amountamount ofof CdCd appliedapplied (Figs(Figs 7c7c andand 7d).7d). AtAt pHpH 4,4, 
thethe %Cd%Cd thatthat waswas solublesoluble increasedincreased withwith thethe amountamount ofof CdCd applied,applied, presumablypresumably 
becausebecause therethere werewere nono moremore exchangeexchange sitessites availableavailable forfor adsorptionadsorption ofof additionaladditional 
Cd.Cd. AsAs pHpH increased,increased, aa greatergreater proportionproportion ofof CdCd waswas inin thethe exchangeableexchangeable formform 
duedue toto aa concurrentconcurrent increaseincrease inin thethe numbernumber ofof exchangeexchange sitessites withwith pH.pH. TheThe 
increaseincrease waswas notnot asas greatgreat asas thatthat observedobserved byby ChristensenChristensen (1984)(1984) yvho foundfound thatthat 
CdCd adsorptionadsorption increasedincreased byby aa factorfactor ofof 33 perper pHpH unitunit inin sandysandy soilssoils whenwhen pHpH 

7-7. WilliamsWilliams andand DavidDavid (1973)(1973) foundfound thatthat >50%>50% ofof thethe 

who 

increasedincreased fromfrom 44 toto 7·7. 
totaltotal CdCd inin sevenseven yellowyellow podzolicpodzolic soilssoils (Dy(Dy 3·42) waswas inin thethe exchangeableexchangeable formform 
butbut theythey diddid notnot reportreport pHpH values.values. TheThe %Cd%Cd inin thethe exchangeableexchangeable fractionfraction atat 
higherhigher pHpH diddid notnot decreasedecrease withwith increaseincrease inin raterate ofof CdCd applicationapplication becausebecause therethere 
werewere moremore 7 4 .  

3.42) 

sitessites availableavailable forfor exchangeexchange (Figs(Figs 7c7c andand 7d). CadmiumCadmium boundbound toto 
(%Cd-NaOCl), Fe/A1organicorganic mattermatter (%Cd-NaOCI), Fe/AI oxidesoxides (%Cd-AO)(%Cd-AO) andand thatthat inin thethe residualresidual 

formform (%Cd-acid)(%Cd-acid) waswas <4%<4% atat allall thethe pHpH values,values, asas maymay bebe expectedexpected fromfrom soilssoils 
lowlow inin organicorganic matter,matter, clayclay andand hydroushydrous oxideoxide contentcontent (Table(Table 1).1). 

InIn thethe peatypeaty sand,sand, exchangeableexchangeable CdCd andand thatthat boundbound toto organicorganic mattermatter werewere 
thethe majormajor formsforms present.present. TheThe relativerelative importanceimportance dependeddepended uponupon pHpH andand CdCd 
applicationapplication rate.rate. AsAs pHpH increased,increased, moremore organicorganic sitessites werewere formedformed atat whichwhich CdCd 
waswas preferentiallypreferentially adsorbed.adsorbed. TheThe organicorganic sitessites apparentlyapparently hadhad aa higherhigher affinityaffinity forfor 
CdCd thanthan thethe exchangeableexchangeable sites.sites. However,However, asas thethe CdCd applicationapplication raterate increased,increased, 
thethe numbernumber ofof organicorganic sitessites perper molemole ofof CdCd decreaseddecreased toto thethe extentextent thatthat somesome CdCd 
remainedremained inin thethe exchangeableexchangeable formform duedue toto aa lacklack ofof highhigh affinityaffinity organicorganic sites.sites. 
Hence,Hence, thethe pHpH atat whichwhich therethere waswas anan equalequal percentagepercentage ofof CdCd presentpresent asas organicorganic 

The major adsorption surface differed between soils and varied with pH for
a particular soil. The extent of retention depended on the amount of adsorbing
surface and pH. In the siliceous sand, Cd was mainly present as the soluble
(KCI) and the exchangeable (BaCh) forms because of the lack of soil components
with adsorption sites. In the peaty sand, organic matter was the main adsorbing
surface present and hence the majority of Cd was extracted by NaOCI and
BaCh. Cadmium extracted by NaOCI would have removed Cd from organic
adsorption sites, whereas BaCl2 may have extracted exchangeable Cd from both
organic and inorganic exchange sites. In the yellow earth, Cd bound to oxides or
specifically adsorbed Cd was the dominant form, whereas exchangeable Cd was
more prevalent in the lateritic podzolic.

Increasing pH tended to increase the number of exchange and specifically
adsorbed sites as well as organic sites. However, the amount and %Cd in these
forms only increased with pH if it was the major form in a particular soil or
there were sufficient sites onto which Cd could adsorb.

The rate of application of Cd affected the amount of Cd in a particular form
when the number of adsorption sites on the main adsorption component became
limiting. The excess Cd not adsorbed by the main adsorption component was
then retained by another form. For example, when exchangeable sites in the
siliceous sand were saturated, %Cd-KCI increased because it was the only other
significant form of Cd in that soil. In contrast, when the sites on oxide surfaces
became limiting in the yellow earth, the excess Cd was adsorbed at exchange
sites.

In the siliceous sand, most of the Cd (>95%) is present in the soluble
(%Cd-KCI) and the exchangeable form (%Cd-BaCI2 ) and the proportion in both
forms varied with pH and amount of Cd applied (Figs 7c and 7d). At pH 4,
the %Cd that was soluble increased with the amount of Cd applied, presumably
because there were no more exchange sites available for adsorption of additional
Cd. As pH increased, a greater proportion of Cd was in the exchangeable form
due to a concurrent increase in the number of exchange sites with pH. The
increase was not as great as that observed by Christensen (1984) yvho found that
Cd adsorption increased by a factor of 3 per pH unit in sandy soils when pH
increased from 4 to 7·7. Williams and David (1973) found that >50% of the
total Cd in seven yellow podzolic soils (Dy 3·42) was in the exchangeable form
but they did not report pH values. The %Cd in the exchangeable fraction at
higher pH did not decrease with increase in rate of Cd application because there
were more sites available for exchange (Figs 7c and 7d). Cadmium bound to
organic matter (%Cd-NaOCI), Fe/AI oxides (%Cd-AO) and that in the residual
form (%Cd-acid) was <4% at all the pH values, as may be expected from soils
low in organic matter, clay and hydrous oxide content (Table 1).

In the peaty sand, exchangeable Cd and that bound to organic matter were
the major forms present. The relative importance depended upon pH and Cd
application rate. As pH increased, more organic sites were formed at which Cd
was preferentially adsorbed. The organic sites apparently had a higher affinity for
Cd than the exchangeable sites. However, as the Cd application rate increased,
the number of organic sites per mole of Cd decreased to the extent that some Cd
remained in the exchangeable form due to a lack of high affinity organic sites.
Hence, the pH at which there was an equal percentage of Cd present as organic



andand	 exchangeableexchangeable formsforms roserose asas thethe applicationapplication raterate ofof CdCd increasedincreased (Figs(Figs 77aa 
76). IncreasesIncreases inin CdCd boundbound toto organicorganic mattermatter asas soilsoil pHpH isis increasedincreased havehaveandand	 7b). 

al. 	 al.beenbeen observedobserved previouslypreviously (Levi-Minzi(Levi-Minzi e tet at. 1976;1976; McBrideMcBride etet at. 1981;1981; GerritseGerritse 
al. 1982).1982).e tet at. 
InIn thethe peatypeaty sandsand atat pHpH <5,<5, thethe presencepresence ofof organicorganic mattermatter loweredlowered thethe 

Cd-KC1 DecreasesDecreases ininamountamount ofof Cd-KCI inin comparisoncomparison withwith thatthat inin thethe siliceoussiliceous sand.sand. 
CdCd mobilitymobility underunder acidicacidic conditionsconditions havehave beenbeen shownshown inin thethe presencepresence ofof organicorganic 
mattermatter (Tyler(Tyler andand McBrideMcBride 1982).1982). TillerTiller (1988)(1988) alsoalso suggestedsuggested thatthat organicorganic 
matter-richmatter-rich surfacessurfaces hadhad aa highhigh CdCd affinityaffinity atat pHpH valuesvalues <6.<6. AtAt pHpH >5,>5, however,however, 
anan increaseincrease inin thethe solublesoluble formform ofof CdCd withwith increaseincrease inin pHpH waswas observed.observed. AnAn 

KC1 asas thethe pHpH roserose suggestedsuggested thatthatincreasinglyincreasingly brownbrown colorationcoloration ofof thethe KCI extractextract 
thethe dissolutiondissolution ofof organicorganic materialmaterial complexedcomplexed withwith CdCd couldcould havehave beenbeen occurring.occurring. 
ThisThis phenomenonphenomenon hashas beenbeen observedobserved forfor CdCd inin acidacid soilssoils amendedamended withwith sodiumsodium 
hydroxidehydroxide (Kuo(Kuo andand BakerBaker 1980).1980). Fe/AlCadmiumCadmium boundbound toto Fe/AI oxidesoxides oror thatthat inin 
thethe residualresidual fractionfraction waswas <4%<4% ofof totaltotal CdCd atat allall pHpH valuesvalues andand atat allall thethe ratesrates 

\wf Cd'::.ar.Cd application,application, asas wouldwould bebe expectedexpected forfor soilssoils lowlow inin hydroushydrous oxidesoxides andand clayclay 
:with aa sandysandy texturetexture (Table(Table 1).1). 
" InIn thethe yellowyellow earthearth soil,soil, CdCd boundbound toto hydroushydrous oxidesoxides waswas thethe majormajor formform 

waswas lowlow (56) andand thethe applicationapplication raterate waswas pg 

with 

exceptexcept whenwhen thethe pHpH (~6) highhigh (10(10 p,g 
g-l,g-l, Fig.Fig. 6b).6b). InIn thethe latterlatter situation,situation, thethe presencepresence ofof aa smallsmall numbernumber ofof sitessites 
availableavailable forfor CdCd adsorptionadsorption ontoonto hydroushydrous oxidesoxides wouldwould havehave limitedlimited thethe %Cd%Cd 
thatthat couldcould bebe adsorbed.adsorbed. AtAt pHpH 4,4, mostmost ofof thethe excessexcess CdCd stayedstayed inin thethe solublesoluble 
formform whereaswhereas atat pHpH 55 thethe majoritymajority waswas adsorbedadsorbed atat exchangeexchange sites,sites, presumablypresumably 
becausebecause ofof thethe developmentdevelopment ofof pH-dependentpH-dependent negativenegative sites.sites. AsAs pHpH increased,increased, anan 
appreciableappreciable increaseincrease inin CdCd boundbound toto hydroushydrous oxidesoxides occurredoccurred eveneven atat thethe higherhigher 
ratesrates ofof CdCd application,application, suggestingsuggesting aa furtherfurther increaseincrease inin thethe numbernumber ofof negativenegative 
sitessites forfor specificspecific adsorption.adsorption. OnOn thethe otherother hand,hand, exchangeableexchangeable CdCd reachedreached aa 
maximummaximum atat pHpH 55 and,and, withwith furtherfurther increaseincrease inin pH,pH, thisthis fractionfraction startedstarted toto 
decline,decline, possiblypossibly becausebecause thethe higherhigher strengthstrength ofof CdCd bondingbonding withwith oxidesoxides favouredfavoured 
specificspecific adsorptionadsorption ofof CdCd atat thethe expenseexpense ofof exchangeableexchangeable CdCd heldheld byby lessless strength,strength, 
i.e.i.e. coulombiccoulombic attractionattraction (Tiller(Tiller 1988).1988). GoethiteGoethite andand kaolinitekaolinite areare thethe majormajor 
adsorbingadsorbing surfacessurfaces inin thisthis soilsoil (Table(Table 1).1). TheThe generalgeneral predominancepredominance ofof specificallyspecifically 

(Cd-BaClz)adsorbedadsorbed (Cd-AO)(Cd-AO) overover exchangeableexchangeable (Cd-BaCI2) suggestssuggests thatthat thethe FeFe oxideoxide maymay 
havehave beenbeen presentpresent predominantlypredominantly asas aa coatingcoating onon thethe kaolinite.kaolinite. IncreasesIncreases inin CdCd 
adsorptionadsorption withwith increaseincrease inin pHpH havehave beenbeen observedobserved byby severalseveral researchersresearchers forfor 
soilssoils (Garcia-Miragaya(Garcia-Miragaya andand PagePage 1977;1977; JarvisJarvis andand JonesJones 1980),1980), claysclays (Farrah(Farrah andand 
PickeringPickering 1977),1977), andand forfor goethitegoethite (Tiller(Tiller etet at.al. 1984).1984). TheThe increaseincrease inin residualresidual 
CdCd withwith applicationapplication ratesrates atat allall pHpH valuesvalues suggestssuggests thethe occlusionocclusion ofof CdCd oror itsits 

A 0  BaC12.diffusiondiffusion intointo lessless accessibleaccessible sitessites fromfrom whichwhich CdCd isis notnot displaceddisplaced byby AO oror BaCh. 
ExchangeableExchangeable CdCd waswas thethe majormajor formform ofof CdCd inin thethe lateriticlateritic podzolicpodzolic soil,soil, 

asas maymay bebe expectedexpected forfor aa soilsoil withwith kaolinitekaolinite asas thethe majormajor clayclay andand negligiblenegligible 
amountsamounts ofof hydroushydrous oxidesoxides (Table(Table 1).1). TheThe proportionproportion inin thethe exchangeableexchangeable formform 
dependeddepended mainlymainly onon pH,pH, whereaswhereas thethe applicationapplication raterate ofof CdCd hadhad aa minimalminimal effect,effect, 
presumablypresumably becausebecause therethere waswas anan excessexcess ofof exchangeexchange sites.sites. AtAt eacheach applicationapplication 
rate,rate, exchangeableexchangeable CdCd reachedreached aa maximummaximum atat pHpH 55 andand thenthen declineddeclined withwith 

infurtherfurther increaseincrease inin pH.pH. TheThe decreasedecrease i;n exchangeableexchangeable CdCd atat pHpH >5>5 couldcould notnot bebe 
explainedexplained byby aa limitedlimited numbernumber ofof exchangeexchange sitessites becausebecause thethe %Cd%Cd inin thisthis formform 
waswas independentindependent ofof applicationapplication rate.rate. TheThe observedobserved decreasedecrease inin exchangeableexchangeable CdCd 

and exchangeable forms rose as the application rate of Cd increased (Figs 7a
and 7b). Increases in Cd bound to organic matter as soil pH is increased have
been observed previously (Levi-Minzi et al. 1976; McBride et al. 1981; Gerritse
et al. 1982).

In the peaty sand at pH <5, the presence of organic matter lowered the
amount of Cd-KCI in comparison with that in the siliceous sand. Decreases in
Cd mobility under acidic conditions have been shown in the presence of organic
matter (Tyler and McBride 1982). Tiller (1988) also suggested that organic
matter-rich surfaces had a high Cd affinity at pH values <6. At pH >5, however,
an increase in the soluble form of Cd with increase in pH was observed. An
increasingly brown coloration of the KCI extract as the pH rose suggested that
the dissolution of organic material complexed with Cd could have been occurring.
This phenomenon has been observed for Cd in acid soils amended with sodium
hydroxide (Kuo and Baker 1980). Cadmium bound to Fe/AI oxides or that in
the residual fraction was <4% of total Cd at all pH values and at all the rates

'::.ar.Cd application, as would be expected for soils low in hydrous oxides and clay
:with a sandy texture (Table 1).
" In the yellow earth soil, Cd bound to hydrous oxides was the major form
except when the pH was low (~6) and the application rate was high (10 p,g
g-l, Fig. 6b). In the latter situation, the presence of a small number of sites
available for Cd adsorption onto hydrous oxides would have limited the %Cd
that could be adsorbed. At pH 4, most of the excess Cd stayed in the soluble
form whereas at pH 5 the majority was adsorbed at exchange sites, presumably
because of the development of pH-dependent negative sites. As pH increased, an
appreciable increase in Cd bound to hydrous oxides occurred even at the higher
rates of Cd application, suggesting a further increase in the number of negative
sites for specific adsorption. On the other hand, exchangeable Cd reached a
maximum at pH 5 and, with further increase in pH, this fraction started to
decline, possibly because the higher strength of Cd bonding with oxides favoured
specific adsorption of Cd at the expense of exchangeable Cd held by less strength,
Le. coulombic attraction (Tiller 1988). Goethite and kaolinite are the major
adsorbing surfaces in this soil (Table 1). The general predominance of specifically
adsorbed (Cd-AO) over exchangeable (Cd-BaCI2) suggests that the Fe oxide may
have been present predominantly as a coating on the kaolinite. Increases in Cd
adsorption with increase in pH have been observed by several researchers for
soils (Garcia-Miragaya and Page 1977; Jarvis and Jones 1980), clays (Farrah and
Pickering 1977), and for goethite (Tiller et al. 1984). The increase in residual
Cd with application rates at all pH values suggests the occlusion of Cd or its
diffusion into less accessible sites from which Cd is not displaced by AO or BaCh.

Exchangeable Cd was the major form of Cd in the lateritic podzolic soil,
as may be expected for a soil with kaolinite as the major clay and negligible
amounts of hydrous oxides (Table 1). The proportion in the exchangeable form
depended mainly on pH, whereas the application rate of Cd had a minimal effect,
presumably because there was an excess of exchange sites. At each application
rate, exchangeable Cd reached a maximum at pH 5 and then declined with
further increase in pH. The decrease i;n exchangeable Cd at pH >5 could not be
explained by a limited number of exchange sites because the %Cd in this form
was independent of application rate. The observed decrease in exchangeable Cd



atat higherhigher pHpH valuesvalues coincidedcoincided withwith anan increaseincrease inin residualresidual Cd,Cd, possiblypossibly indicatingindicating 
that,that, atat higherhigher pHpH values,values, somesome exchangeexchange sitessites areare lessless accessibleaccessible thanthan othersothers 
andand thethe CdCd adsorbedadsorbed atat suchsuch sitessites isis onlyonly displaceddisplaced byby anan acidacid extraction.extraction. InIn 
addition,addition, therethere waswas aa smallsmall butbut concurrentconcurrent inincreaseincrease iJ;l specificallyspecifically boundbound CdCd 
(%Cd-AO)(%Cd-AO) whichwhich couldcould indicateindicate thethe formationformation ofof somesome variablevariable chargecharge negativenegative 
sitessites onon thethe edgesedges ofof kaolinitekaolinite crystalscrystals atat highhigh pHpH values.values. OrganicallyOrganically boundbound 
CdCd alsoalso increasedincreased atat highhigh pHpH values,values, whichwhich maymay havehave beenbeen duedue to,to, notnot onlyonly anan 
increaseincrease inin negativenegative sites,sites, butbut alsoalso anan increaseincrease inin bondingbonding energy.energy. 

InIn thethe sequentialsequential extractionextraction ofof nativenative CdCd fromfrom thethe yellowyellow earthearth andand lateriticlateritic 
podzolicpodzolic soils,soils, mostmost ofof thethe CdCd (irrespective(irrespective ofof pH)pH) waswas extractedextracted byby acidacid digestiondigestion 
(0·07 andand 0 ·14 p,g g-l,g-l, respectively).respectively). ThisThis suggestssuggests thatthat strongstrong bindingbinding ofof CdCd 
toto oxidesoxides andand claysclays oror thethe occlusion/entrapmentocclusion/entrapment ofof CdCd intointo thethe layerlayer latticeslattices ofof 
oxidesoxides andand oror kaolinitekaolinite hadhad occurred.occurred. Hence,Hence, inin bothboth soils,soils, thethe possibilitypossibility ofof CdCd 
uptakeuptake byby plantsplants waswas decreased.decreased. ThisThis findingfinding waswas inin completecomplete contrastcontrast toto thethe 
sequentialsequential extractionextraction ofof addedadded Cd.Cd. AA possiblepossible explanationexplanation couldcould bebe that,that, withwith 
time,time, CdCd diffuseddiffused intointo thethe mineralmineral layerlayer latticeslattices ofof thethe oxidesoxides andand oror thethe claysclays 
(Brummer(Brummer etet al.al. 1988).1988). Alternatively,Alternatively, thethe nativenative CdCd waswas originallyoriginally presentpresent inin 
thethe latticelattice duringduring formationformation ofof thethe mineral.mineral. 

(0.07 0.14 pg 

ImplicationsImplications forfor CdCd AccumulationAccumulation i nin ReadilyReadily LeachableLeachable oror AvailableAvailable FormsForms 

SolubleSoluble andand exchangeableexchangeable formsforms ofof CdCd areare consideredconsidered toto bebe thethe mostmost labilelabile 
andand availableavailable poolspools forfor leachingleaching andand uptakeuptake byby plantsplants (Harrison(Harrison etet al.al. 1981;1981; 
SoonSoon andand BatesBates 1982;1982; HickeyHickey andand KittrickKittrick 1984).1984). Hence,Hence, thethe amountamount ofof CdCd inin 
thesethese formsforms willwill bebe indicativeindicative ofof thethe potentialpotential forfor CdCd accumulationaccumulation inin plantsplants oror 
forfor CdCd contaminationcontamination ofof groundground waterswaters viavia leaching.leaching. AtAt pHpH 4,4, thethe riskrisk ofof CdCd 

sand >pollutionpollution fromfrom thesethese soilssoils isis inin thethe orderorder siliceoussiliceous sand> lateriticlateritic podzolicpodzolic >> yellowyellow 
earth > However,However, atatearth> peatypeaty sandsand atat allall ratesrates ofof CdCd applicationapplication (Figs(Figs 66 andand 7).7). 
pHpH 7,7, thethe riskrisk ofof CdCd pollutionpollution fromfrom thesethese soilssoils waswas similar,similar, withwith thethe exceptionexception 
thatthat riskrisk fromfrom thethe peatypeaty sandsand waswas greatergreater thanthan thatthat fromfrom thethe yellowyellow earth.earth. TheThe 
resultsresults suggestsuggest that,that, atat lowerlower pHpH values,values, soilssoils withwith appreciableappreciable organicorganic mattermatter 
wouldwould retainretain moremore CdCd inin formsforms thatthat areare unavailableunavailable oror unleachableunleachable inin comparisoncomparison 
toto soilssoils withwith lowlow organicorganic matter.matter. However,However, atat higherhigher pHpH values,values, soilssoils withwith oxidesoxides 
wouldwould contributecontribute moremore toto CdCd retention.retention. 

InIn manymany cases,cases, fertilizersfertilizers containingcontaining CdCd asas aa contaminantcontaminant areare appliedapplied toto thethe 
surfacesurface layerslayers ofof aa soilsoil whichwhich usuallyusually havehave thethe highesthighest organicorganic mattermatter content.content. 
Hence,Hence, itit wouldwould bebe expectedexpected thatthat thethe organicorganic mattermatter wouldwould adsorbadsorb CdCd untiluntil allall 
thethe sitessites werewere saturated.saturated. AnyAny excessexcess CdCd wouldwould bebe inin thethe exchangeableexchangeable oror solublesoluble 
formform andand therebythereby bebe proneprone toto leachingleaching oror uptakeuptake byby plants.plants. InIn situationssituations wherewhere 
CdCd leachesleaches downdown thethe soilsoil profile,profile, itit maymay interceptintercept hydroushydrous oxidesoxides oror claysclays inin 
subsurfacesubsurface layerslayers andand hencehence couldcould becomebecome adsorbed.adsorbed. TheThe amountamount ofof CdCd adsorbedadsorbed 
andand thatthat leftleft inin moremore solublesoluble formsforms willwill againagain dependdepend uponupon thethe pHpH ofof thethe soil,soil, 
andand thethe raterate atat whichwhich CdCd waswas applied.applied. However,However, whenwhen wewe comparecompare thethe yellowyellow 
earthearth andand lateriticlateritic podzolicpodzolic soilssoils whichwhich containedcontained thethe samesame amountamount ofof organicorganic 
mattermatter (Table(Table 1),I), nono CdCd waswas adsorbedadsorbed ontoonto thethe organicorganic mattermatter inin thethe yellowyellow 
earthearth atat anyany pHpH value,value, whereaswhereas inin thethe lateriticlateritic podzolic,podzolic, 15-20%15-20% ofof thethe CdCd waswas 
adsorbedadsorbed ontoonto thethe organicorganic mattermatter atat pHpH 7.7. ThisThis suggestssuggests that,that, whenwhen thethe numbernumber 
ofof sitessites onon oxidesoxides areare appreciable,appreciable, CdCd couldcould bebe preferentiallypreferentially adsorbedadsorbed byby hydroushydrous 
oxidesoxides atat thethe expenseexpense ofof adsorptionadsorption ontoonto organicorganic matter.matter. InIn thethe lateriticlateritic podzolicpodzolic 

at higher pH values coincided with an increase in residual Cd, possibly indicating
that, at higher pH values, some exchange sites are less accessible than others
and the Cd adsorbed at such sites is only displaced by an acid extraction. In
addition, there was a small but concurrent increase iJ;l specifically bound Cd
(%Cd-AO) which could indicate the formation of some variable charge negative
sites on the edges of kaolinite crystals at high pH values. Organically bound
Cd also increased at high pH values, which may have been due to, not only an
increase in negative sites, but also an increase in bonding energy.

In the sequential extraction of native Cd from the yellow earth and lateritic
podzolic soils, most of the Cd (irrespective of pH) was extracted by acid digestion
(0·07 and 0 ·14 p,g g-l, respectively). This suggests that strong binding of Cd
to oxides and clays or the occlusion/entrapment of Cd into the layer lattices of
oxides and or kaolinite had occurred. Hence, in both soils, the possibility of Cd
uptake by plants was decreased. This finding was in complete contrast to the
sequential extraction of added Cd. A possible explanation could be that, with
time, Cd diffused into the mineral layer lattices of the oxides and or the clays
(Brummer et al. 1988). Alternatively, the native Cd was originally present in
the lattice during formation of the mineral.

Implications for Cd Accumulation in Readily Leachable or Available Forms

Soluble and exchangeable forms of Cd are considered to be the most labile
and available pools for leaching and uptake by plants (Harrison et al. 1981;
Soon and Bates 1982; Hickey and Kittrick 1984). Hence, the amount of Cd in
these forms will be indicative of the potential for Cd accumulation in plants or
for Cd contamination of ground waters via leaching. At pH 4, the risk of Cd
pollution from these soils is in the order siliceous sand> lateritic podzolic > yellow
earth> peaty sand at all rates of Cd application (Figs 6 and 7). However, at
pH 7, the risk of Cd pollution from these soils was similar, with the exception
that risk from the peaty sand was greater than that from the yellow earth. The
results suggest that, at lower pH values, soils with appreciable organic matter
would retain more Cd in forms that are unavailable or unleachable in comparison
to soils with low organic matter. However, at higher pH values, soils with oxides
would contribute more to Cd retention.

In many cases, fertilizers containing Cd as a contaminant are applied to the
surface layers of a soil which usually have the highest organic matter content.
Hence, it would be expected that the organic matter would adsorb Cd until all
the sites were saturated. Any excess Cd would be in the exchangeable or soluble
form and thereby be prone to leaching or uptake by plants. In situations where
Cd leaches down the soil profile, it may intercept hydrous oxides or clays in
subsurface layers and hence could become adsorbed. The amount of Cd adsorbed
and that left in more soluble forms will again depend upon the pH of the soil,
and the rate at which Cd was applied. However, when we compare the yellow
earth and lateritic podzolic soils which contained the same amount of organic
matter (Table 1), no Cd was adsorbed onto the organic matter in the yellow
earth at any pH value, whereas in the lateritic podzolic, 15-20% of the Cd was
adsorbed onto the organic matter at pH 7. This suggests that, when the number
of sites on oxides are appreciable, Cd could be preferentially adsorbed by hydrous
oxides at the expense of adsorption onto organic matter. In the lateritic podzolic



soil,soil, however,however, thethe sitessites onon kaolinitekaolinite apparentlyapparently couldcould notnot competecompete soso effectivelyeffectively 
withwith organicorganic mattermatter forfor CdCd (even(even whenwhen presentpresent inin excess).excess). Alternatively,Alternatively, thethe 
kaolinitekaolinite waswas partiallypartially coatedcoated withwith organicorganic mattermatter soso fewerfewer inorganicinorganic adsorptionadsorption 
sitessites werewere availableavailable forfor CdCd adsorption.adsorption. 

UptakeUptake ofof CdCd byby plantsplants hashas beenbeen shownshown toto increaseincrease withwith aa decreasedecrease inin pHpH 
(Williams(Williams andand DavidDavid 1977;1977; WhittenWhitten andand RitchieRitchie 1991).1991). ConsideringConsidering thethe originaloriginal 
soilsoil pHpH (soil(soil solution)solution) ofof thethe siliceoussiliceous sandsand (6·0),(6-O), peatypeaty sandsand (4·0),(4.0), lateriticlateritic 

(3.7) (5-4), 90, 70, 80podzolicpodzolic soilsoil (3·7) andand yellowyellow earthearth (5·4), nearlynearly 90,70,80 andand 25%25% ofof thethe totaltotal 
CdCd appliedapplied wouldwould bebe inin thethe solublesoluble andand exchangeableexchangeable formsforms andand bebe ofof concernconcern 
inin termsterms ofof causingcausing accumulationaccumulation ofof CdCd inin thethe foodfood chainchain oror contaminatingcontaminating 
undergroundunderground water.water. TheThe estimatesestimates decreasedecrease toto approximatelyapproximately 55,55, 0,0, 3535 andand 10%10% 
(respectively)(respectively) ifif wewe assumeassume thatthat onlyonly solublesoluble CdCd isis availableavailable toto plants.plants. However,However, 
thethe actualactual concentrationconcentration ofof CdCd inin thethe soilsoil solutionsolution alonealone cannotcannot accountaccount forfor thethe 
amountsamounts takentaken upup byby plants.plants. ContinuousContinuous depletiondepletion ofof CdCd fromfrom thethe soilsoil solutionsolution 
willwill resultresult inin itsits replenishmentreplenishment fromfrom solidsolid phasephase sourcessources inin orderorder toto maintainmaintain 
equilibriumequilibrium andand wouldwould resultresult inin higherhigher concentrationsconcentrations ofof CdCd inin plantsplants thanthan thosethose 
thatthat couldcould bebe attributableattributable toto uptakeuptake fromfrom thethe soilsoil solutionsolution alonealone (Hardiman(Hardiman 
etet at.al. 1984).1984). TheThe replenishmentreplenishment ofof CdCd inin thethe soilsoil solutionsolution ofof thethe yellowyellow earthearth 
andand lateriticlateritic podzolicpodzolic soilssoils maymay bebe limitedlimited toto aa certaincertain extentextent byby strongstrong surfacesurface 
reactions,reactions, butbut inin thethe peatypeaty sand,sand, organicallyorganically boundbound CdCd probablyprobably replenishesreplenishes CdCd 
inin thethe soilsoil solutionsolution moremore quicklyquickly (Gibson(Gibson andand FarmerFarmer 1986).1986). 

TheThe amountamount ofof addedadded CdCd extractedextracted byby EDTA,EDTA, whenwhen comparedcompared withwith totaltotal 
CdCd andand thethe formsforms ofof CdCd extractedextracted byby thethe sequentialsequential extractionextraction schemescheme fromfrom 
allall ofof thesethese soils,soils, indicatedindicated thatthat EDTAEDTA notnot onlyonly extractsextracts CdCd fromfrom thethe solublesoluble 
andand thethe exchangeableexchangeable formsforms butbut alsoalso extractsextracts CdCd fromfrom thethe stronglystrongly adsorbedadsorbed 
pool.pool. Therefore,Therefore, EDTAEDTA (which(which isis commonlycommonly usedused inin soilsoil testingtesting proceduresprocedures forfor 
extractingextracting micronutrientsmicronutrients thatthat areare availableavailable toto plants)plants) maymay bebe moremore indicativeindicative 
ofof thethe totaltotal CdCd inin soilssoils ratherrather thanthan ofof thethe availableavailable oror thethe mobilemobile formsforms ofof Cd.Cd. 
EDTAEDTA hashas aa strongstrong chelatingchelating abilityability andand hashas beenbeen usedused toto solubilizesolubilize poorlypoorly 
crystallinecrystalline FeFe oxidesoxides andand theirtheir associatedassociated tracetrace metalsmetals (Borggaard(Borggaard 1979).1979). 

SequentialSequential extractionextraction hashas limitationslimitations becausebecause solutionssolutions usedused forfor extractingextracting 
particularparticular formsforms ofof CdCd maymay alsoalso partiallypartially extractextract CdCd fromfrom somesome otherother pool.pool. TheThe 
sequentialsequential schemescheme usedused inin thisthis workwork appearsappears toto havehave beenbeen reasonablyreasonably selectiveselective 
andand hashas providedprovided aa guideguide toto thethe potentialpotential forfor CdCd toto bebe inin aa formform readilyreadily takentaken 
upup byby plantsplants oror toto bebe lostlost byby leaching.leaching. 

ConclusionsConclusions 

AA decreasedecrease inin pHpH oror thethe amountamount ofof adsorptionadsorption componentscomponents inin thethe soilsoil favouredfavoured 
CdCd occurringoccurring inin formsforms thatthat werewere moremore solublesoluble oror absorbableabsorbable byby plants.plants. However,However, 
thethe effecteffect ofof pHpH onon thethe formsforms ofof CdCd differeddiffered amongamong thethe soilssoils studiedstudied becausebecause thethe 
naturenature ofof thethe adsorbingadsorbing componentcomponent (oxides,(oxides, claysclays andand organicorganic matter)matter) changed.changed. 

TheThe formsforms ofof CdCd werewere alsoalso influencedinfluenced byby thethe raterate ofof CdCd application.application. AtAt lowerlower 
rates,rates, CdCd waswas presentpresent asas lessless solublesoluble formsforms inin soilssoils dominateddominated byby oxidesoxides andand thethe 
clays,clays, whereaswhereas inin siliceoussiliceous andand peatypeaty sands,sands, thethe CdCd raterate hadhad nono significantsignificant effecteffect 
onon thethe formsforms ofof Cd.Cd. Thus,Thus, CdCd wouldwould bebe moremore availableavailable toto plantsplants whenwhen itit waswas 
appliedapplied atat higherhigher ratesrates toto soilssoils dominateddominated byby oxidesoxides oror claysclays andand equallyequally availableavailable 
inin sandysandy soilssoils andand soilssoils withwith organicorganic mattermatter atat allall thethe applicationapplication rates.rates. However,However, 
thesethese generalizationsgeneralizations cancan onlyonly bebe mademade forfor thethe applicationapplication ratesrates usedused inin thisthis study.study. 

soil, however, the sites on kaolinite apparently could not compete so effectively
with organic matter for Cd (even when present in excess). Alternatively, the
kaolinite was partially coated with organic matter so fewer inorganic adsorption
sites were available for Cd adsorption.

Uptake of Cd by plants has been shown to increase with a decrease in pH
(Williams and David 1977; Whitten and Ritchie 1991). Considering the original
soil pH (soil solution) of the siliceous sand (6·0), peaty sand (4·0), lateritic
podzolic soil (3·7) and yellow earth (5·4), nearly 90,70,80 and 25% of the total
Cd applied would be in the soluble and exchangeable forms and be of concern
in terms of causing accumulation of Cd in the food chain or contaminating
underground water. The estimates decrease to approximately 55, 0, 35 and 10%
(respectively) if we assume that only soluble Cd is available to plants. However,
the actual concentration of Cd in the soil solution alone cannot account for the
amounts taken up by plants. Continuous depletion of Cd from the soil solution
will result in its replenishment from solid phase sources in order to maintain
equilibrium and would result in higher concentrations of Cd in plants than those
that could be attributable to uptake from the soil solution alone (Hardiman
et al. 1984). The replenishment of Cd in the soil solution of the yellow earth
and lateritic podzolic soils may be limited to a certain extent by strong surface
reactions, but in the peaty sand, organically bound Cd probably replenishes Cd
in the soil solution more quickly (Gibson and Farmer 1986).

The amount of added Cd extracted by EDTA, when compared with total
Cd and the forms of Cd extracted by the sequential extraction scheme from
all of these soils, indicated that EDTA not only extracts Cd from the soluble
and the exchangeable forms but also extracts Cd from the strongly adsorbed
pool. Therefore, EDTA (which is commonly used in soil testing procedures for
extracting micronutrients that are available to plants) may be more indicative
of the total Cd in soils rather than of the available or the mobile forms of Cd.
EDTA has a strong chelating ability and has been used to solubilize poorly
crystalline Fe oxides and their associated trace metals (Borggaard 1979).

Sequential extraction has limitations because solutions used for extracting
particular forms of Cd may also partially extract Cd from some other pool. The
sequential scheme used in this work appears to have been reasonably selective
and has provided a guide to the potential for Cd to be in a form readily taken
up by plants or to be lost by leaching.

Conclusions

A decrease in pH or the amount of adsorption components in the soil favoured
Cd occurring in forms that were more soluble or absorbable by plants. However,
the effect of pH on the forms of Cd differed among the soils studied because the
nature of the adsorbing component (oxides, clays and organic matter) changed.

The forms of Cd were also influenced by the rate of Cd application. At lower
rates, Cd was present as less soluble forms in soils dominated by oxides and the
clays, whereas in siliceous and peaty sands, the Cd rate had no significant effect
on the forms of Cd. Thus, Cd would be more available to plants when it was
applied at higher rates to soils dominated by oxides or clays and equally available
in sandy soils and soils with organic matter at all the application rates. However,
these generalizations can only be made for the application rates used in this study.



ThisThis workwork hashas shownshown thatthat thethe formform ofof addedadded CdCd inin aa soilsoil cannotcannot bebe elucidatedelucidated 
fromfrom consideringconsidering thethe majormajor adsorbingadsorbing componentcomponent alone.alone. ItIt isis alsoalso necessarynecessary toto 
knowknow thethe pH,pH, thethe presencepresence ofof otherother adsorbingadsorbing surfacessurfaces andand thethe ratesrates ofof appliedapplied 
Cd.Cd. 
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