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AbstractAbstract 

AA soilsoil coppercopper fractionationfractionation waswas carriedcarried outout onon soilssoils sampledsampled fromfrom plotsplots inin aa long-termlong-term coppercopper 
fertilizerfertilizer trialtrial onon aa lateriticlateritic sandysandy soilsoil inin WesternWestern Australia.Australia. AtAt coppercopper applicationapplication ratesrates 

8.25 ha-',upup toto 8·25 kgkg coppercopper sulphatesulphate ha-1, aa highhigh proportionproportion ofof thethe appliedapplied coppercopper waswas initiallyinitially 
associatedassociated withwith thethe soilsoil organicorganic matter.matter. DuringDuring thethe coursecourse ofof thethe trialtrial (20(20 years),years), aa substantialsubstantial 
proportionproportion ofof thisthis coppercopper becamebecame redistributedredistributed toto aa residualresidual soilsoil fraction,fraction, i.e.Le. thethe residueresidue 
remainingremaining afterafter extractionsextractions toto removeremove organicorganic mattermatter andand ironiron oxides.oxides. However,However, significantsignificant 
redistributionredistribution ofof coppercopper withwith timetime waswas notnot detecteddetected inin plotsplots withwith aa higherhigher raterate ofof coppercopper 

(19.25 ha-'). TheThe changechange inin distributiondistribution ofof coppercopper atat thetheapplicationapplication (19·25 kgkg coppercopper sulphatesulphate ha- 1 ). 

lowerlower coppercopper applicationapplication ratesrates appearedappeared toto .be onlyonlybe partlypartly responsibleresponsible forfor aa correspondingcorresponding 
decreasedecrease observedobserved inin EDTA-extractableEDTA-extractable soilsoil coppercopper duringduring thethe trial.trial. TheThe changeschanges withwith timetime 
inin thethe naturenature ofof fertilizerfertilizer coppercopper appliedapplied toto thisthis soilsoil areare consideredconsidered toto bebe responsibleresponsible forfor thethe 
previouslypreviously observedobserved declinedecline inin plantplant availabilityavailability ofof suchsuch copper.copper. 

IntroductionIntroduction 

ItIt hashas beenbeen demonstrateddemonstrated inin glasshouseglasshouse studiesstudies usingusing anan incubationincubation techniquetechnique 
(Brennan(Brennan etet at.al. 1980,1980, 1983,1983, 1984),1984), thatthat thethe availabilityavailability toto plantsplants ofof coppercopper 
appliedapplied toto aa rangerange ofof WesternWestern AustralianAustralian soilssoils declinesdeclines withwith increasingincreasing timetime ofof 
contactcontact betweenbetween soilsoil andand copper.copper. AA similarsimilar declinedecline inin availabilityavailability hashas alsoalso beenbeen 
demonstrateddemonstrated withwith samplessamples ofof soilsoil obtainedobtained fromfrom aa long-termlong-term coppercopper fertilizerfertilizer fieldfield 
experimentexperiment (Brennan(Brennan etet at.al. 1986).1986). ThisThis observedobserved declinedecline inin coppercopper availabilityavailability 
hashas beenbeen interpretedinterpreted asas resultingresulting fromfrom slowslow reactionsreactions whichwhich convertconvert aa proportionproportion 
ofof appliedapplied coppercopper intointo formsforms ofof lowerlower plantplant availabilityavailability (Brennan(Brennan etet at.al. 1980).1980). 
HoweverHowever thethe naturenature ofof thesethese reactionsreactions isis unclear.unclear. InvolvementInvolvement ofof thethe soilsoil microbialmicrobial 
populationpopulation oror reactionreaction withwith soilsoil organicorganic mattermatter appearsappears toto bebe ofof importanceimportance 
inin reducingreducing coppercopper availabilityavailability inin somesome soilssoils butbut notnot inin othersothers (Brennan(Brennan etet al.al. 
1983).1983). InIn general,general, decreasesdecreases inin thethe availabilityavailability ofof appliedapplied coppercopper toto plantsplants havehave 
notnot beenbeen mirroredmirrored byby correspondingcorresponding changeschanges inin thethe extractabilityextractability ofof coppercopper inin 

al.thethe soilsoil (Brennan(Brennan etet at. 1980,1980, 1986).1986). 
InIn thethe presentpresent studystudy wewe havehave usedused aa chemicalchemical fractionationfractionation schemescheme toto examineexamine 

thethe formsforms ofof coppercopper presentpresent inin samplessamples ofof soilssoils fromfrom aa long-termlong-term coppercopper fertilizerfertilizer 
trialtrial (Gartrell(Gartrell 1980).1980). TheThe mainmain objectiveobjective waswas toto determinedetermine anyany changeschanges withwith timetime 
whichwhich mightmight accountaccount forfor thethe observedobserved declinedecline inin coppercopper availabilityavailability toto plants.plants. 



MaterialsMaterials andand MethodsMethods 

SoilSoil SamplingSampling 

SoilSoil waswas collectedcollected fromfrom selectedselected plotsplots ofof anan experimentexperiment describeddescribed byby GartrellGartrell (1980).(1980). TheThe 
experimentexperiment waswas locatedlocated a tat NewdegateNewdegate onon aa yellowyellow brownbrown lateriticlateritic sandysandy soilsoil classifiedclassified asas GnGn 
2·21 accordingaccording toto NorthcoteNorthcote (1971).(1971). TheThe soilsoil containscontains veryvery littlelittle clayclay andand siltsilt (less(less thanthan 6%),6%),2.21 

0.02 	 (1: 5 5.5,beingbeing dominateddominated byby sand-sizedsand-sized particlesparticles (>(> 0·02 mm).mm). TheThe soilsoil pHpH (1:5 water)water) waswas 5·5, thethe 
1.0% 	 0.19%organicorganic carboncarbon 1· 0% andand thethe oxalate-extractableoxalate-extractable ironiron andand aluminiumaluminium (Shuman(Shuman 1985)1985) 0 ·19% 

andand 0·04% respectively.respectively. 
TheThe designdesign ofof thethe mainmain experimentexperiment isis complexcomplex andand fullfull detailsdetails areare givengiven byby GartrellGartrell (1980).(1980). 

0 04% 

HoweverHowever inin relationrelation toto thethe presentpresent study,study, thethe detaildetail ofof importanceimportance isthat atat variousvarious timestimes overoveris that 
(CuS04 ~5H20)thethe pastpast 2020 years,years, subplotssubplots havehave receivedreceived singlesingle applicationsapplications ofof coppercopper sulphatesulphate (CUS04 .5H20) 

raterate ofof eithereither 2·75, 5·5 oror 8·75kgha- 1atat aa 2.75, 5 a 5 8.75 kg ha-'. . TheseThese subplotssubplots werewere subsequentlysubsequently excludedexcluded 
fromfrom thethe remainingremaining mainmain plotsplots andand receivedreceived nono furtherfurther applicationsapplications ofof copper.copper. 

cmInIn 1990,1990, thethe surfacesurface 0-100-10 em ofof soilsoil fromfrom selectedselected subplotssubplots fromfrom aa singlesingle mainmain plotplot (initially(initially 
treatedtreated inin 1969)1969) werewere sampled.sampled. TheThe subplotssubplots sampledsampled areare shownshown inin TableTable 1.1. 

TableTable L1. PlotsPlots sampledsampled 

DateDate CuCu CopperCopper sulphatesulphate TimeTime sincesince CuCu DateDate CuCu CopperCopper sulphatesulphate TimeTime sincesince CuCu 
appliedapplied appliedapplied appliedapplied appliedapplied appliedapplied appliedapplied 

(kg(kg ha-')ha- 1) (years)(years) (kg(kg ha-')ha- 1) (years)(years) 

o0 (control)(control)
 
1969 2.75 1981 8·25 8
2·75 20
 
1973 2.752·75 16 1985 8·25 4
 
1977 2.75 1989 8·25 0
2·75 12
 
1981 2.75 1969 11 20
2·75 8
 
1985 2.752·75 4 1973A 11+8·25 16
 
1989 2.75 1977A 11+8·25 12
2·75 0
 
1969 8.25 1981A 11+8·25 8
8·25 20
 
1973 8.25 1985A 11+8·25 4
8·25 16
 
1977 8-25 12 0
8·25	 1989A 11+8·25 

1111 kgkg ha- 1 appliedapplied inin 1969.1969.AA ha-' 

TableTable 2.2. SequentialSequential extractionextraction methodmethod forfor	 thethe determinationdetermination ofof formsforms ofof coppercopper inin soilssoils 
(adapted(adapted from ShumanShuman 1985)1985)horn 

StepStep FractionFraction ExtractantExtractant SoilSoil SolutionSolution ConditionsConditions . 
(9) (ml)(ml)(g) 

1.1. ExchangeableExchangeable CuCu	 0·010.01 MM calciumcalcium nitratenitrate 55 3535 ShakenShaken 2424 hh 
lOA2.2. Organic-boundOrganic-bound CuCu 0·70.7 MM sodiumsodium hypochloritehypochlorite loA 2020 BoilingBoiling waterwater bathbath 

(pH 8·5)	 3030 minmin stirredstirred 
occasionallyoccasionally 

(PH 8.5) 

(repeatedx 2)(repeatedx2) 
CuCu associatedassociated withwith 0.2 ammoniumammonium oxalateoxalate lB BoilingBoiling waterwater bathbath3.3.	 0·2 MM 1B 2525 
ironiron	 oxidesoxides 00 . 22 MM oxalicoxalic acidacid 3030 minmin stirredstirred 

0·10.1 MM ascorbicascorbic acidacid (pH(pH 3)3) occasionallyoccasionally 
4.4.	 ResidualResidual CuCu concentratedconcentrated nitric,nitric, 11'C 1313 DigestedDigested atat 160°C160°C
 

perchloricperchloric andand hydrofluorichydrofluoric inin teflonteflon beakerbeaker onon
 
(3: 	 sandsand bathbathacidsacids (3: 11 :: 10)10) 

'AA SeparateSeparate samplesample fromfrom stepstep 1.1. BIg fromfrom stepstep 22 afterafter dryingdrying andand grinding.grinding. C ResidueResidue 
formform stepstep 3.3. 

1g 



ForFor allall plotsplots treatedtreated withwith coppercopper beforebefore 1989,1989, thethe soilsoil (0-10(0-10 cm)cm) waswas collectedcollected byby takingtaking aa 
2.5numbernumber ofof corescores perper plotplot withwith aa samplingsampling tooltool 2·5 cmcm inin diameter.diameter. ForFor thosethose plotsplots treatedtreated inin 

1989,1989, sincesince coppercopper sulphatesulphate hadhad beenbeen drilleddrilled withwith thethe seedseed and,and, unlikeunlike thethe otherother plots,plots, notnot 
mixedmixed subsequentlysubsequently byby cultivation,cultivation, aa differentdifferent samplingsampling strategystrategy waswas adopted.adopted. AtAt sixsix pointspoints 

trencbesalongalong thethe plotplot length,length, soilsoil waswas collectedcollected fromfrom smallsmall 1010 cmcm deepdeep trenc1].es dugdug acrossacross thethe entireentire 
widthwidth ofof thethe plots.plots. ForFor bothboth typestypes ofof samplingsampling aa totaltotal ofof approximatelyapproximately 22 kgkg soilsoil waswas collectedcollected 
perper plot.plot. 

TheThe soilsoil waswas air-driedair-dried andand passedpassed throughthrough aa 22 =mm stainlessstainless steelsteel sievesieve andand storedstored inin 
polythenepolythene bagsbags untiluntil analysed.analysed. 

FractionationFractionation ofof SoilSoil CopperCopper 

AA sequentialsequential extractionextraction method,method, adaptedadapted fromfrom thatthat describeddescribed byby ShumanShuman (1985),(1985), waswas 
usedused toto fractionatefractionate thethe soilsoil copper.copper. DetailsDetails ofof thethe methodmethod areare shownshown inin TableTable 2.2. TheThe 
methodmethod fractionatedfractionated soilsoil coppercopper intointo thethe followingfollowing fourfour fractions:fractions: 1.1, exchangeableexchangeable copper;copper; 
2.2. organic-boundorganic-bound copper;copper; 3.copper3.copper associatedassociated withwith ironiron oxides;oxides; 4.4. residualresidual coppercopper (copper(copper 
remainingremaining afterafter removalremoval ofof firstfirst threethree fractions).fractions). 

TheThe originaloriginal fractionationfractionation ofof ShumanShuman (1985),(1985), includesincludes anan extractionextraction forfor thethe removalremoval ofof 
micronutrientsmicronutrients boundbound byby freefree manganesemanganese oxides.oxides. ThisThis stepstep waswas omittedomitted fromfrom thethe presentpresent 

fromschemescheme sincesince initialinitial studiesstudies showedshowed negligiblenegligible amountsamounts ofof manganesemanganese werewere removedremoved from. thethe 
studystudy soilsoil byby suchsuch anan extraction.extraction. TheThe ShumanShuman (1985)(1985) schemescheme alsoalso separatesseparates micronutrientsmicronutrients 
associatedassociated withwith amorphousamorphous ironiron oxidesoxides fromfrom thosethose associatedassociated withwith crystallinecrystalline ironiron oxides.oxides. 
HoweverHowever severalseveral ofof thethe soilsoil samplessamples examinedexamined inin thethe presentpresent studystudy hadhad suchsuch smallsmall amountsamounts 
ofof coppercopper associatedassociated withwith ironiron oxidesoxides thatthat separationseparation intointo twotwo fractionsfractions waswas notnot consideredconsidered 
practical.practical. 

InIn additionaddition toto thethe fractionation,fractionation, thethe totaltotal coppercopper contentcontent waswas determineddetermined byby meansmeans ofof 
aa singlesingle digestiondigestion ofof samplessamples withwith nitric,nitric, perchloricperchloric andand hydrofluorichydrofluoric acidsacids usingusing thethe samesame 
procedureprocedure asas forfor residualresidual coppercopper (Table(Table 2).2). 

mm-0.02 mm; 0.02-0.002 <0.002ParticleParticle sizesize fractionsfractions (sand,(sand, 22 =-0·02 =; silt,silt, 0·02-0·002 mmmm andand clay,clay, <0·002 mm)mm) 
werewere obtainedobtained fromfrom aa samplesample ofof controlcontrol soilsoil byby aa combinationcombination ofof sievingsieving andand sedimentationsedimentation 
techniques.techniques. TotalTotal coppercopper (and(and iron)iron) waswas determineddetermined inin thethe individualindividual particleparticle sizesize fractions.fractions. 

AllAll determinationsdeterminations werewere carriedcarried outout inin duplicate.duplicate. 

ED TA-extractableEDTA-extractable CopperCopper 

SamplesSamples ofof soilsoil (10(10 gg inin duplicate)duplicate) werewere extractedextracted forfor 1616 hh onon anan end-over-endend-over-end shakershaker 
withwith 2525 mLmL 0·0050.005 MM 0.01EDTAEDTA (disodium(disodium saltsalt ofof ethyleneethylene diaminetetraaceticdiaminetetraacetic acidacid inin 0·01 MM 

Ca(N03)2). TheThe samplessamples werewere thenthen centrifugedcentrifuged atat 20002000 rpmrpm forfor 1010 minutesminutes beforebefore filteringfilteringCa(N03h). 
throughthrough aa 0·65 J.Lm millip()re filter.filter. CopperCopper waswas determineddetermined inin thethe filtratefiltrate asas describeddescribed below.below.0.65 pm millipore 

CopperCopper AdsorptionAdsorption IsothermsIsotherms 

CopperCopper adsorptionadsorption isothermsisotherms werewere determineddetermined forfor soilsoil sampledsampled fromfrom thethe controlcontrol plotplot 
togethertogether withwith subsamplessubsamples ofof thethe samesame soilsoil treatedtreated toto removeremove organicorganic mattermatter and/orand/or ironiron 
oxides.oxides. OrganicOrganic mattermatter andand ironiron oxidesoxides werewere removedremoved usingusing thethe samesame methodsmethods asas inin thethe 
fractionationfractionation schemescheme (Table(Table 2).2). AlthoughAlthough thethe measurementmeasurement ofof adsorptionadsorption afterafter removalremoval ofof soilsoil 
componentscomponents cancan provideprovide usefuluseful qualitativequalitative informationinformation onon thethe relativerelative importanceimportance ofof differentdifferent 
soilsoil components,components, thethe techniquetechnique isis notnot withoutwithout itsits limitations.limitations. ExtractionExtraction methodsmethods areare nevernever 
100%100% specificspecific forfor aa particularparticular soilsoil component;component; somesome lossloss ofof otherother soilsoil componentscomponents cancan occur,occur, 
oror thethe removalremoval ofof oneone fractionfraction maymay exposeexpose sitessites whichwhich areare unavailableunavailable forfor adsorptionadsorption inin thethe 
intactintact soil.soil. ThusThus anyany interpretationinterpretation ofof adsorptionadsorption datadata obtainedobtained inin thisthis wayway mustmust bearbear thesethese 
limitationslimitations inin mind.mind. 

CopperCopper adsorptionadsorption (specific(specific adsorption)adsorption) forfor bothboth thethe untreateduntreated andand treatedtreated samplessamples ofof soilsoil 
werewere determineddetermined asas follows:follows: 

SamplesSamples ofof soilsoil (0·5 gg inin duplicate)duplicate) werewere equilibratedequilibrated withwith 1010 mLmL solutionsolution containingcontaining knownknown 
amountsamounts ofof coppercopper (as(as CU(N03hCu(N03)2 inin 0·010-01MM Ca(N03h). 

(0.5 
Ca(N03)~) .EquilibrationEquilibration waswas carriedcarried outout inin 

25OC.centrifugecentrifuge tubestubes onon anan end-over-endend-over-end shakershaker forfor 2424 hh atat 25°C. TheThe samplessamples werewere thenthen centrifugedcentrifuged 



andand filteredfiltered andand coppercopper determineddetermined inin thethe filtrate.filtrate. CopperCopper adsorbedadsorbed waswas calculatedcalculated fromfrom thethe 
initialinitial andand finalfinal solutionsolution coppercopper concentrations.concentrations. EquilibriumEquilibrium solutionssolutions fromfrom thethe untreateduntreated 
soilsoil hadhad pHpH valuesvalues inin thethe rangerange 4·4-4·9. ForFor thethe samplessamples treatedtreated toto removeremove organicorganic mattermatter4.4-4.9. 

(0.1 HN03 (0.5and/orand/or oxidesoxides itit waswas necessarynecessary toto includeinclude smallsmall amountsamounts ofof NaOHNaOH (0·1 M)M) oror HNOa (0·5 M)M) 
inin thethe initialinitial solutionsolution toto ensureensure thatthat thethe pHpH valuesvalues ofof thethe equilibriumequilibrium solutionssolutions werewere inin thisthis 
samesame rangerange (i.e.(i.e. pHpH 4·4-4·9).4.44.9).  

CopperCopper AnalysisAnalysis 

CopperCopper concentrationsconcentrations inin soilsoil extracts,extracts, digestsdigests andand equilibriumequilibrium solutionssolutions werewere determineddetermined 
byby flameflame atomicatomic absorptionabsorption spectrophotometry.spectrophotometry. ForFor samplessamples wherewhere onlyonly smallsmall volumesvolumes ofof 
solutionsolution werewere availableavailable forfor analysis,analysis, solutionssolutions werewere aspiratedaspirated byby injectioninjection intointo aa teflonteflon cupcup asas 
describeddescribed byby ManningManning (1975),(1975), ratherrather thanthan byby continuouscontinuous aspiration.aspiration. 

StatisticalStatistical AnalysesAnalyses 

AllAll datadata givengiven inin thisthis paperpaper areare thethe meanmean valuesvalues fromfrom duplicateduplicate analyses.analyses. StandardStandard 
errorserrors werewere calculatedcalculated usingusing normalnormal statisticalstatistical procedures.procedures. 'Straight'Straight line'line' LangmuirLangmuir adsorptionadsorption 
equationsequations werewere derivedderived byby linearlinear regressionregression thusthus enablingenabling standardstandard errorserrors ofof thethe CuCu adsorptionadsorption 
capacitiescapacities toto bebe calculated.calculated. 

ResultsResults 

TotalTotal SoilSoil CopperCopper ConcentrationsConcentrations 

TotalTotal coppercopper concentrationsconcentrations inin thethe controlcontrol soilsoil andand thethe meanmean concentrationsconcentrations 
inin samplessamples fromfrom thethe plotsplots atat eacheach applicationapplication raterate areare shownshown inin TableTable 3.3. 
MeanMean recoveriesrecoveries ofof appliedapplied coppercopper (control(control valuevalue subtracted)subtracted) togethertogether withwith thethe 
calculatedcalculated maximummaximum possiblepossible recoveriesrecoveries areare alsoalso presentedpresented inin TableTable 3.3. TheThe 

.possible areare thethe assumptionassumption thatthat allallcalculatedcalculated maximummaximum ·possible recoveriesrecoveries basedbased onon 
thethe appliedapplied coppercopper remainedremained inin thethe toptop 1010 cmcm ofof soilsoil (sampling(sampling depth)depth) andand thatthat 

1.5 cm-3 ItIt isis clearclear thatthat thethethethe soilsoil hashas aa bulkbulk densitydensity ofof 1· 5 gg cm-3 (Gartrell,(Gartrell, 1980).1980). 
bulkbulk ofof thethe coppercopper appliedapplied stillstill remainsremains inin thethe soil,soil, particularlyparticularly atat thethe twotwo lowerlower 
applicationapplication rates.rates. 

TableTable 3.3. TotalTotal soilsoil coppercopper concentrationsconcentrations andand recoveriesrecoveries ofof appliedapplied coppercopper 

SampleSample TotalTotal CuCu AppliedApplied CuCu MaximumMaximum 
(pg g-lfs.e.)(p,g g-l±s.e.) recoveredrecovered possiblepossible 

( ~ gK1)(p,g g-l) 

(Pg 
CuCu recoveryArecoveryA 

(p,g g-l)g-l) 
- -

2.75 ha-' sulphateB 
8.25 ha-' sulphateB 
19.25 ha-' sulphateB 

ControlControl plot 
2. 75 kgkg ha-1 coppercopper sulphateB 

8 .25 kgkg ha-1 coppercopper sulphateB 

19·25 kgkg ha- 1 coppercopper sulphateB 

2.08 
2-50f0.07 
3.35f 0.21 
4.50f 0.11 

2·08 
2·50±0·07 
3·35±0·21 
4·50±0·11 

0-42 
1.27 
2.42 

0·42 
1·27 
2·42 

0.45 
1-35 
3.15 

0·45 
1·35 
3·15 

- - - - - - -- -

s.e.s.e. standardstandard error.error. AA Calculated.Calculated. B MeanMean ofof allall plotsplots withwith thisthis raterate ofof appliedapplied Cu.Cu. 

TableTable 4.4. PropertionsPropertions ofof totaltotal coppercopper andand ironiron presentpresent inin particleparticle 
sizesize fractionsfractions fromfrom controlcontrol soilsoil 

ParticleParticle sizesize %% totaltotal %% totaltotal 
fractionfraction coppercopper ironiron 

87.8 89·889.8SandSand 87·8 
6.5 5·25.2SiltSilt 6·5 

ClayClay 5·75.7 5.05·0 



AtAt eacheach applicationapplication raterate therethere waswas somesome variationvariation inin totaltotal coppercopper concentrationsconcentrations 
betweenbetween plotsplots treatedtreated atat differentdifferent timestimes (as(as indictedindicted byby standardstandard errorerror valuesvalues inin 
TableTable 3),3), butbut nono trendstrends werewere discernible.discernible. SuchSuch variationvariation wouldwould bebe expectedexpected inin 
aa trialtrial carriedcarried outout overover aa 2020 yearyear periodperiod where,where, inin additionaddition toto normalnormal samplingsampling 
error,error, variationsvariations betweenbetween plotsplots inin applicationsapplications andand subsequentsubsequent mixingmixing wouldwould havehave 
undoubtedlyundoubtedly occurred.occurred. InIn orderorder toto minimiseminimise thethe effectseffects ofof suchsuch variationvariation inin 
interpretinginterpreting thethe datadata presentedpresented below,below, resultsresults forfor variousvarious soilsoil coppercopper fractionsfractions areare 
expressedexpressed mainlymainly asas percentagespercentages ofof thethe totaltotal coppercopper recoveredrecovered onon anan individualindividual 
samplesample basisbasis ratherrather thanthan asas coppercopper concentrations.concentrations. 

TheThe analysisanalysis ofof coppercopper presentpresent inin individualindividual particleparticle sizesize fractionsfractions fromfrom thethe 
controlcontrol soilsoil showedshowed thatthat mostmost nativenative soilsoil coppercopper isis presentpresent inin thethe sandsand fractionfraction 
(Table(Table 4).4). ThisThis isis alsoalso thethe casecase forfor iron.iron. 

CopperCopper FractionationFractionation 

AttemptsAttempts toto determinedetermine exchangeableexchangeable soilsoil coppercopper werewere unsuccessfulunsuccessful forfor allall 
samples.samples. ThisThis isis perhapsperhaps notnot surprisingsurprising inin viewview ofof thethe extremelyextremely lowlow totaltotal soilsoil 
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coppercopper concentrationsconcentrations presentpresent inin thethe samples.samples. CopperCopper concentrationsconcentrations inin extractsextracts 
forfor exchangeableexchangeable coppercopper werewere belowbelow thethe detectiondetection limitslimits ofof thethe particularparticular atomicatomic 
absorptionabsorption techniquetechnique beingbeing used.used. InIn effect,effect, exchangeableexchangeable coppercopper concentrationsconcentrations 

0.01 pg g-Iwerewere allall belowbelow 0·01 f.lg CuCu g-l soil.soil. 
ForFor thethe otherother threethree soilsoil coppercopper fractionsfractions (organic,(organic, ironiron oxideoxide andand residual),residual), 

coppercopper concentrationsconcentrations werewere generallygenerally low.low. However,However, confidenceconfidence inin thethe resultsresults 
obtainedobtained isis givengiven byby thethe closeclose agreementagreement betweenbetween thethe sumsum ofof coppercopper inin thethe 
individualindividual fractionsfractions andand thethe totaltotal coppercopper concentrationconcentration obtainedobtained byby aa singlesingle 
determinationdetermination (Fig.(Fig. 1).1). 

TheThe concentrationsconcentrations ofof coppercopper inin individualindividual fractionsfractions ofof thethe controlcontrol soilsoil andand thethe 
soilssoils treatedtreated withwith coppercopper inin 19691969 areare shownshown inin Fig.Fig. 2.2. InIn thethe controlcontrol soilsoil aa largelarge 
proportionproportion ofof thethe totaltotal coppercopper (73%)(73%) isis presentpresent inin thethe residualresidual fractionfraction withwith thethe 
remainingremaining coppercopper distributeddistributed evenlyevenly betweenbetween thethe organic-boundorganic-bound andand ironiron oxideoxide 
fractions.fractions. TheseThese latterlatter twotwo fractionsfractions accountaccount forfor mostmost ofof thethe appliedapplied copper,copper, 
irrespectiveirrespective ofof thethe raterate ofof application.application. ThisThis isis shownshown moremore clearlyclearly inin Fig.Fig. 33 inin 
whichwhich thethe appliedapplied coppercopper inin eacheach fraction,fraction, expressedexpressed asas aa percentagepercentage ofof thethe totaltotal 
recoveryrecovery ofof appliedapplied copper,copper, isis plottedplotted againstagainst thethe periodperiod ofof timetime sincesince coppercopper 
application.application. 

DuringDuring thethe firstfirst 88 years,years, veryvery littlelittle ofof thethe coppercopper appliedapplied atat thethe twotwo smallestsmallest 
ratesrates waswas presentpresent inin thethe residualresidual fraction;fraction; thethe bulkbulk ofof thethe coppercopper appearingappearing inin thethe 
organic-boundorganic-bound fraction.fraction. However,However, withwith increasingincreasing timetime sincesince applicationapplication therethere waswas 
aa markedmarked redistributionredistribution ofof coppercopper fromfrom thethe organic-boundorganic-bound toto thethe residualresidual fraction,fraction, 
particularlyparticularly noticeablenoticeable atat thethe lowestlowest coppercopper applicationapplication rate.rate. TheThe proportionsproportions ofof 
appliedapplied coppercopper presentpresent inin thethe ironiron oxideoxide fractionfraction appearedappeared toto bebe unaffectedunaffected byby 
thisthis redistributionredistribution andand remainedremained fairlyfairly constantconstant throughoutthroughout thethe wholewhole periodperiod ofof 
thethe experiment.experiment. 

InIn contrastcontrast toto thethe lowestlowest raterate ofof coppercopper application,application, atat thethe highesthighest raterate therethere 
werewere nono markedmarked trendstrends withwith timetime inin thethe distributiondistribution ofof appliedapplied coppercopper betweenbetween 
thethe variousvarious fractions.fractions. 

EDTA-extractableEDTA-extractable SoilSoil CopperCopper 

EDTA-extractableEDTA-extractable coppercopper values,values, expressedexpressed asas percentagespercentages ofof thethe totaltotal recoveryrecovery 
ofof appliedapplied copper,copper, areare shownshown inin Fig.Fig. 4.4. AtAt bothboth thethe lowerlower twotwo coppercopper applicationapplication 
ratesrates aa highhigh proportionproportion (over(over 86%)86%) ofof thethe mostmost recentlyrecently appliedapplied coppercopper waswas 
recoveredrecovered byby EDTAEDTA extraction.extraction. ThisThis proportionproportion decreaseddecreased substantiallysubstantially withwith 
increasedincreased timetime sincesince applicationapplication and,and, afterafter 2020 yearsyears atat thethe lowestlowest applicationapplication rate,rate, 
onlyonly 10%10% ofof thethe appliedapplied coppercopper remainingremaining inin thethe soilsoil couldcould stillstill bebe extractedextracted withwith 
EDTA.EDTA. AtAt thethe middlemiddle applicationapplication raterate (8·15 kgkg coppercopper sulphatesulphate ha- 1), 23%23% ofof 
thethe appliedapplied coppercopper remainingremaining inin thethe soilsoil remainedremained extractableextractable withwith EDTAEDTA afterafter 
2020 years.years. 

AtAt thethe highesthighest coppercopper applicationapplication rate,rate, thethe proportionproportion ofof thethe mostmost recentlyrecently 
appliedapplied coppercopper extractableextractable withwith EDTAEDTA waswas muchmuch smallersmaller thanthan forfor thethe lowerlower ratesrates 
ofof applicationapplication (Fig.(Fig. 4).4). ThereThere appearedappeared toto bebe littlelittle changechange inin thisthis proportionproportion 
duringduring thethe wholewhole periodperiod ofof thethe experiment.experiment. 

(8.15 ha-l), 

CopperCopper AdsorptionAdsorption 

CopperCopper adsorptionadsorption isothermsisotherms forfor untreateduntreated soilsoil fromfrom thethe controlcontrol plotplot andand 
samplessamples fromfrom whichwhich organicorganic mattermatter and/orand/or ironiron oxidesoxides hadhad beenbeen removedremoved areare 



shownshown inin Fig.Fig. 5.5. AdsorptionAdsorption capacitiescapacities werewere determineddetermined byby plottingplotting thethe adsorptionadsorption 
datadata inin accordanceaccordance withwith thethe LangmuirLangmuir adsorptionadsorption equationequation andand derivingderiving valuesvalues 
forfor adsorptionadsorption maximamaxima fromfrom thethe gradientsgradients ofof thethe resultingresulting straightstraight lineline plotsplots 

19736).(McLaren(McLaren andand CrawfordCrawford 1973b). ValuesValues forfor thethe adsorptionadsorption maximamaxima areare presentedpresented 
inin TableTable 5.5. TheThe curvescurves inin Fig.Fig. 55 havehave beenbeen drawndrawn usingusing thethe LangmuirLangmuir equationsequations 
derivedderived fromfrom thethe straightstraight lineline plots.plots. 
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TheThe solutionsolution coppercopper concentrationsconcentrations usedused inin determiningdetermining thethe isothermsisotherms werewere 
muchmuch higherhigher thanthan wouldwould existexist inin soilsoil solutionssolutions underunder normalnormal fieldfield conditions.conditions. SuchSuch 
concentrationsconcentrations werewere usedused deliberatelydeliberately soso thatthat thethe formsforms ofof thethe completecomplete isothermsisotherms 
couldcould bebe determined,determined, thusthus enablingenabling fittingfitting toto thethe LangmuirLangmuir equationequation andand thethe 
calculationcalculation ofof maximummaximum adsorptionadsorption capacities.capacities. TheThe derivedderived LangmuirLangmuir equationsequations 
alsoalso makemake itit possiblepossible toto predictpredict thethe coppercopper concentrationsconcentrations adsorbedadsorbed atat lowlow 
solutionsolution coppercopper concentrations.concentrations. ForFor example,example, thethe predictedpredicted coppercopper concentrationsconcentrations 
adsorbedadsorbed byby thethe wholewhole andand treatedtreated soilsoil samplessamples atat anan equilibriumequilibrium solutionsolution coppercopper 

0.02 pg mL-I areare TheThe predictedpredicted coppercopperconcentrationconcentration ofof 0·02 ttg mL-1 shownshown inin TableTable 5.5. 
adsorbedadsorbed byby thethe wholewhole soilsoil atat thisthis solutionsolution concentrationconcentration (3·34 ttg g-l soil)soil) isis 
approximatelyapproximately equivalentequivalent toto thethe coppercopper appliedapplied atat thethe highesthighest raterate inin thethe fieldfield 
trial.trial. AtAt thethe samesame solutionsolution coppercopper concentration,concentration, removalremoval ofof organicorganic mattermatter 
resultedresulted inin aa predictedpredicted 80%80% reductionreduction inin coppercopper adsorption,adsorption, andand thethe removalremoval 
ofof ironiron oxideoxide aa predictedpredicted 55%55% reduction.reduction. TheThe predictedpredicted coppercopper adsorptionadsorption byby 
thethe residualresidual soilsoil fractionfraction atat thisthis solutionsolution coppercopper concentrationconcentration waswas negligiblenegligible 
(Table(Table 5).5). However,However, withwith increasingincreasing solutionsolution coppercopper concentrations,concentrations, asas aa resultresult ofof 
differencesdifferences inin thethe shapesshapes ofof thethe variousvarious adsorptionadsorption isothermsisotherms (Fig.(Fig. 5)5) thethe relativerelative 
importanceimportance forfor coppercopper adsorptionadsorption ofof organicorganic mattermatter andand ironiron oxidesoxides decreases,decreases, 
andand thatthat ofof thethe residualresidual soilsoil fractionfraction increases.increases. TheThe ultimateultimate effecteffect ofof thisthis trendtrend 
isis clearlyclearly seenseen inin thethe valuesvalues forfor thethe maximummaximum adsorptionadsorption capacitiescapacities (Table(Table 5).5). 
EvenEven afterafter thethe treatmentstreatments toto removeremove bothboth organicorganic mattermatter andand ironiron oxides,oxides, thethe 
maximummaximum capacitycapacity ofof thethe residueresidue toto adsorbadsorb coppercopper remainedremained substantial,substantial, beingbeing 
approximatelyapproximately 50%50% ofof thethe capacitycapacity ofof thethe wholewhole soil.soil. 

(3-34pg g-I 

TableTable 5.5. CopperCopper adsorptionadsorption capacitiescapacities ofof wholewhole andand treatedtreated soilsoil andand predictedpredicted adsorptionadsorption atat 
aa solutionsolution coppercopper concentrationconcentration ofof o· 02 J.Lg mL-10.02 pg m~-' 

SampleSample CuCu adsorptionadsorption capacityAcapacityA PredictedPredicted CuCu adsorbedadsorbedBB 

(pg soi1rts.e.)(J.Lg CuCu g-lg-l soil±s.e.) atat solutionsolution 
CuCu concn.concn. 0.02 pg m ~ - 'ofof 0 ·02 J.Lg mL-1 

(J.Lg CuCu g-l soil)soil)(pg gc' 

WholeWhole soilsoil 353±19 
Soil--organicSoil-aganic mattermatter 209rt16209±16 0·67 

353h19 	 3·343.34 
0.67 

296h20 1·491.49Soil-ironSoil-iron oxidesoxides	 296±20 
183h71 0·080.08Soil--organicSoil--organic mattermatter andand ironiron oxidesoxides	 183±71 

AA DerivedDerived fromfrom LangmuirLangmuir isotherm.isotherm. B CalculatedCalculated fromfrom LangmuirLangmuir equations.equations. s.e.s.e. standardstandard 
error.error. 

DiscussionDiscussion 

CuTheThe fractionationfractionation datadata andand thethe EDTA-extractableEDTA-extractable eu datadata bothboth showshow changeschanges 
withwith timetime inin thethe abilityability ofof chemicalchemical reagentsreagents toto recoverrecover appliedapplied coppercopper fromfrom thethe 
soil.soil. SinceSince therethere hashas beenbeen littlelittle lossloss ofof coppercopper fromfrom thethe soilsoil duringduring thethe periodperiod ofof 
thethe trialtrial (20(20 years),years), thethe implicationimplication isis thatthat changeschanges havehave occurredoccurred inin thethe wayway inin 
whichwhich thethe appliedapplied coppercopper isis associatedassociated withwith thethe variousvarious soilsoil constituents.constituents. Initially,Initially, 
coppercopper addedadded toto thethe soilsoil atat thethe twotwo lowerlower ratesrates ofof .application appearedappeared toto bebeapplication 
mainlymainly organic-boundorganic-bound (Fig.(Fig. 3),3), whereaswhereas atat thethe highesthighest applicationapplication rate,the addedadded 
coppercopper appearedappeared toto bebe distributeddistributed evenlyevenly betweenbetween thethe organicorganic mattermatter andand ironiron 
oxideoxide fractionsfractions (Fig.(Fig. 3).3). AtAt thethe lowestlowest coppercopper applicationapplication rate,rate, thethe proportionproportion ofof 
appliedapplied coppercopper presentpresent inin thethe organic-boundorganic-bound fractionfraction decreaseddecreased markedlymarkedly duringduring 

rate, the 



thethe periodperiod ofof thethe trialtrial andand waswas mirroredmirrored byby anan increaseincrease inin thethe residualresidual coppercopper 
fractionfraction (Fig.(Fig. 3).3). SimilarSimilar butbut lessless markedmarked trendstrends werewere observedobserved atat thethe middlemiddle 
coppercopper applicationapplication raterate butbut notnot atat thethe highesthighest rate.rate. 

rates areTheThe apparentapparent differencesdifferences betweenbetween thethe threethree applicationapplication rates are mostmost likelylikely duedue 
toto thethe amountsamounts ofof coppercopper actuallyactually involvedinvolved inin thethe redistributionredistribution fromfrom organic-boundorganic-bound 
toto residualresidual forms.forms. ForFor bothboth thethe lowerlower twotwo applicationapplication rates,rates, thethe concentrationconcentration ofof 
coppercopper transformedtransformed fromfrom organic-boundorganic-bound toto residualresidual formsforms duringduring thethe 2020 yearsyears ofof 

0-2pg kg-Ithethe trialtrial waswas approximatelyapproximately 0·2 f.tg CuCu kg- 1 soil.soil. ThisThis amountamount representsrepresents nearlynearly 
50%50% ofof thethe appliedapplied coppercopper atat thethe lowestlowest raterate ofof applicationapplication andand thusthus thethe changechange 
inin formform waswas detecteddetected quitequite readily.readily. AtAt thethe middlemiddle applicationapplication rate,rate, thethe amountamount 
redistributedredistributed representsrepresents approximatelyapproximately 15%15% ofof thethe coppercopper applied,applied, andand althoughalthough 
notnot asas markedmarked asas atat thethe lowestlowest rate,therate,the trendstrends werewere stillstill observed.observed. However,However, eveneven 
ifif thethe samesame amountamount ofof coppercopper hadhad changedchanged fractionsfractions atat thethe highesthighest applicationapplication 
rate,rate, itit wouldwould havehave accountedaccounted forfor onlyonly 6%6% ofof thethe coppercopper appliedapplied and,and, withwith thethe 
samplingsampling andand analyticalanalytical errorserrors involved,involved, wouldwould havehave beenbeen extremelyextremely difficultdifficult toto 
detect.detect. 

soils, copperInIn manymany soils,copper inin thethe residualresidual fractionfraction coppercopper wouldwould bebe regardedregarded mainlymainly 
asas beingbeing presentpresent withinwithin thethe crystalcrystal structurestructure ofof silicatesilicate mineralsminerals (predominantly(predominantly 
phyllosilicates)phyllosilicates) e.g.e.g. McLarenMcLaren andand Crawford,Crawford, 1973a.1973a. HoweverHowever inin thethe lateriticlateritic soilsoil 
underunder studystudy thisthis seemsseems unlikely,unlikely, andand anan alternativealternative suggestionsuggestion isis thatthat coppercopper 
inin thethe residualresidual fractionfraction isis associatedassociated predominantlypredominantly withwith ironiron oxideoxide material.material. 
NearlyNearly 90%90% ofof thethe ironiron inin thisthis soilsoil isis presentpresent inin thethe sandsand fractionfraction (Table(Table 4)4) andand 
thusthus isis presentpresent inin particlesparticles withwith smallsmall surfacesurface areaarea toto volumevolume ratios.ratios. TheThe ironiron 
inin suchsuch aa soilsoil isis alsoalso almostalmost certainlycertainly presentpresent asas stronglystrongly crystallinecrystalline oxides.oxides. AsAs 
aa resultresult ofof thesethese twotwo factorsfactors itit isis likelylikely thatthat thethe oxalate/ascorbicoxalate/ascorbic acidacid extractionextraction 
usedused toto removeremove 'iron'iron oxides'oxides' isis farfar lessless effectiveeffective inin thisthis typetype ofof soilsoil thanthan inin soilssoils 
wherewhere mostmost ofof thethe oxideoxide materialmaterial isis presentpresent inin thethe clayclay fractionfraction and/orand/or thethe ironiron 
oxidesoxides areare lessless stronglystrongly crystalline.crystalline. (The(The factfact thatthat nearlynearly 60%60% ofof thethe totaltotal ironiron 
inin thethe lateriticlateritic soilsoil waswas presentpresent inin thethe residualresidual fractionfraction afterafter extractionextraction withwith 
oxalate/ascorbicoxalate/ascorbic acidacid wouldwould supportsupport thisthis view).view). 

TheThe observedobserved changeschanges withwith timetime inin thethe distributiondistribution ofof appliedapplied coppercopper betweenbetween 
fractionsfractions areare thusthus mostmost probablyprobably aa resultresult ofof aa redistributionredistribution ofof coppercopper fromfrom 
organicorganic sitessites toto sitessites associatedassociated withwith stronglystrongly crystallinecrystalline ironiron oxideoxide materials.materials. ItIt 
isis interestinginteresting toto notenote thatthat inin thethe controlcontrol soil,soil, aa highhigh proportionproportion (73%)(73%) ofof thethe 
nativenative soilsoil coppercopper isis associatedassociated withwith thethe residualresidual fractionfraction (Fig.(Fig. 2),2), andand nearlynearly 
90%90% ofof thethe nativenative coppercopper isis presentpresent inin thethe sandsand fractionfraction (Table(Table 4).4). ThereThere appearsappears 
toto bebe littlelittle previousprevious informationinformation onon thethe redistributionredistribution ofof appliedapplied coppercopper betweenbetween 
fractionsfractions inin fieldfield soils.soils. However,Howev.er, inin laboratorylaboratory studies,studies, McLarenMcLaren etet al.al. (1983)(1983) 
werewere ableable toto induceinduce somesome redistributionredistribution ofof coppercopper betweenbetween componentscomponents inin humichumic 
acid/soil oxide/montmorilloniteoxide/montmorillonite systems.systems. TheThe impetusimpetus forfor redistributionredistribution ofof coppercopper 
isis mostmost likelylikely toto bebe thethe slowslow movementmovement ofof coppercopper intointo solidsolid oxideoxide materials.materials. 
SuchSuch movementmovement hashas beenbeen observedobserved byby severalseveral researchersresearchers andand isis knownknown toto havehave 
extremelyextremely limitedlimited reversibilityreversibility (Swift(Swift andand McLarenMcLaren 1991).1991). Whether,Whether, asas suggestedsuggested 
byby McBrideMcBride (1991),(1991), suchsuch movementmovement isis duedue toto solidsolid diffusiondiffusion intointo latticelattice structuresstructures 
oror byby penetrationpenetration ofof extremelyextremely smallsmall porespores andand interparticleinterparticle spaces,spaces, thethe netnet resultresult 
isis aa reductionreduction inin thethe concentrationconcentration ofof coppercopper adsorbedadsorbed atat thethe surfacesurface ofof thethe 
oxide.oxide. This,This, inin turn,turn, wouldwould leadlead toto thethe establishmentestablishment ofof newnew equilibriaequilibria betweenbetween 
soilsoil solutionsolution andand surfacesurface adsorbedadsorbed formsforms ofof coppercopper includingincluding thethe coppercopper adsorbedadsorbed 
byby soilsoil organicorganic matter.matter. 

acidlsoil 



TheThe coppercopper adsorptionadsorption data,data, bearingbearing inin mindmind itsits possiblepossible limitations,limitations, appearsappears 
toto supportsupport thethe resultsresults ofof thethe fractionationfractionation studies.studies. AtAt veryvery lowlow solutionsolution coppercopper 
concentrationsconcentrations (as(as wouldwould bebe thethe situationsituation atat thethe fieldfield site),site), adsorptionadsorption ofof coppercopper 
appearedappeared toto bebe dominateddominated byby soilsoil organicorganic mattermatter andand toto aa lesserlesser extentextent byby ironiron 
oxidesoxides (Table(Table 5).5). TheThe effecteffect ofof thethe residualresidual fractionfraction onon coppercopper adsorptionadsorption increasedincreased 
withwith increasingincreasing solutionsolution coppercopper concentration,concentration, andand althoughalthough insignificantinsignificant atat lowlow 
concentrations,concentrations, accountedaccounted forfor approximatelyapproximately halfhalf ofof thethe totaltotal capacitycapacity ofof thethe soilsoil 
toto adsorbadsorb coppercopper (Table(Table 5).5). ItIt shouldshould alsoalso bebe rememberedremembered thatthat coppercopper adsorptionadsorption 
waswas determineddetermined inin thethe laboratorylaboratory afterafter onlyonly 2424 h,h, andand overover veryvery muchmuch longerlonger 
periodsperiods ofof time,time, eveneven atat lowlow solutionsolution coppercopper concentrations,concentrations, thethe effecteffect ofof thethe 
residualresidual fractionfraction onon adsorptionadsorption couldcould bebe muchmuch moremore important.important. 

TheThe changeschanges inin thethe distributiondistribution ofof coppercopper betweenbetween fractionsfractions areare reflectedreflected inin 
thethe recoveryrecovery ofof appliedapplied coppercopper withwith EDTA,EDTA, anan extractantextractant oftenoften usedused toto assessassess 
soilsoil coppercopper availabilityavailability toto plantsplants (Fig.(Fig. 4).4). HoweverHowever thethe decreasesdecreases inin recoveryrecovery 
ofof appliedapplied coppercopper withwith EDTAEDTA areare substantiallysubstantially greatergreater thanthan thethe decreasesdecreases inin 
organic-boundorganic-bound coppercopper observedobserved inin thethe fractionationfractionation data.data. AtAt thethe lowestlowest raterate ofof 
coppercopper application,application, therethere waswas aa 46%46% reductionreduction inin appliedapplied coppercopper recoveredrecovered asas 
organic-boundorganic-bound coppercopper butbut aa 76%76% reductionreduction inin recoveryrecovery ofof appliedapplied coppercopper withwith 
EDTA.EDTA. TheThe correspondingcorresponding figuresfigures forfor thethe middlemiddle raterate ofof coppercopper applicationapplication werewere 
21% andand 76%.76%. ItIt wouldwould appearappear thereforetherefore thatthat thethe redistributionredistribution ofof coppercopper fromfrom 
thethe organic-boundorganic-bound toto residualresidual fractionsfractions doesdoes notnot fullyfully explainexplain thethe reductionreduction inin 
EDTAEDTA extractability.extractability. ThereThere maymay wellwell bebe otherother changeschanges takingtaking placeplace withwith thethe 
appliedapplied copper,copper, forfor instanceinstance movementmovement toto moremore stronglystrongly bindingbinding sitessites onon soilsoil 
organicorganic matter,matter, whichwhich thethe fractionationfractionation schemescheme failsfails toto detect.detect. 

Nevertheless,Nevertheless, itit isis clearclear thatthat coppercopper appliedapplied toto thethe soilsoil atat thethe studystudy sitesite hashas 
undergoneundergone considerableconsiderable changeschanges duringduring thethe 2020 yearsyears ofof thethe trial.trial. InIn particular,particular, 
thethe changeschanges appearappear toto havehave hadhad theirtheir greatestgreatest effecteffect onon thethe mostmost labilelabile andand thusthus 
plantplant availableavailable formsforms ofof coppercopper (as(as determineddetermined byby EDTAEDTA extraction).extraction). ItIt wouldwould 
alsoalso appearappear thatthat suchsuch changeschanges willwill bebe proportionatelyproportionately ofof greatergreater importanceimportance atat 
lowerlower ratesrates ofof coppercopper application.application. 

TheThe changeschanges toto appliedapplied coppercopper observedobserved inin thisthis studystudy areare particularlyparticularly interestinginteresting 
whenwhen comparedcompared withwith thethe resultsresults ofof plantplant coppercopper uptakeuptake studiesstudies carriedcarried outout usingusing 
thethe samesame soilsoil byby BrennanBrennan etet al.,al., 1980,1980, 1986.1986. TheseThese researchersresearchers foundfound thatthat thethe 
availabilityavailability ofof appliedapplied coppercopper forfor uptakeuptake byby wheatwheat plantsplants declineddeclined withwith timetime ofof 
contactcontact betweenbetween thethe soilsoil andand thethe appliedapplied copper.copper. AlthoughAlthough BrennanBrennan etet al.al. (1980,(1980, 
1986)1986) werewere unableunable toto demonstratedemonstrate clearclear changeschanges inin soilsoil coppercopper extractabilityextractability 
whichwhich mirroredmirrored thethe declinedecline inin plantplant coppercopper uptake,uptake, theythey suggestedsuggested thatthat slowslow 
reactionsreactions betweenbetween coppercopper andand thethe soilsoil werewere responsibleresponsible forfor thethe declinedecline inin plantplant 
availability.availability. TheThe resultsresults ofof thethe currentcurrent studystudy provideprovide strongstrong evidenceevidence inin supportsupport 
ofof thethe existenceexistence ofof suchsuch reactions.reactions. 
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