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AbstractAbstractAbstract 

to of in is by our of theOurOurOurabilityabilityability predicttoto predictpredicttoxictoxictoxicquantitiesquantitiesquantities aluminiumofof aluminiumaluminium(AI)(AI)(AI) acidicinin acidicacidicsoilssoilssoils limitedisis limitedlimited byby understandingourour understandingunderstanding ofof thethe 
of A1 in and our ofinteractionsinteractionsinteractionsbetweenbetweenbetweendifferentdifferentdifferentsolidsolidsolidformsformsforms ofof AIAI solutioninin solutionsolution andand lackourour lacklackof knowledgeofof knowledgeknowledge whichofof whichwhichformformformcontrolcontrolcontrol 

A1. of of A1, a of andsolublesolublesoluble ThisAI.AI. ThisThisreviewreviewreviewbrieflybrieflybrieflyconsidersconsidersconsiderseacheacheachtypetypetype solidofof solidsolidformformform ofof particularlyAI,AI, particularlyparticularlyfromfromfrom kineticaa kinetickineticpointpointpoint viewofof viewview andand 
discussesdiscussesdiscussesmodelsmodelsmodelsthatthatthathavehavehavebeenbeenbeendevelopeddevelopeddeveloped predicttoto predictpredictreleasereleaserelease ofof fromAIAI fromfromindividualindividualindividualforms.forms.forms.MoreMoreMorecomprehensivecomprehensivecomprehensive 
modelsmodelsmodels(i.e.(i.e.(i.e.moremoremorethanthanthan sourceoneone sourcesource sinkoror sinksinkone or ofof AI)AI) thenareare thenthendiscusseddiscusseddiscussedas wellasas wellwell asas interactionsthethe interactionsinteractionsbetweenbetweenbetweendifferentdifferentdifferent 

to of A1 
of AI) are as the 

of A1.solidsolidsolidsourcessourcessources ofof AI.AI. 

IntroductionIntroductionIntroduction 

An of the and ofunderstandingAnAn understandingunderstanding ofof solubilitythethe solubilitysolubility speciationandand speciationspeciation ofof 
AI, in is inaluminium,aluminium,aluminium, AI,AI, acidicinin acidicacidicsoilssoilssoils importantisis importantimportant predictinginin predictingpredicting 

the amountthethe amountamountof toxicofof toxictoxic Al thatthat presentisis presentpresent inin thethe soil.soil. ItItAI in the soil. It is isisAI that is 
for the of orimportant,important,important,also,also,also, predictingforfor predictingpredicting amountthethe amountamount limeofof limelime oror 

to A1, theotherotherotheramendmentamendmentamendmentneededneededneeded detoxifytoto detoxifydetoxify AI,AI, frequencythethe frequencyfrequency 
with the soil has to be to non-whichwithwith whichwhich thethe soilsoil hashas toto treatedbebe treatedtreated maintaintoto maintainmaintain non­non­

and the rate at a soil willtoxictoxictoxicquantitiesquantitiesquantities andand thethe raterate whichatat whichwhich aa soilsoil acidifywillwill acidifyacidify 
in the ofinin absencethethe absenceabsence amelioration.ofof amelioration.amelioration. 

The of A1 in 1) and inAIformsTheThe formsforms ofof Al soilsinin soilssoils(Fig.(Fig.(Fig. I)I) andand surfaceinin surfacesurface 
waterswaterswatershavehavehavebeenbeenbeenreviewedreviewedreviewedextensivelyextensivelyextensively(Adams,(Adams,(Adams,1984;1984;1984; 

but theDriscoll,Driscoll,Driscoll,1989;1989;1989;Ritchie,Ritchie,Ritchie,1989;1989;1989;Sposito,Sposito,Sposito,1989a)1989a)1989a) butbut thethe 
the of AI are not so wellinteractionsinteractionsinteractionsbetweenbetweenbetween formsthethe formsforms ofof AIAI areare notnot soso wellwell 

it is not how such areestablished.established.established.Also,Also,Also, itit isis clearnotnot clearclear howhow reactionssuchsuch reactionsreactions areare 
by and A1 compo-affectedaffectedaffected plantbyby plantplantnutrientnutrientnutrient andand uptake,AIAI uptake,uptake,waterwaterwater compo­compo­

and a soil ofsitionsitionsition movementandand movementmovementthroughthroughthrough aa profile,soilsoil profile,profile,erosionerosionerosion ofof 
(e.g. wind ofsolidsolidsolidphasephasephasepoolspoolspools (e.g.(e.g. erosionwindwind erosionerosion organicofof organicorganicmatter)matter)matter) 

and by the ofandand time.byby time.time.FromFromFrom thermodynamicthethe thermodynamicthermodynamicpointpointpoint view,ofof view,view, 
it may be that even A1 may beitit maymay arguedbebe arguedargued thatthat thougheveneven thoughthoughsolublesolublesoluble AIAI maymay bebe 

theinstantaneouslyinstantaneouslyinstantaneouslyreplenishedreplenishedreplenishedfromfromfromexchangeexchangeexchangesites,sites,sites, thethe 
of A1 is This mayAIultimateultimateultimatesourcesourcesource ofof Al mineralisis mineralmineraldissolution.dissolution.dissolution. ThisThis maymay 

be correct in but its to soils willbebe correctcorrect theoryinin theorytheory butbut applicationitsits applicationapplication toto soilssoils willwill 
on the time scale of and thedependdependdepend onon thethe timetime scalescale interestofof interestinterest andand kineticsthethe kineticskineticsofofof 

A1 release solidAIAl fromreleaserelease fromfromdifferentdifferentdifferent phasessolidsolid phasesphases(Ritchie,(Ritchie,(Ritchie,1994).1994).1994). 
For example,ForFor example,example,BloomBloomBloom etetet al. (1979)aI.aI. (1979)(1979)foundfoundfound mineralthatthat mineralmineralthat 

did not A13+AIH from thedissolutiondissolutiondissolution diddid replenishnotnot replenishreplenish AI3+(removed(removed(removed fromfrom thethe 
of a by the pre-solutionsolutionsolutionphasephasephase ofof soil:liquidaa soil:liquidsoil:liquidsuspensionsuspensionsuspension byby thethe pre­pre­
of even after 35 d. Oneviousviousviousadditionadditionaddition humus)ofof humus)humus) eveneven afterafter 3535 d.d. monthOneOne monthmonth 

may be an time at the time scale ofmaymay bebe insignificantanan insignificantinsignificant periodtimetime periodperiod atat thethe timetime scalescale ofof 

formationsoilsoil formationformation representsbutbut representsrepresentsapproximatelyapproximatelyapproximately thirdoneone thirdthirdsoil but one 
ofof thethe spanlifelife spanspan annualofof annualannualcropscropscropsincludingincludingincludingwheatwheatwheat andand 

barley.barley.barley. 
of the life of and 

ItIt apparentisis apparentapparent thatthat dynamicthethe dynamicdynamic naturenature soilsofof soilssoilsmeansmeansmeansIt is that the nature of 
thatthat cannotwewe cannotcannotnecessarilynecessarilynecessarilyassumeassumeassume thatthat leastthethe leastleastsolublesolublesolublethat we that the 

mineralAI-containingAI-containing mineralmineral willwill controllingbebe controllingcontrolling amountthethe amountamountAl-containing will be the 
AIH toofof AI3+ solutioninin solutionsolution andand havewewe havehave appreciatetoto appreciateappreciate soilsthatthat soilssoils 

are essentiallyareare essentiallyessentiallythermodynamicallythermodynamicallythermodynamicallyunstable.unstable.unstable.DespiteDespiteDespite 
this apparentthisthis apparentapparentcomplication,complication,complication, wewe stillstill needneed recalltoto recallrecall Ein­Ein­we still need to Ein-

assertion that, "A is the more 

of Al 3+ in and we that 

stein'sstein'sstein's(1979)(1979)(1979) assertionassertion that,that, theory"A"A theorytheory isis thethe moremore 
impressiveimpressiveimpressive greaterthethe greatergreater simplicitythethe simplicitysimplicity ofof premises."itsits premises."premises."the the of its 

understandToTo understandunderstand solubilitythethe solubilitysolubility speciationandand speciationspeciation ofof AI,AI, 
weweweneed to find a the of 

To the and of A1, 
needneed toto findfind balanceaa balancebalancebetweenbetweenbetween extremesthethe extremesextremes ofof 

oversimplificationoversimplificationoversimplification complication.andand complication.complication. balanceTheThe balancebalance isisand The is 
foundfoundfound appreciatingbyby appreciatingappreciating thatthat thermodynamicthethe thermodynamicthermodynamic insta­insta­by that the insta-
bilitybilitybility ofof compoundsAIAI compoundscompounds doesdoes necessarilynotnot necessarilynecessarily havehave toto bebeof Al does not have to be 

shortcomingaa shortcomingshortcoming andand thatthat plantthethe plantplant isis thethe arbiter.finalfinal arbiter.arbiter. ItIta and that the is the final It 
isis plant'sthethe plant'splant'sresponseresponseresponse toto AIAI decidesthatthat decidesdecideswhichwhichwhichformsformsformsis the to AI that 

toxic,areare toxic,toxic, notnot speciation.AIAI speciation.speciation.are not A1 
TheThe LawLaw Successiveofof SuccessiveSuccessiveReactionsReactionsReactions andand thethe Kinet­Kinet­The Law of and the Kinet-

icic RuleRule Stagesofof StagesStages havehave beenbeen usedused mineralinin mineralmineral dissolu­dissolu­ic Rule of have been used in dissolu-
studiestiontion studiesstudies explaintoto explainexplain thethe typetype sequenceandand sequencesequence ofof com­com­tion to the type and of com-

poundspoundspounds precipitatethatthat precipitateprecipitate supersaturatedfromfrom supersaturatedsupersaturated AIAI solu­solu­
tions (Ritchie,tionstions (Ritchie,(Ritchie,1994;1994;1994;Sposito,Sposito,Sposito,1989b;1989b;1989b;Van StratenVanVan StratenStraten etet 

that from A1 solu-
et 

al., rules may be just as to under-1984).aI.,aI., 1984).1984).TheseTheseThese rulesrules maymay bebe justjust relevantasas relevantrelevant toto under­under­
standingstandingstanding originthethe originorigin solubleofof solublesoluble Al inin soils,soils, inin thethe pres­pres­the of AI in soils, in the pres-AI 

enceence multiple,ofof multiple,multiple,unrelatedunrelatedunrelatedsourcessourcessources ofof AI,AI, asas theythey areare 
relevantrelevantrelevant predictingtoto predictingpredictingsolublesolublesolubleto AI controlAIAI controlcontrol inin purepure sys­sys­
ence of of AI, as they are 

in pure sys-
tems exist.wheretemstems wherewhereseveralseveralseveralmineralsmineralsmineralscouldcouldcould exist.exist. 
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Fig.Fig.Fig. 1.1.1. TheThe fonusfonusThe formsofaluminiuminofof aluminiumaluminium acidicinin acidicacidic soils.soils.soils. 

A1 isThisThisThis reviewreviewreview willwillwill considerconsiderconsider wherewherewhere AlAl comingisis comingcoming fromfromfrom 
it is to hap-(sources),(sources),(sources), wherewherewhere itit goingisis goinggoing (sinks)toto (sinks)(sinks) andandand whatwhatwhat cancancan hap­hap­

in Ipenpenpen alongalongalong thethethe roadroadroad between.inin between.between. shallII shallshall brieflybrieflybriefly considerconsiderconsider 
thethethe differentdifferentdifferent typestypestypes ofofof solidsolidsolid formsformsforms ofofof AI,AI,AI, particularlyparticularlyparticularly 

afromfromfrom kineticaa kinetickinetic pointpointpoint ofofof viewviewview andandand discussdiscussdiscuss modelsmodelsmodels thatthatthat 
to A1 indi-havehavehave beenbeenbeen developeddevelopeddeveloped predicttoto predictpredict releaseAlAl releaserelease fromfromfrom indi­indi­

Ividualvidualvidual forms.forms.forms. shallII shallshall thenthenthen discussdiscussdiscuss modelsmodelsmodels thatthatthat havehavehave beenbeenbeen 
to A1 in indevelopeddevelopeddeveloped predicttoto predictpredict quantitiesAlAl quantitiesquantities solutioninin solutionsolution openinin openopen 

orsoilsoilsoil systemssystemssystems wherewherewhere moremoremore thanthanthan oneoneone sourcesourcesource sinkoror sinksink forforfor 
A1 is I aAlAl considered.isis considered.considered. Finally,Finally,Finally, shallII shallshall discussdiscussdiscuss conceptualaa conceptualconceptual 

of A1modelmodelmodel forforfor predictingpredictingpredicting thethethe retentionretentionretention andandand releasereleaserelease ofof AlAl 
fromfromfrom allallall soilsoilsoil sources.sources.sources. 

MineralMineralMineral formsformsforms ofofof AIAIAI 

A1 inTheTheThe mineralmineralmineral formsformsforms ofofof thatAlAl thatthat maymaymay existexistexist soilsinin soilssoils includeincludeinclude 
hydroushydroushydrous oxidesoxidesoxides (e.g.(e.g.(e.g. gibbsite),gibbsite),gibbsite), alumino-silicatesalumino-silicatesalumino-silicates (e.g.(e.g.(e.g. 

jur-feldspars,feldspars,feldspars, kaolinite,kaolinite,kaolinite, imogolite),imogolite),imogolite), sulphatessulphatessulphates (e.g.(e.g.(e.g. jur­jur­
banite)banite)banite) andandand phosphatesphosphatesphosphates suchsuchsuch asasas variscitevariscitevariscite (see(see(see reviewsreviewsreviews 
bybyby DixonDixonDixon andandand Weed,Weed,Weed, 1989;1989;1989; HemingwayHemingwayHemingway andandand Sposito,Sposito,Sposito, 
1989a;1989a;1989a; Lindsay,Lindsay,Lindsay, 1979;1979;1979; LindsayLindsayLindsay andandand Walthall,Walthall,Walthall, 1989).1989).1989). 

precip-TheTheThe factorsfactorsfactors influencinginfluencinginfluencing thethethe dissolutiondissolutiondissolution andandand precip­precip­
Al-containingitationitationitation ofofof mineralsAI-containingAI-containing mineralsminerals havehavehave beenbeenbeen reviewedreviewedreviewed 

Hochella andbybyby DavisDavisDavis andandand HayesHayesHayes (1986),(1986),(1986), WhiteHochellaandHochellaand WhiteWhite (1990)(1990)(1990) 
in 2.andandand RitchieRitchieRitchie (1994)(1994)(1994) andandand areareare summarisedsummarisedsummarised Figureinin FigureFigure 2.2. 

TheTheThe drivingdrivingdriving forceforceforce forforfor thethethe dissolutiondissolutiondissolution ororor precipitationprecipitationprecipitation 
a isofofof compoundaa compoundcompound theisis thethe amountamountamount ofofof freefreefree energyenergyenergy thatthatthat isisis 

in islostlostlost theinin thethe process.process.process. TheTheThe freefreefree energyenergyenergy composedisis composedcomposed ofofof 
thethethe standardstandardstandard freefreefree energyenergyenergy ofofof thethethe reactionreactionreaction (as(as(as defineddefineddefined bybyby 
equilibriumequilibriumequilibrium thermodynamics)thermodynamics)thermodynamics) plusplusplus thethethe freefreefree energyenergyenergy ofofof 
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Fig.Fig.Fig. Factors2.2. FactorsFactors influencinginfluencinginfluencing dissolutionthethe dissolutiondissolution precipitationandand precipitationprecipitation ofof2. the and of 
containingaluminiumaluminium containingcontaining mineralsmineralsminerals (Ritchie,(Ritchie,(Ritchie, 1994).1994).1994).alnminium 

precipitateprecipitateprecipitate growthgrowthgrowth andandand nucleationnucleationnucleation (for(for(for precipitation)precipitation)precipitation) ororor 
thethethe freefreefree energyenergyenergy ofofof thethethe breakdownbreakdownbreakdown ofofof thethethe latticelatticelattice struc­struc­struc-
turetureture ofofof thethethe solidsolidsolid phasephasephase (for(for(for dissolution).dissolution).dissolution). UntilUntilUntil recently,recently,recently, 
it ofhasitit hashas beenbeenbeen assumedassumedassumed thatthatthat thethethe standardstandardstandard freefreefree energyenergyenergy ofof 
thethethe reactionreactionreaction theisis thethe majormajormajor drivingdrivingdriving forceforceforce forforfor dissolutiondissolutiondissolutionis 

precipitationoror precipitationprecipitation andandand hencehencehence equilibriumequilibriumequilibrium thermodynam­thermodynam­
icsicsics cancancan usedbebe usedusedbe tototo describedescribedescribe thethethe extentextentextent ofofof thethethe reaction.reaction.reaction. 
However,However,However, thethethe limitedlimitedlimited successsuccesssuccess ofofof thisthisthis approachapproachapproach hashashas ledledled 
to of of 

or thermodynam-

considerationtoto considerationconsideration theofof thethe importanceimportanceimportance ofofof otherotherother sourcessourcessources ofof 
to offreefreefree energyenergyenergy loss,loss,loss, relatedrelatedrelated thetoto thethe kineticskineticskinetics theofof thethe reaction.reaction.reaction. 

ThermodynamicsThermodynamicsThermodynamics definesdefinesdefines thethethe potentialpotentialpotential forforfor reactionaa reactionreaction toto 
occuroccuroccur andandand thethethe minimumminimumminimum amountamountamount ofofof workworkwork requiredrequiredrequired forforfor 
thethethe reactionreactionreaction (Lewis(Lewis(Lewis andandand Randall,Randall,Randall, 1923).1923).1923). Kinetics,Kinetics,Kinetics, asasas 

of reac-

a to 

affectedaffectedaffected bybyby surfacesurfacesurface morphologymorphologymorphology andandand transporttransporttransport ofof reac­reac­
tantstantstants andandand productsproductsproducts andtoto andand fromfromfrom surface,aa surface,surface, determinesdeterminesdeterminesto a 
howhowhow longlonglong thethethe reactionreactionreaction takestakestakes reachtoto reachreach equilibrium.equilibrium.equilibrium.to 

TheTheThe majormajormajor factorsfactorsfactors thatthatthat influenceinfluenceinfluence thethethe rateraterate ofof disso­disso­of disso-
lutionlutionlution ofofof mineralsmineralsminerals soilsinin soilssoils appearappearappear betoto bebe pHpHpH andandand thethethein to 
presencepresencepresence ofofof ionsionsions thatthatthat reactreactreact withwithwith thethethe dissolvingdissolvingdissolving oror pre­pre­
cipitatingcipitatingcipitating surface.surface.surface. ForForFor example,example,example, thethethe releasereleaserelease ofofof AlAlA1 bybyby 

of AI is a 

or pre-

thethethe dissolutiondissolutiondissolution ofof oxidesAlAl oxidesoxides andandand kaolinitekaolinitekaolinite isis functionaa functionfunction 
ofofof pHpHpH theinin thethe rangerangerange wherewherewhere ionsH+H+ ionsions areareare adsorbedadsorbedadsorbed bybyby thethethein H+ 
clayclayclay surfacesurfacesurface andandand reachesreachesreaches maximumaa maximummaximum whenwhenwhen nonono moremoremore H+H+ 
ionsionsions cancancan bebebe adsorbedadsorbedadsorbed (pH(pH(pH <<< 3.5;3.5;3.5; StummStummStumm andandand Wieland,Wieland,Wieland, 

In dis-

a H+ 

1990;1990;1990; WielandWielandWieland andandand Stumm,Stumm,Stumm, 1992).1992).1992). contrast,InIn contrast,contrast, thethethe dis­dis­
solutionsolutionsolution ofofof montmorillonitemontmorillonitemontmorillonite hashashas beenbeenbeen foundfoundfound increasetoto increaseincrease 
almostalmostalmost linearlylinearlylinearly asasas pHpHpH decreasesdecreasesdecreases fromfromfrom 44 toto (Furrer22 (Furrer(Furrer etet4 to 2 et 
al.,al.,al., 1991).1991).1991). TheTheThe rateraterate ofofof AlAlA! releasereleaserelease enhancedisis enhancedenhanced bybyby adsorp­adsorp­is adsorp-
tiontiontion ofofof ionsionsions thatthatthat reactreactreact withwithwith onlyonlyonly oneoneone metalmetalmetal centrecentrecentre ininin thethethe 

retard-

to 

crystalcrystalcrystal latticelatticelattice (Stumm(Stumm(Stumm andandand Wieland,Wieland,Wieland, 1990)1990)1990) andandand retard­retard­
ededed bybyby surfacesurfacesurface complexationcomplexationcomplexation ofofof solublesolublesoluble ionsionsions thatthatthat reactreactreact 
withwithwith moremoremore thanthanthan oneoneone metalmetalmetal centrecentrecentre byoror byby precipitationprecipitationprecipitation 
coatingcoatingcoating thethethe surfacesurfacesurface andandand blockingblockingblocking potentialpotentialpotential dissolutiondissolutiondissolution 

or 

sitessitessites (Furrer(Furrer(Furrer etet 1991).aI.,aI., 1991).1991). AggregationAggregationAggregation ofofof clayclayclay parti­parti­et al., parti-
clesclescles cancancan alsoalsoalso slowslowslow downdowndown dissolutiondissolutiondissolution ratesratesrates becausebecausebecause H+H+H+ 



 

  

to anionsionsionshavehavehave diffusetoto diffusediffusethroughthroughthrough aggregateanan aggregateaggregatebeforebeforebeforebeingbeingbeing 
at a et al., Precipi-adsorbedadsorbedadsorbed atat reactiveaa reactivereactivesitesitesite(Furrer(Furrer(Furrer etet 1991).aI.,aI., 1991).1991). Precipi­Precipi­

is bytationtationtation mainlyisis mainlymainlyaffectedaffectedaffected interfacialbyby interfacialinterfacialsurfacesurfacesurfaceenergiesenergiesenergies 
as manifestedasas manifestedmanifested thebyby thethedifferencedifferencedifferenceby in nucleationinin nucleationnucleationratesratesratesforforfor 

on sur-discretediscretediscreteparticlesparticlesparticlesandandandforforforrecipitationrecipitationrecipitation existingonon existingexisting sur­sur­
facesfacesfaces(Ritchie,(Ritchie,(Ritchie,1994).1994).1994). 

TheTheThemodellingmodellingmodellingof dissolutionofof dissolutiondissolutionandandandprecipitationprecipitationprecipitationisisis 
byreviewedreviewedreviewed Hochellabyby HochellaHochellaandandandWhiteWhiteWhite(1990)(1990)(1990)andandandRitchieRitchieRitchie 

In solu-(1994).(1994).(1994). soilInIn soilsoilresearch,research,research,predictingpredictingpredictingaluminiumaluminiumaluminium solu­solu­
bilitybilitybilityfromfromfrommineralmineralmineraldissolutiondissolutiondissolutionandandandprecipitationprecipitationprecipitationhashashas 

thermodynam-onlyonlyonlybeenbeenbeenattemptedattemptedattemptedusingusingusingequilibriumequilibriumequilibrium thermodynam­thermodynam­
et al.ics,ics,ics,andandandhashashashadhadhadlimitedlimitedlimitedsuccess.success.success.ManleyManleyManley etet (1987)al.al. (1987)(1987) 

of A13+ in thefoundfoundfoundthatthatthattheirtheirtheirestimateestimateestimate ofof AI3+AI3+ inin soilthethe soilsoilsolutionssolutionssolutions 
of the A, B and C of notofof thethe A,A, BandBand horizonsCC horizonshorizons threeofof threethreesoilssoilssoilscouldcouldcould notnot 
be byexplainedbebe explainedexplained equilibriumbyby equilibriumequilibriumthermodynamicsthermodynamicsthermodynamicswhenwhenwhen 

hal-theytheytheyconsideredconsideredconsideredthethethemineralsmineralsmineralskaolinite,kaolinite,kaolinite,gibbsite,gibbsite,gibbsite, hal­hal­
lyosite, AI(OH)3.allophane,Iyosite,Iyosite, allophane,allophane,imogoliteimogoliteimogoliteandandandamorphousamorphousamorphous AI(OHh.AI(OHh. 
In the A13+ to be com-InIn topsoil,thethe topsoil,topsoil, wasAI3+AI3+ waswasconsideredconsideredconsidered toto mainlybebe mainlymainly com­com­
plexedplexedplexedwithwithwithorganicorganicorganicligandsligandsligandswhichwhichwhichresultedresultedresultedin theseinin thesethesesoilsoilsoil 

tosolutionssolutionssolutionsbeingbeingbeingundersaturatedundersaturatedundersaturatedwithwithwithrespectrespectrespect gibbsite.toto gibbsite.gibbsite. 
AI in 25ConyersConyersConyers(1990)(1990)(1990)alsoalsoalsofoundfoundfoundthatthatthatsolublesolublesoluble AlAl inin soils2525 soilssoils 

be by equi-fromfromfromNewNewNewSouthSouthSouthWalesWalesWalescouldcouldcouldnotnotnot explainedbebe explainedexplained byby equi­equi­
or gibb-libriumlibriumlibriumwithwithwitheithereithereitherquartzquartzquartzandandandkaolinitekaolinitekaolinite withoror withwith gibb­gibb­

pH A13+ in of the viasite.site.site. andpHpH andand AI3+AI3+ threeinin threethree ofof soilsthethe soilssoilswerewerewererelatedrelatedrelated viavia 
the = pH ­equationthethe equationequationpAlpAlpAl 2.95==2.952.95 pHpH 8.1.-- 8.1.8.1.ThisThisThiswaswaswasconsideredconsideredconsidered 
"close"close"close toto theoreticalthethe theoreticaltheoreticalslopeslopeslopeto the of 3.0,ofof 3.0,3.0,andandand interceptthethe interceptinterceptthe 

a A1 (OH)3". Howev-correspondscorrespondscorrespondswithwithwith sub-crystallineaa sub-crystallinesub-crystalline AlAl (OH)}".(OH)}". Howev­Howev­
er, a in 3.0 to aner,er, changeaa changechange slopeinin slopeslopefromfromfrom 3.03.0 2.95toto 2.952.95cancancancausecausecause erroranan errorerror 
of in the of A13+ atapproximatelyofof approximatelyapproximately30%30%30% inin estimatethethe estimateestimate ofof which,AI3+AI3+ which,which, atat 
pH <_pHpH ~~ be to the4.2,4.2,4.2,couldcouldcould sufficientbebe sufficientsufficient identifytoto identifyidentifyincorrectlyincorrectlyincorrectly thethe 

as of Al forsoilsoilsoil containingasas containingcontainingtoxictoxictoxicquantitiesquantitiesquantities ofofAlAl plantforfor plantplantgrowthgrowthgrowth 
(Ritchie,(Ritchie,(Ritchie,1994).1994).1994).ConyersConyersConyers(1990)(1990)(1990)postulatedpostulatedpostulatedthatthatthatsolublesolublesoluble 
A1 to be bywasAlAl waswasmoremoremorelikelylikelylikely toto controlledbebe controlledcontrolled organicbyby organicorganicmattermattermatter 
in nothorizonsinin horizonshorizonswithwithwithorganicorganicorganicpoolspoolspoolsthatthatthatwerewerewere alreadynotnot alreadyalready 
Al-saturated. et al. anGibsonAI-saturated.AI-saturated. GibsonGibson etet (1992)al.al. (1992)(1992)alsoalsoalsofoundfoundfoundthatthatthat anan 

AI3+ tooxisoloxisoloxisolcontainedcontainedcontainedsolublesolublesoluble "closeAI3+AI3+ "close"close saturationtoto saturationsaturationwithwithwith 
to therespectrespectrespect gibbsite".toto gibbsite".gibbsite".However,However,However, differencethethe differencedifferencebetweenbetweenbetween 

the datathethe datadataandandand solubilitythethe solubilitysolubilitylinelineline gibbsiteforfor gibbsitegibbsiteindicatedindicatedindicatedthe for 
A13+ in athatthatthatpredictingpredictingpredicting fromAI3+AI3+ fromfromgibbsitegibbsitegibbsitewouldwouldwouldresultresultresult inin aa 

of the A13+ at pHlargelargelargeoverestimateoverestimateoverestimate ofof actualthethe actualactual (e.g.AI3+AI3+ (e.g.(e.g. atat 4.214,pHpH 4.214,4.214, 
is in 25 pM A13+ thegibbsitegibbsitegibbsite isis equilibriuminin equilibriumequilibriumwithwithwith 2525 IlMIlM whereasAIHAIH whereaswhereas thethe 

A13+ 14 #M).actualactualactualdatadatadataindicatedindicatedindicated wasAI3+AI3+ waswasapproximatelyapproximatelyapproximately 1414 1lM).1lM). 
At pH < 4.2AtAt pHpH can led to~~ such4.24.2 suchsuchoverestimatesoverestimatesoverestimates cancan ledled erroneoustoto erroneouserroneous 

a A1 todecisionsdecisionsdecisionsaboutaboutaboutwhetherwhetherwhether soilaa soilsoilcontainscontainscontainssufficientsufficientsufficient AlAl toto 
be totoxicbebe toxictoxic plantstoto plantsplants(Ritchie,(Ritchie,(Ritchie,1994).1994).1994). 

theTheTheTheaboveaboveaboveresults,results,results,alongalongalongwithwithwith factorsthethe factorsfactorsdiscusseddiscusseddiscussed 
by Ritchiebyby RitchieRitchie(1994),(1994),(1994),all demonstrateallall demonstratedemonstratethatthatthatequilibriumequilibriumequilibrium 
thermodynamicsthermodynamicsthermodynamicscannotcannotcannot usedbebe usedusedbe in modelsinin modelsmodels toto pre­pre­to pre-

A13+ in in the (days-dictdictdictsolublesolublesoluble AI3+AI3+ soilinin soilsoilsolutionssolutionssolutions inin shortthethe shortshort (days­(days­
months)months)months)to mediumtoto mediummedium(months-years)(months-years)(months-years)term.term.term. 

ExchangeableExchangeableExchangeableandandandinterlayerinterlayerinterlayerAiAIAI 

ExchangeableExchangeableExchangeable (i.e.AlAl (i.e.(i.e.boundboundbound soiltoto soilsoilsurfacessurfacessurfaces byby elec­elec­AI to by elec-
trostatictrostatictrostaticbonds)bonds)bonds) isis majoraa majormajorformformform ofof AlAl soilsinin soilssoilsandandandhashashas 
beenbeenbeen frequentaa frequentfrequentfocusfocusfocusa of research,ofof research,research,particularlyparticularlyparticularly inin rela­rela­

is a of AI in 
in rela-

totiontiontion acidictoto acidicacidicsoils.soils.soils.ThisThisThisworkworkworkhashashasbeenbeenbeenextensivelyextensivelyextensively 
reviewedreviewedreviewed(e.g.(e.g.(e.g.Adams,Adams,Adams,1984;1984;1984;Ritchie,Ritchie,Ritchie,1989;1989;1989;ThomasThomasThomas 
andandandHargrove,Hargrove,Hargrove,1984;1984;1984;ZelaznyZelaznyZelaznyandandandJardine,Jardine,Jardine, 1989)1989) andand1989)and 
hencehencehencewillwillwillnotnotnot discussedbebe discusseddiscussedfurtherfurtherfurtherhere.here.here.be 

TheTheThemodellingmodellingmodelling exchangeofofexchangeexchangereactionsreactionsreactionshashashascentredcentredcentred onon 
the estimatethethe estimateestimateof selectivityofof selectivityselectivitycoefficientscoefficientscoefficients forfor exchangethethe exchangeexchange 

of on 
for the 

betweenbetweenbetweentwotwotwocationscationscationsontoontoontophylosilicatesphylosilicatesphylosilicatesandandandhashashasbeenbeenbeen 
the subjectthethe subjectsubjectof muchofof muchmuchresearchresearchresearchsincesincesince185018501850(see(see(seereviewsreviewsreviews 
by Bolt,byby Bolt,Bolt,1982;1982;1982;Harter,Harter,Harter,1986;1986;1986;Sposito,Sposito,Sposito,1981;1981;1981;WhiteWhiteWhiteandandand 
Zelazny,Zelazny,Zelazny,1986).1986).1986).TheTheTheapplicationapplicationapplicationof theseofof thesethesemodelsmodelsmodelstototo 

as thesoilssoilssoilshashashasmetmetmetwithwithwithlimitedlimitedlimitedsuccess,success,success,particularlyparticularlyparticularly asas thethe 
chargechargecharge onon cationthethe cationcationincreases.increases.increases.TheTheThelacklacklack suitabilityofof suitabilitysuitabilityon the of 
hashashasbeenbeenbeenattributedattributedattributed toto lowerthethe lowerlowerionicionicionicstrengthsstrengthsstrengthsandandand 
solidsolidsolidphasephasephasecationcationcationratiosratiosratiosin soils,inin soils,soils,diffusediffusediffuselayerlayerlayereffectseffectseffects 

to for 

to the 

andandand solidtoto solidsolidphasephasephaseactivityactivityactivitycoefficientscoefficientscoefficients cationsforfor cationscationsbeingbeingbeing 
<< (White11 (White(WhiteandandandZelazny,Zelazny,Zelazny,1986).1986).1986). 

TheTheThekineticskineticskineticsof ionofof ionionexchangeexchangeexchangewerewerewerereviewedreviewedreviewedbybyby 
He the 

< 1 

SparksSparksSparks(1989).(1989).(1989). concludedHeHe concludedconcludedthatthatthat mineralogicalthethe mineralogicalmineralogical 
compositioncompositioncompositionwaswaswasa majoraa majormajorinfluenceinfluenceinfluenceon ratesonon ratesratesof ionofof ionion 

a to Assum-exchangeexchangeexchangevaryingvaryingvaryingfromfromfrom fewaa fewfewsecondssecondsseconds days.toto days.days. Assum­Assum­
inging equivalentanan equivalentequivalentnumbernumbernumber chargedofof chargedchargedsites,sites,sites,exchangeexchangeexchangeing an of 
usuallyisis usuallyusuallyrapidrapidrapidontoontoontoexternalexternalexternalsurfacesurfacesurfacesitessitessites(e.g.(e.g.(e.g. kaoli­kaoli­is kaoli-

nite)nite)nite) internaloror internalinternalsitessitessites highlyofof highlyhighlyexpandedexpandedexpanded2:12:2: layer11 layerlayer sil­sil­
On the 

or of sil-
icatesicatesicates(e.g.(e.g.(e.g.illiteilliteilliteandandandsmectite).smectite).smectite). OnOn otherthethe otherotherhand,hand,hand, 
exchangeexchangeexchange muchisis muchmuchslowerslowerslowerwhenwhenwhenaccessaccessaccess internaltoto internalinternalsitessitessites 
is hinderedisis hinderedhinderedby ionbyby swellingionion swellingswelling(e.g.(e.g.(e.g.vermiculite)vermiculite)vermiculite) oror byby thethe 

is to 
or by the 

of (e. g. K +presencepresencepresence selectivelyofof selectivelyselectivelyadsorbedadsorbedadsorbedcationscationscations (e.(e. g.g. andK+K+ andand 
adsorbedNHtNHt adsorbedadsorbedontoontoontomicas).micas).micas).Accordingly,Accordingly,Accordingly,JardineJardineJardine etet 

al. (1985a)al.al. (1985a)(1985a)foundfoundfoundthatthatthat exchangeAlAl exchangeexchangewithwithwith CaCa onon kaoli­kaoli­A1 Ca on kaoli-
niteniteniteandandandsmectitesmectitesmectitewaswaswasrelativelyrelativelyrelativelyrapidrapidrapid(< 100«« 100100andandand500500500 

If are on a of 

NH4+ et 

min,min,min,respectively).respectively).respectively). claysIfIf claysclays comparedareare comparedcompared onon basisaa basisbasis ofof 
equalequalequalsurfacesurfacesurfacearea,area,area,however,however,however,smectitessmectitessmectitesadsorbadsorbadsorbAI fasterAlAl fasterfaster 

thethanthanthankaolinitekaolinitekaolinitebecausebecausebecause highthethe highhighsurfacesurfacesurfacechargechargechargedensitydensitydensity 
ofof smectitesthethe smectitessmectitesoverridesoverridesoverrides effectthethe effecteffectof accessibilityofof accessibilityaccessibility ofof 

exchangeexchangeexchangesitessitessites(Walker(Walker(Walker etet 1988).aI.,aI., 1988).1988).et al., In contrast,InIn contrast,contrast, ver­ver­
of the the of 

ver-
did not A1 in themiculitemiculitemiculite diddid adsorbnotnot adsorbadsorb fasterAlAl fasterfasterthanthanthankaolinite,kaolinite,kaolinite, inin thethe 

samesamesamestudy,study,study,eveneveneventhoughthoughthough haditit hadhad slightlyaa slightlyslightlyhigherhigherhigherchargechargechargeit a 
densitydensitydensity versus(2(2 versusversus 1.41.4 IleqIleq Walkerm~2).m~2). WalkerWalker etet (1988)al.al. (1988)(1988)(2 1.4 ~eq m-2). et al. 
suggestedsuggestedsuggestedthatthatthat easethethe easeease accessofof accessaccessto sitestoto sitessites isis greaterfarfar greatergreater 
in kaoliniteinin kaolinitekaolinitethanthanthanin vermiculite,inin vermiculite,vermiculite,whereaswhereaswhereas differencethethe differencedifference 

the of is far 
the 

in site isinin accessibilitysitesite accessibilityaccessibilitybetweenbetweenbetweenkaolinitekaolinitekaoliniteandandandsmectitesmectitesmectite isis 
muchmuchmuchsmaller.smaller.smaller. 

TheTheTheformationformationformation interlayerofof interlayerinterlayer AlAl beenhashas beenbeenrecognisedrecognisedrecognisedof AI has 
manyforfor manymanyyearsyearsyearsandandand beenhashas beenbeenreviewedreviewedreviewedby severalbyby severalseveral work­work­

ers (Barnhiselersers (Barnhisel(BarnhiselandandandBertsch,Bertsch,Bertsch,1989;1989;1989;Hsu,Hsu,Hsu,1989;1989;1989;Huang,Huang,Huang, 
and I 

for has work-

1988;1988;1988;Rich,Rich,Rich,1968;1968;1968;ZelaznyZelaznyZelazny Jardine,andand Jardine,Jardine,1989).1989).1989). shallII shallshall 



onlyonlyonly summarisesummarisesummarise thethethe majormajormajor findingsfindingsfindings here.here.here. InterlayerInterlayerInterlayer AlAlAI 
isisis presentpresentpresent asasas polymeric,polymeric,polymeric, hydrolysedhydrolysedhydrolysed thatAlAl thatthat isisis fixedfixedfixed bybybyA1 
thethethe mineralmineralmineral asasas wellwellwell asasas possiblypossiblypossibly occurringoccurringoccurring asasas aa precip­precip­a precip-
itate.itate.itate. TheTheThe extentextentextent tototo whichwhichwhich AlAl fixedisis fixedfixed dependsdependsdepends uponuponuponA1 is 
thethethe ratio,AllaHAllaH ratio,ratio, thethethe presencepresencepresence ofofof ionsionsions thatthatthat maymaymay com­com­AI/OH com-
petepetepete forforfor (andAlAl (and(and hencehencehence decreasedecreasedecrease hydrolysis),hydrolysis),hydrolysis), andandand thethethe 
amountamountamount andandand originoriginorigin ofofof chargechargecharge (i.e.(i.e.(i.e. expansibility)expansibility)expansibility) ononon thethethe 
mineralmineralmineral (Zelazny(Zelazny(Zelazny andandand Jardine,Jardine,Jardine, 1989).1989).1989). TheTheThe extentextentextent ofofof 

A1 

polymerisationpolymerisationpolymerisation ofofof interlayerinterlayerinterlayer tendsAlAl tendstends betoto bebe ininin thethethe orderorderorder 
kaolinitekaolinitekaolinite <<< smectitesmectitesmectite <<< vermiculitevermiculitevermiculite <<< illiteilliteillite (Jardine(Jardine(Jardine etetet 
al., a, b; 

A1 to 

1985aI.,aI., 19851985 a,a, Zelaznyb;b; ZelaznyZelazny andandand Jardine,Jardine,Jardine, 1989).1989).1989). TheTheThe fixationfixationfixation 
ofofof polymericpolymericpolymeric hydrolysedhydrolysedhydrolysed mayAlAl maymay occuroccuroccur randomlyrandomlyrandomly overoverover 
thethethe planarplanarplanar surfacesurfacesurface ororor alongalongalong thethethe edgesedgesedges dependingdependingdepending ononon thethethe 
interlayerinterlayerinterlayer spacingspacingspacing ofofof thethethe mineralmineralmineral andandand AlAlA1 saturationsaturationsaturation ofofof 

to 

AI 

thethethe system.system.system. SmectitesSmectitesSmectites tendtendtend adsorbtoto adsorbadsorb moremoremore interlayerinterlayerinterlayer 
thanAlAl thanthan vermiculitevermiculitevermiculite becausebecausebecause ofofof theirtheirtheir lowerlowerlower chargechargecharge den­den­

sitysitysity andandand higherhigherhigher expansibility.expansibility.expansibility. TheTheThe largelargelarge sizesizesize andandand chargechargecharge 
AI den-

interlayerofof interlayerinterlayer tendsAlAl tendstends maketoto makemake non-exchangeableitit non-exchangeablenon-exchangeable butbutbutof A1 to it 
notnotnot unreactive,unreactive,unreactive, becausebecausebecause canitit cancan protonateprotonateprotonate deprotonateoror deprotonatedeprotonate 

responseinin responseresponse changestoto changeschanges pH.inin pH.pH. ForForFor smectites,smectites,smectites,in to in asasas thethethe 
ratioAlAl ratioratioA1 ofofof thethethe fixedfixedfixed polymericpolymericpolymeric approachesAlAl approachesapproaches 3.0,3.0,3.0, thethethe 

it or 

A1 
of besolubilitysolubilitysolubility aluminiumofof aluminiumaluminium hydroxideshydroxideshydroxides maymaymay exceededbebe exceededexceeded 

andandand precipitationprecipitationprecipitation cancancan occur.occur.occur. IfIfIf thethethe suspensionssuspensionssuspensions areareare leftleftleft 
to destabiliseage,toto age,age, gibbsitegibbsitegibbsite cancancan formformform andandand dede thestabilisestabilise thethe interlayer,interlayer,interlayer, 
resultingresultingresulting theinin thethe releasereleaserelease theofof thethe gibbsite.gibbsite.gibbsite. 

ThisThisThis behaviourbehaviourbehaviour notisis notnot observedobservedobservedis ininin thethethe casecasecase ofof vermi­vermi­
in of 

of vermi-
toculites,culites,culites, possiblypossiblypossibly becausebecausebecause vermiculitevermiculitevermiculite tendstendstends adsorbtoto adsorbadsorb 

thathydroxy-AIhydroxy-AI thatthat isis lessfarfar lessless polymerisedpolymerisedpolymerised (because(because(because ofofhydroxy-A1 is far of 
higheritsits higherhigher chargechargecharge density)density)density) andandand hencehencehence lesslessless likelylikelylikely totoits to 

formformform precipitate.aa precipitate.precipitate. TheTheThe AI:OHAI:OHAI:OH ratioratioratio interlayerofof interlayerinterlayer AlAla of A1 
kaoliniteinin kaolinitekaolinite isis 2.4usually::;usually::; 2.42.4 andandand thereforethereforetherefore conversionconversionconversionin is usually < 

ofof hydroxideAlAl hydroxidehydroxide precipitatesprecipitatesprecipitates gibbsitetoto gibbsitegibbsite notisis notnot favoured.favoured.favoured.of A1 to is 
TheTheThe precipitatesAlAl precipitatesprecipitates kaoliniteonon kaolinitekaolinite onlyareare onlyonly stablestablestable whenwhenwhenA1 on are 
presentpresentpresent smallinin smallsmall amountsamountsamounts (Turner(Turner(Turner andandand Brydon,Brydon,Brydon, 1967).1967).1967). 

TheTheThe kineticskineticskinetics ofofof interlayerinterlayerinterlayer adsorptionAlAl adsorptionadsorption andandand desorp­desorp­A1 desorp-
not 

in 

tiontiontion hashashas receivednotnot receivedreceived muchmuchmuch attention,attention,attention, partlypartlypartly becausebecausebecause 
somesomesome researchersresearchersresearchers havehavehave notnotnot delineateddelineateddelineated interlayerinterlayerinterlayer AlAlAI 

A1. et al. b) recog-fromfromfrom exchangeableexchangeableexchangeable JardineAI.AI. JardineJardine etet (1985a,al.al. (1985a,(1985a, b)b) recog­recog­
nisednisednised thatthatthat adsorptionthethe adsorptionadsorptionthe ofofof interlayerinterlayerinterlayer AlAl 1000(>(> 10001000 min)min)min)A1 (> 

at a
pHatat pHpH 4.34.34.3 ontoontoonto kaolinitekaolinitekaolinite waswaswas muchaa muchmuch slowerslowerslower processprocessprocess 
thanthanthan exchangeexchangeexchange (::;(::;(< 100100100 min)min)min) andandand involvedinvolvedinvolved hydrolysishydrolysishydrolysis 
andandand polymerisation.polymerisation.polymerisation. pHAtAt pHpHAt 4,4,4, however,however,however, adsorptionadsorptionadsorption ofofof 

A1 did not of theinterlayerinterlayerinterlayer AlAl diddid occurnotnot occuroccur apparentlyapparentlyapparently becausebecausebecause ofof thethe 

lacklacklack ofof hydroxyhydroxy ions.II ions.ions. 
TheTheThe slowslowslow kineticskineticskinetics ofofof interlayerinterlayerinterlayer adsorptionAlAl adsorptionadsorptionA1 isisis 

dueduedue tototo factorsfactorsfactors thatthatthat affectaffectaffect exchangeexchangeexchange (e.g.(e.g.(e.g. structure,structure,structure, 
OH:A1 as as in 

of hydroxyl 

ratio)OH:AIOH:AI ratio)ratio) wellasas wellwell changesasas changeschanges solutioninin solutionsolution formsformsforms withwithwith 
timetimetime andandand experimentalexperimentalexperimental conditionsconditionsconditions (time(time(time periodperiodperiod studied,studied,studied, 
batchbatchbatch vs.vs.vs. flowflowflow studies,studies,studies, %% saturationAlAl saturationsaturation% A1 ofofof exchangeexchangeexchange 

the AI to a is farsites).sites).sites). WhenWhenWhen thethe addedAlAl addedadded toto clayaa clayclay suspensionsuspensionsuspension isis farfar 
excessinin excessexcess ofof cationthethe cationcation exchangeexchangeexchange capacity,capacity,capacity, CECCECCEC (e.g.(e.g.(e.g.in of the 

TurnerTurnerTurner andandand Brydon,Brydon,Brydon, 1967),1967),1967), thethethe reactionsreactionsreactions occurringoccurringoccurring maymaymay 
notnotnot bebebe representativerepresentativerepresentative ofofof thosethosethose occurringoccurringoccurring ininin soilssoilssoils wherewherewhere 

A1%%% saturationAlAl saturationsaturation isisis commonlycommonlycommonly lower,lower,lower, eveneveneven underunderunder acidicacidicacidic 
conditionsconditionsconditions (Hodges(Hodges(Hodges andandand Zelazny,Zelazny,Zelazny, 1983;1983;1983; Ritchie,Ritchie,Ritchie, 1989),1989),1989), 
andandand wouldwouldwould includeincludeinclude notnotnot onlyonlyonly exchangeexchangeexchange andandand interlayerinterlayerinterlayer 
AI AIadsorptionAlAl adsorptionadsorption butbutbut alsoalsoalso precipitationprecipitationprecipitation ofofof compounds.AlAl compounds.compounds. 

it isHenceHenceHence itit difficultisis difficultdifficult tototo deducededucededuce thethethe kineticskineticskinetics ofofof interlayerinterlayerinterlayer 
A1 adsorptionAlAl adsorptionadsorption fromfromfrom suchsuchsuch studies.studies.studies. 

A1PartPartPart ofofof thethethe slownessslownessslowness ofofof interlayerinterlayerinterlayer adsorptionAlAl adsorptionadsorption 
AIcouldcouldcould bebebe dueduedue tototo changeschangeschanges ininin thethethe formsAlAl formsforms ininin solutionsolutionsolution withwithwith 

timetimetime asasas observedobservedobserved bybyby HodgesHodgesHodges andandand ZelaznyZelaznyZelazny (1983).(1983).(1983). InInIn 
a asuchsuchsuch situation,aa situation,situation, slowaa slowslow rateraterate ofofof interlayerinterlayerinterlayer adsorptionadsorptionadsorption isisis 

tonotnotnot necessarilynecessarilynecessarily dueduedue thetoto thethe slownessslownessslowness ofofof oneoneone reactionreactionreaction butbutbut 
tocouldcouldcould bebebe dueduedue thetoto thethe quantityquantityquantity ofofof solublesolublesoluble reactivereactivereactive speciesspeciesspecies 

beingbeingbeing decreaseddecreaseddecreased bybyby hydrolysishydrolysishydrolysis andandand polymerisationpolymerisationpolymerisation ininin 
asolutionsolutionsolution ororor thethethe adsorptionadsorptionadsorption rateraterate beingbeingbeing netaa netnet valuevaluevalue forforfor thethethe 

adsorptionadsorptionadsorption ofofof severalseveralseveral differentdifferentdifferent species.species.species. 

OrganicOrganicOrganic AlAlAI 

of A13+ inTheTheThe amountamountamount andandand variationvariationvariation ofof withAIHAIH withwith pHpHpH soilsinin soilssoils 
cannotcannotcannot alwaysalwaysalways bebebe explainedexplainedexplained bybyby mineralmineralmineral solubilitysolubilitysolubility ororor 

et al.,exchangeexchangeexchange ontoontoonto inorganicinorganicinorganic surfacessurfacessurfaces (Bloom(Bloom(Bloom etet 1979;aI.,aI., 1979;1979; 
et al.,CronanCronanCronan etet 1986;aI.,aI., 1986;1986; RobargeRobargeRobarge andandand Johnson,Johnson,Johnson, 1992),1992),1992), andandand 

it A1 organ-hencehencehence hasitit hashas beenbeenbeen hypothesisedhypothesisedhypothesised thatthatthat boundAlAl boundbound bybyby organ­organ­
icicic mattermattermatter controlledcontrolledcontrolled solublesolublesoluble AIH.AIH.A13+. TheTheThe reactionsreactionsreactions ofof AlAlof AI 

in else-withwithwith organicorganicorganic mattermattermatter havehavehave beenbeenbeen reviewedreviewedreviewed detailinin detaildetail else­else­
wherewherewhere (Huang,(Huang,(Huang, 1988;1988;1988; Ritchie,Ritchie,Ritchie, 1989;1989;1989; StevensonStevensonStevenson andandand 
Vance,Vance,Vance, 1989)1989)1989) andandand areareare consideredconsideredconsidered onlyonlyonly brieflybrieflybriefly here.here.here. 

of A1ThisThisThis paperpaperpaper discussesdiscussesdiscusses howhowhow thethethe formsformsforms organicofof organicorganic mayAlAl maymay 
bebebe modelledmodelledmodelled andandand thethethe kineticskineticskinetics ofofof releasereleaserelease ofofof organicorganicorganic AI.AI.AI. 

insol-AluminiumAluminiumAluminium maymaymay reactreactreact withwithwith bothbothboth solublesolublesoluble andandand insol­insol­
isubleubleuble organicorganicorganic mattermattermatter whichwhichwhich eitherisis eithereither highhighhigh molecularmolecularmolecular 

(> 1000) of ori-000)weightweightweight (>(> 11(00) organicorganicorganic materialmaterialmaterial indeterminateofof indeterminateindeterminate ori­ori­
orgingingin discreteoror discretediscrete lowlowlow molecularmolecularmolecular weightweightweight (<1000)(<1000)(<1000) organicorganicorganic 

of cit-moleculesmoleculesmolecules knownofof knownknown formulaformulaformula andandand structurestructurestructure (e.g.(e.g.(e.g. cit­cit­
ric ofacid).ricric acid).acid). TheTheThe reactivereactivereactive partpartpart indeterminateofof indeterminateindeterminate organicorganicorganic 

is to asmattermattermatter commonlyisis commonlycommonly referredreferredreferred toto humicasas humichumic substancessubstancessubstances 
et al.,(MacCarthy(MacCarthy(MacCarthy etet 1990).aI.,aI., 1990).1990). TheTheThe solidsolidsolid humichumichumic substancessubstancessubstances 

be ofmaymaymay 25-67%bebe 25-67%25-67% totalofof totaltotal soilsoilsoil organicorganicorganic mattermattermatter (Stevenson,(Stevenson,(Stevenson, 
1986;1986;1986; TippingTippingTipping andandand Hurley,Hurley,Hurley, 1988)1988)1988) andandand containcontaincontain carboxylcarboxylcarboxyl 

at < 7 aregroupsgroupsgroups thatthatthat dissociatedissociatedissociate pHatat pHpH << and77 andand approximatelyareare approximatelyapproximately 
equivalentequivalentequivalent thetoto thethe CECCECCECto ofofof organicorganicorganic matter.matter.matter. Other,Other,Other, weak­weak­weak-

lylyly acidicacidicacidic groupsgroupsgroups dissociatedissociatedissociate atat pHpHat pH > 7>> and77 andand mainlyareare mainlymainlyare 
or acid-carboxylcarboxylcarboxyl phenolicoror phenolicphenolic hydroxylhydroxylhydroxyl groups.groups.groups. TheTheThe totaltotaltotal acid­acid­

ity of is to beityity humicofof humichumic substancessubstancessubstances consideredisis consideredconsidered toto thebebe thethe acidityacidityacidity 
to pH ~ 11.0011.0011.00 (Tipping(Tipping(Tipping andandand Hurley,Hurley,Hurley, 1988).1988).1988).titratabletitratabletitratable toto pHpH ~~ 

A1 (asSolidSolidSolid humichumichumic substancessubstancessubstances maymaymay specificallyspecificallyspecifically adsorbadsorbadsorb AlAl (as(as 
an or it byinner-sphereanan inner-sphereinner-sphere complex)complex)complex) retainoror retainretain itit electrostaticbyby electrostaticelectrostatic 

i.e. or corn-forcesforcesforces only,only,only, i.e.i.e. com­exchangeableexchangeableexchangeable outer-sphereoror outer-sphereouter-sphere com­



piepie (Stevensonxx (Stevenson(StevensonandandandVance,Vance,Vance,1989).1989).1989).TheTheTheextentextentextent innerofof innerinnerplex of 
spherespherespherecomplexationcomplexationcomplexationwillwillwilldependdependdepend onon intrinsicthethe intrinsicintrinsic bind­bind­on the bind-

constantsinging constantsconstants ofof carboxylthethe carboxylcarboxylgroups,groups,groups, proportionthethe proportionproportioning of the the 
mono-ofof mono-mono-andandandmulti-dentatemulti-dentatemulti-dentateadsorptionadsorptionadsorptionsites,sites,sites, electro­electro­

staticstaticstaticinteractionsinteractionsinteractionsbetweenbetweenbetweenadjacentadjacentadjacentnegativelynegativelynegativelychargedchargedcharged 
of electro-

sites,sites,sites,pH,pH,pH,ionicionicionicstrengthstrengthstrengthandandand presencethethe presencepresence competingofof competingcompetingthe of 
cationscationscations(Tipping(Tipping(TippingandandandHurley,Hurley,Hurley,1988).1988).1988).TheTheTheextentextentextent ofof out­out­of out-

sphereerer spherespherecomplexationcomplexationcomplexationwillwillwilldependdependdepend onon thethe amountnetnet amountamounter on the net 
andandanddensitydensitydensity chargeofof chargecharge onon humicthethe humichumicmaterialmaterialmaterialremainingremainingremainingof on the 
afterafterafterspecificspecificspecificadsorption,adsorption,adsorption, presencethethe presencepresence competingofof competingcompetingthe of 
cations,cations,cations, andpHpH andandionicionicionicstrengthstrengthstrength(Zelazny(Zelazny(ZelaznyandandandJardine,Jardine,Jardine, 
1989).1989).1989). 

pH 

LittleLittleLittle knownisis knownknownaboutaboutabout amountthethe amountamountof discreteofof discretediscretelowlowlow 
in the 

is the 
molecularmolecularmolecularweightweightweightorganicorganicorganicmoleculesmoleculesmolecules inin solidthethe solidsolidphase.phase.phase. 
Theoretically,Theoretically,Theoretically,anionsanionsanionssuchsuchsuch oxalateasas oxalateoxalateformformformreasonablyreasonablyreasonablyas 
insolubleinsolubleinsolublecomplexescomplexescomplexeswithwithwithcations.cations.cations. practice,InIn practice,practice, howev­howev­
er, theseer,er, thesetheseformsformsformsmaymaymayprecipitateprecipitateprecipitate outoutout of solutionofof solutionsolution onlybutbut onlyonly 

In howev-
but 

for ofremainremainremainstablestablestable shortforfor shortshorttimetimetimeperiodsperiodsperiodsbecausebecausebecause theirofof theirtheir 
rolerolerole microbialasas microbialmicrobialsubstrates.substrates.substrates.as In addition,InIn addition,addition, thethe indeter­indeter­the indeter-
minateminateminatesolublesolublesolublehumichumichumicsubstancessubstancessubstancescancancanformformforminsolubleinsolubleinsoluble 
compounds,compounds,compounds, thisbutbut thisthis isis widelynotnot widelywidelyconsideredconsideredconsidered inin thethebut is not in the 
literature.literature.literature.WithWithWithrespectrespectrespect modelling,toto modelling,modelling,suchsuchsuch precipita­precipita­

be in the samesamesame asas 
to precipita-

tiontiontionreactionsreactionsreactionsmaymaymay handledbebe handledhandled inin waythethe waywayas 
of of A1precipitationprecipitationprecipitation inorganicofof inorganicinorganicformsformsforms ofof (e.g.AlAl (e.g.(e.g.gibbsite)gibbsite)gibbsite) 

onceonceoncesolubilitysolubilitysolubilityconstantsconstantsconstantshavehavehavebeenbeenbeenestimated.estimated.estimated. Tip­Tip­Tip-
pingpingpingandandandWoofWoofWoof(1990)(1990)(1990)attemptedattemptedattempted predicttoto predictpredict thethe precip­precip­
itation/dissolutionitation/dissolutionitation/dissolutionof humicofof humichumicsubstancessubstancessubstancesby developingbyby developingdeveloping 
a the net 

to the precip-

relationshipaa relationshiprelationshipbetweenbetweenbetweensolubilitysolubilitysolubilityandandand thethe electricnetnet electricelectric 
chargechargecharge onon humicthethe humichumicmolecule.molecule.molecule. pointedAsAs pointedpointed outout byby thethe 
authors,authors,authors,suchsuchsuch approachanan approachapproachan is limitedisis limitedlimitedbecausebecausebecause thethe depen­depen­

on the As out by the 
the depen-

on net in alldencedencedence onon electricnetnet electricelectricchargechargechargeresultsresultsresults inin potentiallyallall potentiallypotentially 
solublesolublesolublehumichumichumicsubstancessubstancessubstancesbeingbeingbeingreleasedreleasedreleased simultaneous­simultaneous­simultaneous-

ratherlyly ratherratherthanthanthanthroughthroughthroughtime.time.time. approachAnAn approachapproachthatthatthatincludedincludedincludedly An 
constantaa constantconstant describetoto describedescribe equilibriumthethe equilibriumequilibriumsolubilitysolubilitysolubility ofof anana to the of an 

precipitateAI-humateAI-humate precipitateprecipitatemaymaymayhavehavehaveavoidedavoidedavoidedthisthisthis compli­compli­Al-humate compli-
cationcationcation wouldbutbut wouldwould accountnotnot accountaccount forfor effectthethe effecteffect kineticsofof kineticskineticsbut not for the of 

onon attainmentthethe attainmentattainment ofof steady-stateaa steady-statesteady-stateequilibrium.equilibrium.equilibrium. 
SolubleSolubleSolubleorganicorganicorganicmattermattermatterincludesincludesincludeshumichumichumicsubstancessubstancessubstances 

thatthatthatcancancancomplexcomplexcomplexandandandapparentlyapparentlyapparentlydetoxifydetoxifydetoxifyA1. TheseAI.AI. TheseThese 
includeincludeincludehumichumichumicandandandfulvicfulvicfulvicacidsacidsacidsandandanddiscrete,discrete,discrete, lowlowlow 

on the of a 

molecularmolecularmolecularweightweightweightorganicorganicorganicmoleculesmoleculesmoleculessuchsuchsuch citricasas citriccitricacidacidacid 
(Nordstrom(Nordstrom(NordstromandandandMay,May,May,1989;1989;1989;Ritchie,Ritchie,Ritchie,1989;1989;1989;StevensonStevensonStevenson 
andandandVanceVanceVance1989).1989).1989). 

TheTheThemodellingmodellingmodellingof interactionsofof interactionsinteractionsbetweenbetweenbetweenmetalsmetalsmetalsandandand 
on reac-

as 

humichumichumicsubstancessubstancessubstanceshashashasconcentratedconcentratedconcentratedmainlymainlymainly onon reac­reac­
tionstionstionsin solutioninin solutionsolution affectedasas affectedaffectedas by pH,byby pH,pH,ionicionicionicstrengthstrengthstrengthandandand 

of thepropertiespropertiesproperties ofof humicthethe humichumicmoleculesmoleculesmolecules(e.g.(e.g.(e.g.Driscoll,Driscoll,Driscoll,1989;1989;1989; 
MarinskyMarinskyMarinskyandandandEphraim,Ephraim,Ephraim,1986;1986;1986;StevensonStevensonStevensonandandandVance,Vance,Vance, 
1989;1989;1989;andandandreferencesreferencesreferencestherein).therein).therein).TheTheThemodelsmodelsmodelsof Tippingofof TippingTipping 

are an recog-andandandco-workersco-workersco-workers areare exceptionanan exceptionexceptionbecausebecausebecausetheytheythey recog­recog­
niseniseniseexplicitlyexplicitlyexplicitly existencethethe existenceexistence bothofof bothbothsolublesolublesolubleandandandsolidsolidsolidthe of 

humichumichumicsubstancessubstancessubstances(e.g.(e.g.(e.g.TippingTippingTippingandandandHurley,Hurley,Hurley,1988).1988).1988).TheTheThe 
differentdifferentdifferentapproachesapproachesapproaches modellingtoto modellingmodellinghavehavehavebeenbeenbeendiscusseddiscusseddiscussed 
by Bartschatbyby BartschatBartschat etet (1992),al.al. (1992),(1992),DzombakDzombakDzombak etet (1986)al.al. (1986)(1986)andandandet al. et al. 
TippingTippingTipping etet (1988).al.al. (1988).(1988).TheTheThemodelsmodelsmodelsvaryvaryvaryet al. in theirinin theirtheir theo­theo­

to 

theo-
toreticalreticalreticalbasisbasisbasisandandandtheirtheirtheirpurpose.purpose.purpose.SomeSomeSomemodelsmodelsmodelsseekseekseek toto 

explainexplainexplain chemicalthethe chemicalchemicalbehaviourbehaviourbehaviour humicofof humichumicsubstancessubstancessubstances 
in detailinin detaildetail(e.g.(e.g.(e.g.MarinskyMarinskyMarinskyandandandEphraim,Ephraim,Ephraim,1986),1986),1986),whereaswhereaswhereas 

are 

the of 

othersothersothers moreareare moremoreconcernedconcernedconcernedwithwithwithdevelopingdevelopingdevelopingpragmaticpragmaticpragmatic 
modelsmodelsmodelsthatthatthatcancancan incorporatedbebe incorporatedincorporatedintointointoecosystemecosystemecosystem mod­mod­be mod-

elsels predictingforfor predictingpredictingcationcationcationcyclingcyclingcycling butbut atat samethethe samesametimetimetime 
are mechanisticareare mechanisticmechanisticin approachinin approachapproach(Barstchat(Barstchat(Barstchat etet aI.,aI., 
els for but at the 

et al., 1992;1992;1992; 
TippingTippingTippingandandandHurley,Hurley,Hurley,1992;1992;1992;YoungYoungYoungandandandBache,Bache,Bache,1985).1985).1985). 
TheTheThetheoreticaltheoreticaltheoreticalbasisbasisbasis ofof modelsthethe modelsmodelsvariesvariesvariesaccordingaccordingaccording toto 
whetherwhetherwhether humicthethe humichumicmoleculemoleculemoleculethe is consideredisis consideredconsidered havetoto havehaveoneoneone 

of the to 
to 


of or
typetypetype functionalofof functionalfunctionalgroupgroupgroup severaloror severalseveraldifferentdifferentdifferentbindingbindingbinding 
ligandsligandsligandsthatthatthat discreteareare discretediscrete natureinin naturenature formoror formform continuumaa continuumcontinuumare in or a 
(e.g.(e.g.(e.g.a logaa loglognormalnormalnormaldistributiondistributiondistributionof bindingofof bindingbindingconstants).constants).constants). 

in to beDespiteDespiteDespitedifferencesdifferencesdifferences approach,inin approach,approach,theretherethereappearsappearsappears toto bebe 
a consensusaa consensusconsensusof opinionofof opinionopinionthatthatthathumichumichumicsubstancessubstancessubstancesmaymaymay bebebe 

to as oli-consideredconsideredconsidered behavetoto behavebehave impenetrable,asas impenetrable,impenetrable,sphericalsphericalspherical oli­oli­
goelectrolytes.goelectrolytes.goelectrolytes.TheTheTheassumptionassumptionassumptionthatthatthathumichumichumicsubstancessubstancessubstances 
are impenetrableareare impenetrableimpenetrablemaymaymay validbebe validvalid lowatat lowlow valuespHpH valuesvalues butbutbe at pH but 
not be at pH fornotnot relevantbebe relevantrelevant higheratat higherhigher pHpH humicforfor humichumicacidsacidsacids(Ritchie(Ritchie(Ritchie 
andandandPosner,Posner,Posner,1982).1982).1982). detailedAA detaileddetaileddiscussiondiscussiondiscussion ofof thethe dif­dif­A of the dif-
ferentferentferentmodelsmodelsmodels isis withinnotnot withinwithin scopethethe scopescopeof thisofof thisthisreview.review.review. 

I to 
is not the 

Hence,Hence,Hence, shallII shallshallonlyonlyonlyreferreferrefer modelstoto modelsmodelsthatthatthatconsiderconsiderconsiderbothbothboth 
solidsolidsolidandandandsolublesolublesolublehumichumichumicsubstancessubstancessubstancesandandandwhichwhichwhichcouldcouldcould 
be incorporatedbebe incorporatedincorporatedin overallinin overalloverallcationcationcationcyclingcyclingcyclingmodels.models.models. 

CronanCronanCronan etet al.al.et al. (1986)(1986)(1986)developeddevelopeddevelopeda simpleaa simplesimplemodelmodelmodel 
A13+ in a aawhichwhichwhichrelatedrelatedrelated AI3+AI3+ twoinin twotwoorganicorganicorganichorizonshorizonshorizonsfromfromfrom 

to CuCI2 extractableextractableextractable andAlAl andandacidityacidityacidityforestforestforestsoilsoilsoil pH,toto pH,pH, CuCICuCI22 A1 

to pH 7:
titratabletitratabletitratable toto pHpH 7:7: 

pal 3+ - + cpAI3+pAI3+ b(pH)== b(pH)b(pH) ++ cc 

b -- x xx AI + c ===wherewherewhere bb 1.05== 1.051.05 (bound(bound(bound ratio)AIAI ratio)ratio) 0.345++ 0.3450.345andandand cc 
(5.67(5.67(5.67 boundxx boundbound ratio)AIAI ratio)ratio) 3.879.++ 3.879.3.879.TheTheTheratioratioratio ofof CuCb­CuCb­
extractableextractableextractableA1 andAlAl andandtitratabletitratabletitratableacidityacidityaciditywaswaswasconsideredconsideredconsideredtototo 

A1 by AI 

x AI + of CuCI2-

representrepresentrepresent boundAlAl boundbound organicbyby organicorganicmattermattermatter(bound(bound(bound ratio).AlAl ratio).ratio). 
TheTheThemodelmodelmodelpredictedpredictedpredicted pAI3+pAI3+ thirteeninin thirteenthirteensamplessamplessamplesfromfromfrom 
six watershedssixsix watershedswatershedsbetterbetterbetterthanthanthanan exchangeanan exchangeexchangemodel.model.model.TheTheThe 

of be 

pAl 3+ in 

applicabilityapplicabilityapplicability thisofof thisthisapproachapproachapproachmaymaymay limited,bebe limited,limited,however,however,however, 
becausebecausebecause hasCuChCuCh hashasbeenbeenbeenobservedobservedobserved extracttoto extractextractinterlayerinterlayerinterlayer 
or recentlyoror recentlyrecentlyprecipitatedprecipitatedprecipitatedA1 (Ritchie,AlAl (Ritchie,(Ritchie,1989).1989).1989). 

An met-

CuCI2 to 

equilibriumAnAn equilibriumequilibriummodelmodelmodelthatthatthatpredictspredictspredictsprotonprotonprotonandandand met­met­
al bindingalal bindingbindingby solublebyby solublesolubleandandandinsolubleinsolubleinsolublehumichumichumicsubstancessubstancessubstances 
as affectedasas affectedaffectedby pH,byby pH,pH,ionicionicionicstrengthstrengthstrengthandandandelectrostaticelectrostaticelectrostatic inter­inter­inter-
actionsactionsactionsbetweenbetweenbetweenadjacentadjacentadjacentsitessitessiteshashashasbeenbeenbeendevelopeddevelopeddevelopedbybyby 
TippingTippingTippingandandandHurleyHurleyHurley(1992).(1992).(1992).It considersItIt considersconsiders thethe forma­forma­the forma-

ofmono- or bi~lentate astiontiontion ofof mono-mono- oror inner-spherebi-dentatebi-dentate inner-sphereinner-spherecomplexescomplexescomplexes asas 
wellwellwell electrostaticasas electrostaticelectrostaticattractionattractionattraction cationsofof cationscationsin bothinin bothboth thethe 
solidsolidsolidandandandsolublesolublesolublephasesphasesphases(Tipping(Tipping(TippingandandandHurley,Hurley,Hurley,1988).1988).1988). 

as of the 



TheTheThe chargedchargedcharged sitessitessites ononon thethethe humichumichumic substancessubstancessubstances areareare divideddivideddivided 
intointointo eighteighteight distinctdistinctdistinct protonprotonproton bindingbindingbinding groupsgroupsgroups (each(each(each withwithwith aaa 

pos-discretediscretediscrete protonprotonproton dissociationdissociationdissociation constant)constant)constant) whichwhichwhich werewerewere pos­pos­
tulatedtulatedtulated combinetoto combinecombine formtoto formform 121212 possiblepossiblepossible combinationscombinationscombinations 
forforfor bi-dentatebi-dentatebi-dentate complexing.complexing.complexing. TheTheThe extentextentextent ofofof metalmetalmetal bindingbindingbinding 

to to 

estimatedisis estimatedestimated fromfromfrom pHpHpH andandand thethethe amountamountamount ofofof freefreefree metalmetalmetal ionionion 
usingusingusing massmassmass andandand chargechargecharge balancebalancebalance equations.equations.equations. TheTheThe modelmodelmodel 
doesdoesdoes notnotnot accountaccountaccount forforfor sizesizesize heterogeneityheterogeneityheterogeneity andandand assumesassumesassumes 

is 

thatthatthat protonsprotonsprotons andandand metalsmetalsmetals bindbindbind theatat thethe samesamesame sites.sites.sites. Oth­Oth­at Oth-
workerserer workersworkers havehavehave presentedpresentedpresented evidenceevidenceevidence thatthatthat protonsprotonsprotons tendtendtender 
betoto bebe associatedassociatedassociated withwithwith lowlowlow molecularmolecularmolecular weightweightweight material,material,material, 

whilewhilewhile metalmetalmetal ionsionsions areareare apparentlyapparentlyapparently preferentiallypreferentiallypreferentially adsorbedadsorbedadsorbed 
to 

sitesatat sitessites ononon largerlargerlarger moleculesmoleculesmolecules (Bartschat(Bartschat(Bartschat etet 1992).aI.,aI., 1992).1992).at et al., 
orderInIn orderorder linktoto linklink thethethe modellingmodellingmodelling solubleofof solublesoluble andandand insol­insol­

ubleubleuble formsformsforms ofofof humichumichumic substances,substances,substances, TippingTippingTipping andandand WoofWoofWoof 
(1990,(1990,(1990, 1991)1991)1991) conceptualisedconceptualisedconceptualised solidsolidsolid humichumichumic substancessubstancessubstances tototo 

of a or 

In to of insol-

consistconsistconsist ofof mobileaa mobilemobile potentiallyoror potentiallypotentially mobilemobilemobile componentcomponentcomponent 
andandand ananan immobileimmobileimmobile component.component.component. TheTheThe mobilemobilemobile componentcomponentcomponent 
is distributedisis distributeddistributed betweenbetweenbetween thethethe solutionsolutionsolution andandand solidsolidsolid phases.phases.phases. 
TheyTheyThey assumeassumeassume thatthatthat thethethe mobilemobilemobile humichumichumic substancessubstancessubstances cancancan bebebe 

proper-divideddivideddivided intointointo fractionsfractionsfractions withwithwith similarsimilarsimilar ionionion bindingbindingbinding proper­proper­
tiestiesties andandand molecularmolecularmolecular weightweightweight butbutbut differentdifferentdifferent hydrophobicity,hydrophobicity,hydrophobicity, 
TheTheThe metalmetalmetal bindingbindingbinding behaviourbehaviourbehaviour theofof thethe mobilemobilemobile humichumichumic sub­sub­of sub-
stancesstancesstances consideredasas consideredconsidered toto independentbebe independentindependent ofofof thethethe phasephasephase 
it is in. to 

as to be 
itit isis Theyin.in. TheyThey preferredpreferredpreferred describetoto describedescribe thethethe solubilitysolubilitysolubility ofofof 

in ofhumichumichumic substancessubstancessubstances termsinin termsterms adsorption/desorptionofof adsorption/desorptionadsorption/desorption 
reactionsreactionsreactions ratherratherrather thanthanthan precipitation/dissolutionprecipitation/dissolutionprecipitation/dissolution (Tipping(Tipping(Tipping 
andandand Woof,Woof,Woof, 1990),1990),1990), becausebecausebecause thethethe formerformerformer approachapproachapproach couldcouldcould 
predictpredictpredict changeschangeschanges ininin solublesolublesoluble humichumichumic substancessubstancessubstances withwithwith time,time,time, 

allwhereaswhereaswhereas thethethe latterlatterlatter modelmodelmodel releasedreleasedreleased potentiallyallall potentiallypotentially solublesolublesoluble 
humichumichumic substancessubstancessubstances ininin oneoneone dissolutiondissolutiondissolution event.event.event. AsAsAs wouldwouldwould 
be of H+ byexpected,bebe expected,expected, includingincludingincluding thethethe releasereleaserelease ofof H+H+ plantsbyby plantsplants 

to 2+ uptake)uptake)uptake) theirinin theirtheir model,model,model, decreaseddecreaseddecreased pHpHpH andandand(due(due(due Catoto CaCaHH in 
[AI3+ ]increasedincreasedincreased and[AIH][AIH] andand loweredloweredlowered thethethe netnetnet humichumichumic charge.charge.charge. 

TheTheThe kineticskineticskinetics cationofof cationcation releasereleaserelease fromfromfrom humichumichumic sub­sub­of sub-
stancesstancesstances hashashas beenbeenbeen reviewedreviewedreviewed Sparksbyby SparksSparks (1989),(1989),(1989), butbutbut theretherethereby 
havehavehave beenbeenbeen fewfewfew studiesstudiesstudies thatthatthat includeincludeinclude TippingAI.AI. TippingTipping andandandA1. 
WoofWoofWoof (1990)(1990)(1990) foundfoundfound thatthatthat thethethe releasereleaserelease ofof fromAlAl fromfrom sol­sol­of AI sol-

humicidid humichumic substancessubstancessubstances waswaswas slowerslowerslower theinin thethe presencepresencepresence ofofid in of 
initiallyanan initiallyinitially higherhigherhigher concentrationconcentrationconcentration Ca.ofof Ca.Ca. TheirTheirTheir modelmodelmodelan of 

predictedpredictedpredicted thatthatthat changeaa changechange inin thethe concentrationH+H+ concentrationconcentration ofof anana in the H+ of an 
incomingincomingincoming solutionsolutionsolution fromfromfrom pHpHpH 44 toto over55 overover oneoneone yearyearyear resultedresultedresulted4 to 5 

inin pHthethe pHpH ofof soilthethe soilsoil solutionsolutionsolution takingtakingtaking 10-10010-10010-100 yrsyrsyrs reachtoto reachreachin the of the to 
steadyaa steadysteady state.state.state. TheTheThe modelmodelmodel flushesflushesflushes soilaa soilsoil volumevolumevolume withwithwith 

successivesuccessivesuccessive aliquotsaliquotsaliquots ofofof incomingincomingincoming rainrainrain andandand estimatesestimatesestimates thethethe 
of AI equili-

a a 

surfacesurfacesurface andandand solutionsolutionsolution concentrationconcentrationconcentration ofof afterAlAl afterafter equili­equili­
brationbrationbration ofof rainthethe rainrain withwithwith solidthethe solidsolid phase.phase.phase. Hence,Hence,Hence, timethethe timetimeof the the the 

reachtoto reachreach steadyaa steadysteady statestatestate withwithwith respectrespectrespect toto canAlAl cancan bebe esti­esti­to a to AI be esti-
matedmatedmated ifif volumethethe volumevolume soil,ofof soil,soil, moisturemoisturemoisture holdingholdingholding capacity,capacity,capacity,if the of 
residenceresidenceresidence timetimetime andandand annualannualannual rainfallrainfallrainfall known.areare known.known. InIn con­con­are In con-
trast,trast,trast, CronanCronanCronan etet (1986)al.al. (1986)(1986) observedobservedobserved thatthatthat solublesolublesoluble [AIH][AIH]et al. [AP + ] 

waswaswas desorbeddesorbeddesorbed ororor adsorbedadsorbedadsorbed fromfromfrom organicorganicorganic horizonshorizonshorizons ofofof 
5twotwotwo forestforestforest soilssoilssoils withinwithinwithin min,55 min,min, andandand BloomBloomBloom etetet al.al.al. (1979)(1979)(1979) 

AI a con-foundfoundfound thatthatthat thethethe timetimetime takentakentaken forforfor solublesolublesoluble toAlAl toto reachreachreach aa con­con­
2 dstantstantstant valuevaluevalue variedvariedvaried fromfromfrom to22 toto 353535 ordd oror more.more.more. BunzlBunzlBunzl etetet al.al.al. 

AI )(1976)(1976)(1976) foundfoundfound thatthatthat metalmetalmetal cationscationscations (other(other(other thanthanthan AlAl were)) werewere 
exchangedexchangedexchanged fromfromfrom peatpeatpeat veryveryvery rapidlyrapidlyrapidly (10-30(10-30(10-30 s).s).s). JardineJardineJardine etetet 

A1al.al.al. (1985a)(1985a)(1985a) foundfoundfound thatthatthat adsorbedAlAl adsorbedadsorbed ontoontoonto Ca-saturatedCa-saturatedCa-saturated 
a 8 d.peatpeatpeat reachedreachedreached maximumaa maximummaximum afterafterafter 88 And.d. AnAn inflectioninflectioninflection ininin thethethe 

A1 2 d aftercurvecurvecurve ofofof solublesolublesoluble vs.AlAl vs.vs. timetimetime approximatelyapproximatelyapproximately 22 dafterdafter 
A1 towasAlAl waswas addedaddedadded thetoto thethe peatpeatpeat suggestssuggestssuggests thatthatthat theretherethere maymaymay bebebe 

AImoremoremore thanthanthan oneoneone groupgroupgroup ofofof sitessitessites reactingreactingreacting withwithwith thethethe asAlAl asas 
postulatedpostulatedpostulated bybyby TippingTippingTipping andandand WoofWoofWoof (1991).(1991).(1991). 

ModellingModellingModelling solublesolublesoluble AIAIAi 

to acidifica-ModelsModelsModels developeddevelopeddeveloped predicttoto predictpredict thethethe extentextentextent ofofof acidifica­acidifica­
totiontiontion dueduedue acidictoto acidicacidic precipitationprecipitationprecipitation considerconsiderconsider atmospheric,atmospheric,atmospheric, 

pro-hydrological,hydrological,hydrological, geochemicalgeochemicalgeochemical andandand biogeochemicalbiogeochemicalbiogeochemical pro­pro­
to peri-cessescessescesses differenttoto differentdifferent extentsextentsextents andandand overoverover differentdifferentdifferent timetimetime peri­peri­

in a toods.ods.ods. AsAsAs anyinin anyany modellingmodellingmodelling procedures,procedures,procedures, balanceaa balancebalance hashashas toto 
bebebe foundfoundfound betweenbetweenbetween beingbeingbeing conceptuallyconceptuallyconceptually correctcorrectcorrect aboutaboutabout thethethe 

creat-numerousnumerousnumerous processesprocessesprocesses thatthatthat maymaymay bebebe occurringoccurringoccurring andandand creat­creat­
an mea-inginging unwieldyanan unwieldyunwieldy modelmodelmodel thatthatthat requiresrequiresrequires numerousnumerousnumerous mea­mea­

as sosurementssurementssurements inputasas inputinput andandand containscontainscontains manysoso manymany parametersparametersparameters 
thatthatthat manymanymany combinationscombinationscombinations ofofof theirtheirtheir valuesvaluesvalues cancancan produceproduceproduce thethethe 
samesamesame predictions.predictions.predictions. TheTheThe modelsmodelsmodels willwillwill bebebe discusseddiscusseddiscussed onlyonlyonly 
in to to A13+ .relationinin relationrelation theirtoto theirtheir approachapproachapproach predictingtoto predictingpredicting solublesolublesoluble AIHAIH .. 

InInIn mostmostmost models,models,models, thethethe parametersparametersparameters ininin equationsequationsequations 
describingdescribingdescribing exchangeexchangeexchange andandand dissolutiondissolutiondissolution ororor weatheringweatheringweathering 
ratesratesrates areareare chosenchosenchosen bybyby calibrationcalibrationcalibration techniques,techniques,techniques, i.e.i.e.i.e. thethethe 
parameterparameterparameter valuesvaluesvalues areareare variedvariedvaried untiluntiluntil thethethe modelmodelmodel outputoutputoutput isisis 

tosimilarsimilarsimilar experimentaltoto experimentalexperimental datadatadata fromfromfrom catchmentcatchmentcatchment studies.studies.studies. 
TheTheThe drawbacksdrawbacksdrawbacks tototo suchsuchsuch ananan approachapproachapproach areareare recognisedrecognisedrecognised bybyby 

to bethethethe researchersresearchersresearchers involvedinvolvedinvolved andandand havehavehave toto livedbebe livedlived withwithwith untiluntiluntil 
ourourour knowledgeknowledgeknowledge ofofof thesethesethese reactionsreactionsreactions hashashas increased.increased.increased. OneOneOne 

towaywayway decreasetoto decreasedecrease thethethe errorserrorserrors arisingarisingarising fromfromfrom thethethe calibrationcalibrationcalibration 
ofofof parametersparametersparameters isis havetoto havehave manyasas manymany setssetssetsis to ofofof datadatadata possibleasas possiblepossibleas as 


so to
thatsoso thatthat thethethe parameterparameterparameter valuesvaluesvalues areareare constrainedconstrainedconstrained valuestoto valuesvalues 
of et al.,thatthatthat cancancan predictpredictpredict moremoremore thanthanthan oneoneone setsetset dataofof datadata (Cosby(Cosby(Cosby etet aI.,aI., 

1986).1986).1986). 
be ifComparisonsComparisonsComparisons betweenbetweenbetween modelsmodelsmodels cancancan limitedbebe limitedlimited theyifif theythey 

to in AI chem-havehavehave beenbeenbeen designeddesigneddesigned predicttoto predictpredict changeschangeschanges inin soilAlAl soilsoil chem­chem­
istryistryistry overoverover differentdifferentdifferent timetimetime periods.periods.periods. WithinWithinWithin thethethe timescaletimescaletimescale 
of a it to be dif-ofof model,aa model,model, however,however,however, needsitit needsneeds toto recognisedbebe recognisedrecognised thatthatthat dif­dif­
ferentferentferent processesprocessesprocesses maymaymay actactact overoverover differentdifferentdifferent timetimetime periods;periods;periods; 
forforfor example,example,example, exchangeexchangeexchange occursoccursoccurs (hours-veryveryvery rapidlyrapidlyrapidly (hours­(hours­

is (months-days),days),days), whereaswhereaswhereas mineralmineralmineral weatheringweatheringweathering slowisis slowslow (months­(months­
years).years).years). addition,InIn addition,addition, thethethe choicechoicechoiceIn ofofof timescaletimescaletimescale isis depen­depen­is depen-

on If we aredentdentdent theonon thethe predictionspredictionspredictions required.required.required. IfIf wewe interestedareare interestedinterested ininin 
plantplantplant growthgrowthgrowth ininin acidicacidicacidic soilssoilssoils withinwithinwithin thethethe growinggrowinggrowing season,season,season, 



thenthenthen dailyaa dailydailytimescaletimescaletimescalea is important.isis important.important.However,However,However, aa year­year­a year-
ly betimescalelyly timescaletimescalewouldwouldwouldprobablyprobablyprobably morebebe moremorethanthanthanadequateadequateadequate 

ifif wewe concernedareare concernedconcernedwithwithwithpredictingpredictingpredicting timethethe timetimerequiredrequiredrequired 
betweenbetweenbetweenlimelimelimeapplications.applications.applications. 
if we are the 

ThreeThreeThree ofof mostthethe mostmostcommonlycommonlycommonlyusedusedusedmodelsmodelsmodels forfor pre­pre­
dictingdictingdictingacidityacidityacidityhavehavehavebeenbeenbeenreviewedreviewedreviewed Earybyby EaryEaryby etetet al.al. 

of the for pre-
al. 

et al., is(1989).(1989).(1989).TheTheTheILWASILWASILWASmodelmodelmodel(Gherini(Gherini(Gherini etet 1985)aI.,aI., 1985)1985) isis 
mostthethe mostmostprocess-orientedprocess-orientedprocess-orientedandandandconsidersconsidersconsiders smallestthethe smallestsmallestthe the 

timetimetimeintervalsintervalsintervals(daily);(daily);(daily); MAGICthethe MAGICMAGICmodelmodelmodel(Cosby(Cosby(Cosby etet 
al.,aI.,aI., the process-

the et 
1985)1985)1985)considersconsidersconsiders samethethe samesamegeochemicalgeochemicalgeochemical process­process­

eses lessinin lesslessdetaildetaildetailthanthanthanILWAS,ILWAS,ILWAS,becausebecausebecause itit aimedisis aimedaimed atat 
predictingpredictingpredictinglonger-termlonger-termlonger-termchangeschangeschanges(several(several(severalyears).years).years).BothBothBoth 
es in it is at 

modelsmodelsmodelsestimateestimateestimatesolublesolublesoluble AlAl recognisingbyby recognisingrecognisingspeciationspeciationspeciationAI by 
solutioninin solutionsolution(only(only(onlyILWASILWASILWASincludesincludesincludes organic-AIorganic-AI complex­complex­in organic-Al complex-

ing,ing,ing,exchangeexchangeexchangeontoontoontoclayclayclaysurfacessurfacessurfacesandandanddissolutiondissolutiondissolution ofof AlAlof AI 
hydroxides).hydroxides).hydroxides).TheTheThekineticskineticskinetics theseofof thesethesereactionsreactionsreactions areare notnotof are not 
modelledmodelledmodelledexplicitlyexplicitlyexplicitly eitherinin eithereithermodel,model,model, butbut effectthethe effecteffectofofof 
kineticskineticskinetics onon AlAlon A1 in solutioninin solutionsolutionis recognisedisis recognisedrecognised toto extentthethe extentextent 

in but the 
to the 

thatthatthat ratethethe rateratethe of baseofof basebasecationcationcationweatheringweatheringweathering includedisis includedincludedandandandis 
A1 AItherebytherebytherebycouldcouldcouldaffectaffectaffect exchangeAlAl exchangeexchangeandandand hydroxideAlAl hydroxidehydroxide 

dissolution.dissolution.dissolution.CosbyCosbyCosby etet (1986)al.al. (1986)(1986)foundfoundfoundthatthatthat thethe pre­pre­et al. the pre-
dictionsdictionsdictionsmademademade MAGICbyby MAGICMAGICwerewerewere mostthethe mostmostsensitivesensitivesensitive totoby the to 
changeschangeschanges inin parametersthethe parametersparameters setset describetoto describedescribebasebasebasecationcationcationin the set to 
weathering,weathering,weathering, COCO equilibria,22 equilibria,equilibria,aluminiumaluminiumaluminiumsolubilitysolubilitysolubilityandandandCO2 

exchangethethe exchangeexchange baseofof basebasecationscationscationswithwithwithA1. However,AI.AI. However,However, thethe 
of the to 

the of the 
valuesvaluesvalues ofof parameterthethe parameterparameterusedusedused describetoto describedescribebasebasebasecationcationcation 
weatheringweatheringweatheringratesratesratesvariedvariedvariedfromfromfrom 4.04.0 xx 10-10- 1.241010 1.241.24 
10 -910-10-99 m -2 s - IS-1S-1 is of mag-

4.0 x 10- l°  - -- x XX 

meqmeqmeq m-m- which22 whichwhich severalisis severalseveralordersordersorders ofof mag­mag­
nitudenitudenitudefasterfasterfasterthanthanthanwhatwhatwhat observedisis observedobserved bothinin bothbothlaboratorylaboratorylaboratoryis in 
experimentsexperimentsexperimentsandandand inin fieldthethe fieldfield aluminiumforfor aluminiumaluminiumsilicates.silicates.silicates.in the for 
NeitherNeitherNeithermodelmodelmodelconsidersconsidersconsiders dissolutionAlAl dissolutiondissolutionfromfromfromsilicatessilicatessilicatesA1 

oror boundAlAl boundbound solidtoto solidsolidorganicorganicorganicmatter.matter.matter.or A1 to 
ModelsModelsModelshavehavehavealsoalsoalsobeenbeenbeendevelopeddevelopeddeveloped whichinin whichwhich thethe geo­geo­in the geo-

chemicalchemicalchemicalprocessesprocessesprocesses basedareare basedbased onon conservationthethe conservationconservationofofof 
do not the 

are on the 
alkalinityalkalinityalkalinityandandandhencehencehencetheytheythey dodo predictnotnot predictpredictexplicitlyexplicitlyexplicitly thethe 
quantityquantityquantity ofof AlAl solutioninin solutionsolution(Nikolaidis,(Nikolaidis,(Nikolaidis,1988;1988;1988;SchnoorSchnoorSchnoor 
et al.,etet 1984).aI.,aI., 1984).1984).TheTheThethirdthirdthirdmodelmodelmodelreviewedreviewedreviewedby Earybyby EaryEary etet al.al. 

of A1 in 
et al. 

is(1989)(1989)(1989) ETDisis ETDETD(Nikolaidis,(Nikolaidis,(Nikolaidis,1988)1988)1988)andandandfallsfallsfallsintointointothisthisthis 
category.category.category.SuchSuchSuchmodelsmodelsmodels areare limitedofof limitedlimited useuse predictinginin predictingpredictingare of use in 
solublesolublesoluble AlAl asas latterthethe latterlattercancancanonlyonlyonly implicitlybebe implicitlyimplicitlyestimatedestimatedestimatedAI as the be 
by it is by pH hasassumingbyby assumingassumingthatthatthat itit controlledisis controlledcontrolled byby alone.pHpH alone.alone.ThisThisThis hashas 

beennotnot beenbeenfoundfoundfound toto bebe casethethe casecase(Driscoll,(Driscoll,(Driscoll,1989).1989).1989).not to be the 
FurrerFurrerFurrer etet (1989,al.al. (1989,(1989,1990)1990)1990)havehavehavedevelopeddevelopeddeveloped aa steady­steady­

statestatestatemodelmodelmodelin whichinin whichwhichthe chemicalthethe chemicalchemicalprocessesprocessesprocessesmaymaymay 
be designatedbebe designateddesignated fastasas fastfast(thermodynamic(thermodynamic(thermodynamicequilibriumequilibriumequilibrium isisas is 
achieved),achieved),achieved),slowslowslow(kinetically(kinetically(kineticallycontrolled),controlled),controlled),andandandveryveryveryslowslowslow 

et al. a steady-

(essentially(essentially(essentiallystatic).static).static).TheTheThemodelmodelmodel isis comprehensiveasas comprehensivecomprehensive asasis as as 
ILWASILWASILWAS describinginin describingdescribingchemicalchemicalchemicalprocessesprocessesprocesses butbut moreisis moremorein but is 
flexibleflexibleflexiblebecausebecausebecauseanyanyanyprocessprocessprocessmaymaymay designatedbebe designateddesignated anytoto anyanybe to 
timetimetimeperiod.period.period.HenceHenceHence itit possibleisis possiblepossible recognisetoto recogniserecognise thethe dis­dis­it is to the dis-
solutionsolutionsolution ofof mineralsAI-containingAI-containing mineralsminerals slowasas slowslowprocess-process-of Al-containing as process­

es. However,es.es. However,However, abilityitsits abilityability predicttoto predictpredict andH+H+ andandits H+ AI3+AI3+ flux­flux­to AI3+ flux-
es in an has yet to be Sen-eses inin actualanan actualactualcatchmentcatchmentcatchment hashas yetyet toto tested.bebe tested.tested. Sen­Sen­
sitivitysitivitysitivityanalysesanalysesanalyses ofof simplifiedaa simplifiedsimplifiedhypotheticalhypotheticalhypotheticalsystemsystemsystem 
(Furrer(Furrer(Furrer etet aI.,aI.,et al., 1989)1989)1989)indicatesindicatesindicatesthatthatthatsolublesolublesoluble AI3+AI3+ 

of a 
A13+ isisis 

to the ofmoremoremoresensitivesensitivesensitive toto velocitythethe velocityvelocity waterofof waterwaterflowflowflowthroughthroughthrough 
systemthethe systemsystemthanthanthan ratethethe raterateof dissolutionofof dissolutiondissolution ofof anan alumini­alumini­

um hydroxideumum hydroxidehydroxide oror influxthethe influxinfluxor the ofof H+.H+. IfIf thethe complexi­complexi­
the the of an alumini-

of H +. If  the complexi-
ty of the antyty ofof systemthethe systemsystemwaswaswasincreasedincreasedincreased(from(from(from aluminiumanan aluminiumaluminium 
hydroxidehydroxidehydroxidedissolvingdissolvingdissolving inin presencethethe presencepresence ofof influxanan influxinfluxofofof 
H2SO4) to a et al., 

in the of an 
HH22S04)S04) simulatetoto simulatesimulate soilaa soilsoilenvironmentenvironmentenvironment(Furrer(Furrer(Furrer etet aI.,aI., 

1990),1990),1990), outcomethethe outcomeoutcomeappearedappearedappeared relytoto relyrely onon structurethethe structurestructurethe to on the 
ofof soilthethe soilsoilsystemsystemsystemdefineddefineddefinedandandand choicethethe choicechoiceof parameterofof parameterparameter 

values.values.values.TheTheThemodelmodelmodelstructurestructurestructurenownownowincludedincludedincludedprocessesprocessesprocesses 
of the the 

thatthatthatproducedproducedproduced (e.g.H+H+ (e.g.(e.g.biomassbiomassbiomassdecomposition,decomposition,decomposition, nitri­nitri­
fication,fication,fication,ammonification,ammonification,ammonification,atmosphericatmosphericatmosphericdeposition)deposition)deposition)andandand 

H+ nitri-

consumedconsumedconsumed (e.g.H+H+ (e.g.(e.g.decompositiondecompositiondecomposition organicofof organicorganicacidsacidsacids 
producedproducedproducedby biomassbyby biomassbiomassdecompositiondecompositiondecompositionandandandbasebasebasecationcationcation 

In the 

H+ of 

productionproductionproductionfromfromfrommineralmineralmineraldissolution).dissolution).dissolution). contrast,InIn contrast,contrast, thethe 
of AI(OH)3 in thedissolutiondissolutiondissolution ofof AI(OHhAI(OHh inin soilthethe soilsoilenvironmentenvironmentenvironmentwaswaswas 

consideredconsideredconsidered toto fastbebe fastfastandandandhencehencehencewaswaswasdescribeddescribeddescribed byby equi­equi­to be by equi-
libriumlibriumlibriumthermodynamicsthermodynamicsthermodynamicsratherratherratherthanthanthandissolutiondissolutiondissolution kinet­kinet­kinet-

icsics asas inin previousthethe previouspreviousexample.example.example.ThisThisThishadhadhad effectthethe effecteffectofofof 
AI3+ at pH 

ics as in the the 
increasingincreasingincreasingsolublesolublesoluble AI3+AI3+ equivalentatat equivalentequivalent values.pHpH values.values.InInIn 

ananotheranotheranotherhypotheticalhypotheticalhypotheticalsoilsoilsoilsystem,system,system, organicanan organicorganicsoilsoilsoilwaswaswas 
simulatedsimulatedsimulated decreasingbyby decreasingdecreasing ratethethe raterateof decompositionofof decompositiondecomposition ofof 
organicorganicorganicacidsacidsacidswhichwhichwhichhadhadhad thethe effectnetnet effecteffectthe net of decreasingofof decreasingdecreasing pHpH 

by the of 
pH 

A13+ . of the mod-andandandincreasingincreasingincreasingsolublesolublesoluble TheAI3+.AI3+. TheThestructurestructurestructure ofof thethe mod­mod­
elel diddid allownotnot allowallow forfor commonlythethe commonlycommonlyobservedobservedobserveddecreasedecreasedecreaseel did not for the 
inin productionthethe productionproductionandandanddecompositiondecompositiondecomposition biomassofof biomassbiomasswithwithwithin the of 

decreasingdecreasingdecreasing whichpHpH whichwhichwouldwouldwouldhavehavehavecounterbalancedcounterbalancedcounterbalanced thethe 
pH decreasepHpH decreasedecreasecausedcausedcausedby thebyby lowerthethe lowerlowerdecompositiondecompositiondecompositionofofof 
organicorganicorganicacids.acids.acids. 

EvenEvenEven thoughthoughthoughexistingexistingexistingacidificationacidificationacidificationmodelsmodelsmodelsareareare 
by pro-

pH the 

becomingbecomingbecomingmoremoremoresophisticatedsophisticatedsophisticated introducingbyby introducingintroducingmoremoremore pro­pro­
cessescessescessesandandand solvingareare solvingsolvingalgorithmsalgorithmsalgorithms efficientlymoremore efficientlyefficiently(e.g.(e.g.(e.g.are more 
FurrerFurrerFurrer etet 1990),aI.,aI., 1990),1990),theytheythey stillareare stillstillcurvecurvecurvefittingfittingfitting exercis­exercis­
es becauseeses becausebecause valuesthethe valuesvaluesthe parametersofof parametersparameters selectedareare selectedselectedare toto fitfit 

et al., are exercis-
of to fit 

In is a for bet-availableavailableavailabledata.data.data. addition,InIn addition,addition,theretherethere stillisis stillstill needaa needneed forfor bet­bet­
ter recognitionterter recognitionrecognitionof theofof importancethethe importanceimportanceof organicofof organicorganicreactionsreactionsreactions 
as a for A13+, the of Al-mineral dissolu-asas sinkaa sinksink forfor AI3+,AI3+, kineticsthethe kineticskinetics ofof AI-mineralAI-mineral dissolu­dissolu­
tiontiontionandandand dependencethethe dependencedependencethe of kineticofof kinetickineticprocessesprocessesprocesses severalonon severalseveralon 
factors.factors.factors. 

NoneNoneNone ofof modelsthethe modelsmodelsdiscusseddiscusseddiscussedexplicitlyexplicitlyexplicitlyallowsallowsallows forforof the for 
organicorganicorganicreactionsreactionsreactions ofof AlAl inin solidthethe solidsolidphase.phase.phase. ItIt isis becom­becom­of A1 in the It is becom-

increasinglyinging increasinglyincreasinglyapparentapparentapparentthatthatthatsolublesolublesoluble AI3+AI3+ topsoilsinin topsoilstopsoilsing A13+ in 
andandandorganicorganicorganichorizonshorizonshorizonscannotcannotcannot adequatelybebe adequatelyadequatelyexplainedexplainedexplainedbe 

mineralbyby mineralmineraldissolutiondissolutiondissolution inorganicoror inorganicinorganicexchangeexchangeexchangereactionsreactionsreactionsby or 
inin shortthethe shortshorttermtermterm(Cronan(Cronan(Cronan etet 1986;aI.,aI., 1986;1986;MulderMulderMulder etet aI.,aI., 

1989).1989).1989).TheTheThereactionsreactionsreactionsof organicofof organicorganicmattermattermatterandandandAI couldAlAl couldcould 
be implicitlybebe implicitlyimplicitlyconsideredconsideredconsideredin exchangeinin exchangeexchangeprocesses,processes,processes,butbutbut 
thisthisthisrepresentsrepresentsrepresentsonlyonlyonlyoneoneonetypetypetypeof solidofof solidsolid inter-organic-AIorganic-AI inter-organic-Al inter­

in the et al., et al., 



action.action.action. alsoItIt alsoalso assumesassumesassumes thatthatthat exchangeexchangeexchange reactionsreactionsreactions ontoontoontoIt 
organicorganicorganic mattermattermatter occuroccuroccur theatat thethe samesamesame rateraterate ontoasas ontoonto phphyyllosil­llosil­at as phyllosil-
icates.icates.icates. ThisThisThis waswaswas notnotnot foundfoundfound betoto bebe thethethe casecasecase bybyby JardineJardineJardine etetto et 

(1985a).aI.aI. (1985a).(1985a). TheTheThe conceptsconceptsconcepts ofofof boundAlAl boundbound solidtoto solidsolid organ­organ­al. A1 to organ-
mattericic mattermatter similarsimilarsimilar thosetoto thosethose espousedespousedespoused bybyby TippingTippingTipping andandandic to 

coworkerscoworkerscoworkers (e.g.(e.g.(e.g. TippingTippingTipping andandand Woof,Woof,Woof, 1990)1990)1990) needneedneed betoto bebe 
incorporatedincorporatedincorporated intointointo futurefuturefuture models.models.models. 

FurrerFurrerFurrer etetet al.aI.aI. so 

to 

(1989)(1989)(1989) areareare thethethe onlyonlyonly workersworkersworkers farsoso farfar 
whowhowho appearappearappear havetoto havehave attemptedattemptedattempted predicttoto predictpredict dissolutiondissolutiondissolution ofofofto to 

hydroxidesAlAl hydroxideshydroxides usingusingusing rateaa raterate equation.equation.equation. However,However,However, theytheythey 
onlyonlyonly includedincludedincluded thethethe effecteffecteffect ofofof pHpHpH ononon thethethe dissolutiondissolutiondissolution rateraterate 
processprocessprocess andandand diddiddid notnotnot considerconsiderconsider otherotherother factorsfactorsfactors (such(such(such asasas 
organicorganicorganic acids,acids,acids, as 

A1 a 

extentextentextent ofofof saturation)saturation)saturation) discussedasas discusseddiscussed bybyby 
RitchieRitchieRitchie (1994).(1994).(1994). addition,InIn addition,addition, thethethe biogeochemicalbiogeochemicalbiogeochemical pro­pro­In pro-
cessescessescesses thatthatthat affectaffectaffect pHpHpH (and(and(and hencehencehence areAI3+)AI3+) areare consideredconsideredconsideredA13+) 

betoto bebe timetimetime dependentdependentdependent (in(in(in thosethosethose modelsmodelsmodels thatthatthat recogniserecogniserecogniseto 
suchsuchsuch processes),processes),processes), butbutbut thethethe equationsequationsequations usedusedused describetoto describedescribeto 
themthemthem areareare fairlyfairlyfairly limitedlimitedlimited theirinin theirtheir inclusioninclusioninclusion ofofof factorsfactorsfactors 
thatthatthat affectaffectaffect thethethe kineticskineticskinetics ofofof thethethe processes.processes.processes. ForForFor example,example,example, 
ILWASILWASILWAS expressesexpressesexpresses thethethe ratesratesrates ofofof sulphatesulphatesulphate reduction,reduction,reduction, litterlitterlitter 

in 

decompositiondecompositiondecomposition andandand nitrificationnitrificationnitrification onlyonlyonly asas functionaa functionfunction ofofof 
thethethe concentrationconcentrationconcentration ofofof reactants,reactants,reactants, whereaswhereaswhereas thethethe ratesratesrates willwillwill 

as a 

alsoalsoalso bebebe veryveryvery sensitivesensitivesensitive changestoto changeschanges pH,inin pH,pH, temperaturetemperaturetemperature 
andandand soilsoilsoil moisturemoisturemoisture contentcontentcontent becausebecausebecause ofofof thethethe involvementinvolvementinvolvement ofofof 

to in 

soilsoilsoil microorganismsmicroorganismsmicroorganisms theinin thethe processes.processes.processes. addition,InIn addition,addition, thethethe 
decompositiondecompositiondecomposition ofofof organicorganicorganic mattermattermatter couldcouldcould bebebe decreaseddecreaseddecreased bybyby 

in In 

complexingcomplexingcomplexing withwithwith (FurrerAlAl (Furrer(Furrer etet 1989)aI.,aI., 1989)1989) whichwhichwhich wouldwouldwouldA1 et al., 
tendtendtend decreasetoto decreasedecrease pH.pH.pH.to 

ItIt wellisis wellwell recognisedrecognisedrecognised thatthatthat equatingequatingequating thethethe predictionpredictionprediction ofofofIt is 
modelsmodelsmodels withwithwith laboratorylaboratorylaboratory fieldoror fieldfield resultsresultsresults maymaymay onlyonlyonly bebebe asasor as 
accurateaccurateaccurate theasas thethe methodsmethodsmethods ofofof samplingsamplingsampling andandand measurementmeasurementmeasurementas 
andandand thethethe designdesigndesign ofofof experiments.experiments.experiments. WithWithWith respectrespectrespect acidictoto acidicacidic 
soils,soils,soils, sometimessometimessometimes insufficientinsufficientinsufficient measurementsmeasurementsmeasurements areareare mademademade 

to 

testtoto testtest modelaa modelmodel thoroughly,thoroughly,thoroughly, e.g.e.g.e.g. onlyonlyonly pHpHpH measured.isis measured.measured.to a is 
casesInIn casescases whenwhenwhen AlAl measured,isis measured,measured, thethethe extractionextractionextraction techniquetechniquetechnique 

maymaymay notnotnot bebebe capablecapablecapable ofofof distinguishingdistinguishingdistinguishing betweenbetweenbetween differentdifferentdifferent 
In A1 is 

formsformsforms ofofof solidsolidsolid andAlAl andand thereforethereforetherefore maymaymay overestimateoverestimateoverestimate thethetheA1 
quantityquantityquantity ofofof AlAl theinin thethe formformform underunderunder investigation.investigation.investigation. ForForFor 
example,example,example, acidacidacid extractsextractsextracts havehavehave beenbeenbeen usedusedused forforfor organicallyorganicallyorganically 

A1 in 

boundboundbound (TippingAlAl (Tipping(Tipping andandand Woof,Woof,Woof, 1991)1991)1991) eveneveneven thoughthoughthough acidsacidsacids 
willwillwill alsoalsoalso extractextractextract inorganicinorganicinorganic AI.AI.AI. LanthanumLanthanumLanthanum chloridechloridechloride hashashas 

A1 

beenbeenbeen usedusedused extracttoto extractextract interlayerinterlayerinterlayer byAlAl byby somesomesome workers,workers,workers,to A1 
whereaswhereaswhereas othersothersothers havehavehave usedusedused foritit forfor separatingseparatingseparating organicallyorganicallyorganicallyit 
boundboundbound (Ritchie,AlAl (Ritchie,(Ritchie, 1989).1989).1989). Similarly,Similarly,Similarly, mayCuClzCuClz maymay notnotnotAI CuC12 
onlyonlyonly extractextractextract organicorganicorganic butAlAl butbut alsoalsoalso recently-precipitatedrecently-precipitatedrecently-precipitatedA1 

(Ritchie,AlAl (Ritchie,(Ritchie, 1989).1989).1989). InInIn laboratorylaboratorylaboratory experiments,experiments,experiments, pre­pre­A1 pre-
washingwashingwashing ofofof soilssoilssoils maymaymay releasereleaserelease readilyreadilyreadily solublesolublesoluble andAlAl andandA1 
thethethe timescaletimescaletimescale ofofof experimentsexperimentsexperiments maymaymay notnotnot bebebe relevantrelevantrelevant thetoto thetheto 
timescaletimescaletimescale ofofof observationsobservationsobservations mademademade theinin thethe fieldfieldfield ororor predictedpredictedpredictedin 
bybyby models.models.models. TheTheThe problemsproblemsproblems estimatinginin estimatingestimating differentdifferentdifferent formsformsformsin 

PathwayPathway 

free  e n e r g y  l o s s  
s o u r c e  A < s o u r c e  B 

AI c o m e s  AI c o m e s  A1 c o m e sAIAI comescomes 
f r o m  s o u r c e  f r o m  s o u x c e  f x o mfromfrom b o t hbothboth 

B A s o u r c e ssourcessources 

e a s i l yeasilyeasily r e l e a s e dreleasedreleased -- ~ l e s slessless e a s i l yeasilyeasily r e l e a s e dreleasedreleased 

3. TheTheThe releasereleaserelease ofofof A1 accordingAlAl accordingaccording toto Lawthethe LawLaw Successiveofof SuccessiveSuccessiveofFig.Fig.Fig. 3.3. to the 
Reactions.Reactions.Reactions. 

ofofof solublesolublesoluble byAlAl byby variousvariousvarious analyticalanalyticalanalytical methodsmethodsmethods havehavehave beenbeenbeen 
extensivelyextensivelyextensively reviewedreviewedreviewed bybyby BloomBloomBloom andandand ErichErichErich (1989).(1989).(1989). 

A1 

conceptualAA conceptualconceptual basisbasisbasis forforfor predictingpredictingpredicting retentionretentionretention andandand 
releasereleaserelease ofofof AlAlAI fromfromfrom solidsolidsolid sourcessourcessources 
A 

TheTheThe previouspreviousprevious discussiondiscussiondiscussion andandand RitchieRitchieRitchie (1994)(1994)(1994) havehavehave high­high­high-
lightedlightedlighted thethethe drawbacksdrawbacksdrawbacks fromfromfrom consideringconsideringconsidering onlyonlyonly equilibri­equilibri­equilibri-
umumum thermodynamicsthermodynamicsthermodynamics whenwhenwhen attemptingattemptingattempting predicttoto predictpredict solu­solu­to solu-
blebleble InAI.AI. InIn theory,theory,theory, equilibriumequilibriumequilibrium dynamicsdynamicsdynamics statesstatesstates thatthatthat thethetheA1. 
mostmostmost stablestablestable solidsolidsolid formformform thatisis thatthat whichwhichwhich hashashas thethethe lowestlowestlowest freefreefreeis 
energyenergyenergy andandand thesoso thethe formationformationformation ofofof solidaa solidsolid whichwhichwhich resultedresultedresultedso a 

theinin thethe largestlargestlargest losslossloss ofofof freefreefree energyenergyenergy wouldwouldwould bebebe favoured.favoured.favoured. InIn 
practice,practice,practice, wewewe observeobserveobserve thethethe presencepresencepresence ofofof manymanymany solidsolidsolid formsformsforms 
in In 

soilsinin soilssoils thatthatthat areareare unstableunstableunstable withwithwith respectrespectrespect equilibriumtoto equilibriumequilibriumin to 
thermodynamicsthermodynamicsthermodynamics whichwhichwhich suggestssuggestssuggests thatthatthat thethethe actualactualactual reac­reac­
tionstionstions whichwhichwhich occuroccuroccur involveinvolveinvolve smallsmallsmall losseslosseslosses ofofof freefreefree energy.energy.energy. 

WithWithWith respectrespectrespect tototo mineralmineralmineral dissolution,dissolution,dissolution, thethethe aboveaboveabove 
Suc-

reac-

dichotomydichotomydichotomy hashashas beenbeenbeen explainedexplainedexplained bybyby thethethe LawLawLaw ofofof Suc­Suc­
cessivecessivecessive ReactionsReactionsReactions (LSR),(LSR),(LSR), whichwhichwhich observesobservesobserves thatthatthat com­com­com-
poundspoundspounds precipitate/dissolveprecipitate/dissolveprecipitate/dissolve inin sequenceaa sequencesequence accordingaccordingaccording totoin a to 
thethethe energyamountoffreeamountoffree energyenergy lost,lost,lost, beginningbeginningbeginning withwithwith thethethe com­com­amount of free com-
poundpoundpound thatthatthat resultsresultsresults theinin thethe minimumminimumminimum losslossloss freeinin freefree energyenergyenergyin in 
i.e.i.e.i.e. theinin thethe casecasecase ofofof precipitation,precipitation,precipitation, thethethe mostmostmost solublesolublesoluble com­com­in com-
poundpoundpound precipitatesprecipitatesprecipitates first,first,first, followedfollowedfollowed bybyby sequenceaa sequencesequence ofofof 
lesslessless andandand lesslessless solublesolublesoluble compoundscompoundscompounds (Hemingway,(Hemingway,(Hemingway, 1982;1982;1982; 
Sposito,Sposito,Sposito, 1989a).1989a).1989a). TheTheThe observationobservationobservation couldcouldcould bebebe appliedappliedapplied tototo 

A1 3) 

a 

allallall possiblepossiblepossible solidsolidsolid sourcessourcessources ofofof (Fig.AlAl (Fig.(Fig. indicating3)3) indicatingindicating thatthatthat 
releaseAlAl releaserelease intointointo solutionsolutionsolution isis sequenceaa sequencesequence ofofof eventseventsevents whichinin whichwhich 

thethethe mostmostmost easilyeasilyeasily releasedreleasedreleased AIAIAI isisis releasedreleasedreleased first.first.first. TheTheThe sourcesourcesource 
A1 is a in 



PathwayPathway 

I n d u c t i o nInductionInduction timetimet i m e  
m i n e r a lmineralmineral AA m i n e r a l<< mineralmineral BBA < B 

equaequa d l s s / n u c  rate1-1---_--_G?G?---.----.- diss{nucdiss{nuc raterate 
m i n e r a lmineralmineralA >AA m i n e r a l>> mineralmineralB?8181 
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m i n e r a l  A m i n e r a lmineralmineralB BB b o t h  m i n e r a l sbothboth mineralsmineralsmineraiminerai AA 
d l s s / p p tdlss{pptdlss{pptf i r s tfirstfirst dlss{pptdlss{pptf i r s tfirstfirst dlss{pptdlss{pptd l s s / p p t  d t s s / p p t  

q u i c k e s tquickestquickest ------w s lowes tslowestslowest 

Fig. 4. The kineticTheThe kinetickinetic rulerule stages.ofof stages.stages.Fig.Fig. 4.4. rule of 

ofof AlAl atat particularaa particularparticularmomentmomentmomentwillwillwilldependdependdepend onon factorsthethe factorsfactorsof A1 at a 	 on the 
affectingaffectingaffecting dissolutionAlAl dissolutiondissolutionfromfromfrommineralsmineralsminerals(i.e.(i.e.(i.e. ultimatethethe ultimateultimateA1 	 the 

A1 for suchlonglonglongtermtermtermsourcesourcesourcethatthatthatsuppliessuppliessupplies AlAl otherforfor otherothersinkssinkssinks suc.hsuc.h 
as exchangeableasas exchangeableexchangeableAI);AI);AI); relativethethe relativerelativesizesizesizeandandand AlAl affim­affim­the A1 affini-
ty of A1 act astyty otherofof otherothersinkssinkssinks(i.e.(i.e.(i.e. sinksAlAl sinkssinksthatthatthatcouldcouldcould actact shortasas shortshort 
termtermtermsources)sources)sources)andandand factorsthethe factorsfactorsthatthatthataffectaffectaffect retentionAlAl retentionretention 
by them.byby them.them. 

of AI on the 

the 	 AI 

TheTheThesourcesourcesource ofof willAlAl willwillalsoalsoalsodependdependdepend onon currentthethe currentcurrent 
statusstatusstatus ofof sequencethethe sequencesequencedefineddefineddefined byby LSRthethe LSRLSRin relationinin relationrelation 
to our of 

of the 	 by the 
toto timescaleourour timescaletimescale interest.ofof interest.interest.ThisThisThisconceptualconceptualconceptualapproachapproachapproach 

to elucidatingtoto elucidatingelucidating sourcethethe sourcesourcethe ofof AlAl inin acknowledgessoilsoil acknowledgesacknowledgesof A1 in soil 
the dynamicthethe dynamicdynamicnaturenaturenatureof soil;ofof soil;soil;the possibilitythethe possibilitypossibilityof moreofof moremore 

thethanthanthanoneoneonesource;source;source;andandandthatthatthat sourcethethe sourcesourcecancancanchangechangechangewithwithwith 
time.time.time.However,However,However, cannotitit cannotcannotcompletelycompletelycompletelydescribedescribedescribe effectthethe effecteffectit 	 the 

kineticsofof kineticskinetics onon sequencethethe sequencesequence�of eventsofof eventseventsandandandtheretherethere isis anan 
the thermodynami-

of on the 	 is an 
underlyingunderlyingunderlyingassumptionassumptionassumptionthatthatthat mostthethe mostmost thermodynami­thermodynami­
callycallycallystablestablestablesourcesourcesourcewillwillwill reachedbebe reachedreachedwithinwithinwithin timescalethethe timescaletimescale 
of interest.ofof interest.interest. 

of be accom-

be the 

TheTheThekineticskineticskinetics releaseofof releasereleaseandandandretentionretentionretentioncancancan bebe accom­accom­
modatedmodatedmodated consideringbyby consideringconsidering Kineticthethe KineticKineticRuleRuleRuleof Stagesofof StagesStages 

et al., the 
by the 

(Van(Van(VanStratenStratenStraten etet 1984)aI.,aI., 1984)1984)whichwhichwhichpredictspredictspredictsthatthatthat mostthethe mostmost 
kineticallykineticallykineticallylabilelabilelabilemineralsmineralsmineralswillwillwillprecipitateprecipitateprecipitatefirstfirstfirst(Fig.(Fig.(Fig. 4).4).4). 
KineticKineticKineticlabilitylabilitylability isis functionaa functionfunction ofof inductionthethe inductioninductiontimetimetime(time(time(time 
to reachtoto reachreach steadyaa steadysteadystate)state)state)andandand ratethethe rateratea of nucleationofof nucleationnucleation oror 

is a of the 
the or 
in adissolution.dissolution.dissolution.MineralsMineralsMineralsdissolvedissolvedissolve inin sequenceaa sequencesequencebeginningbeginningbeginning 

withwithwith compoundsthethe compoundscompoundswithwithwith shortestthethe shortestshortestinductioninductioninductiontimes,times,times,the 	 the 
by thefollowedfollowedfollowed thosebyby thosethosewithwithwith quickestthethe quickestquickestnucleationnucleationnucleationrates.rates.rates. 

Similarly,Similarly,Similarly,thisthisthisruleruleruledoesdoesdoes havenotnot havehave applytoto applyapply mineralstoto mineralsmineralsnot to to 
alone,alone,alone, maybutbut maymay usedbebe usedused combinationinin combinationcombinationwithwithwith LSRthethe LSRLSR 
to conceptualisetoto conceptualiseconceptualise releasethethe releasereleaseandandandretentionretentionretentionthe ofof fromAlAl fromfrom 

but be in 	 the 
of A1 

all possibleallall possiblepossiblesoilsoilsoilsourcessourcessources(Fig.(Fig.(Fig. The5).5). TheThedrivingdrivingdrivingforceforceforce forfor5). for 

"L . . . . .  ...... 

free energy free energyfreefree energyenergy 
of kinetics ~" of reactionofof reactionreaction 

TheThe LawLaw ofofThe  Law o f  
T h e  K i n e t i cTheThe KineticKinetic S u c c e s s i v eSuccessiveSuccessive 

RuleRule S t a g e sofof StagesStagesR u l e  o f  ~ 	 R e a c t i o n sReactionsReactions 

conceptualAA conceptualconceptualbasisbasisbasis predictingforfor predictingpredictingsolublesolublesoluble AlAl soils.inin soils.soils.Fig.FigFig5.5.5. A for AIin 

a processaa processprocess occurtoto occuroccurto isis amountthethe amountamountof fleeofof energyfreefree energyenergythatthatthat isisis the is 
At in a oflost.lost.lost. eachAtAt eacheachpointpointpoint time,inin time,time,withinwithinwithin sequenceaa sequencesequence events,ofof events,events, 

we needwewe needneed comparetoto comparecompare freethethe freefreeenergyenergyenergyto of kineticsofof kineticskineticswithwithwith thethethe the 
of the to the orfreefreefreeenergyenergyenergy ofof reactionthethe reactionreaction elucidatetoto elucidateelucidate sourcethethe sourcesource oror 

sinksinksink ofof andAlAl andandwhetherwhetherwhetherkineticskineticskinetics thermodynamicsoror thermodynamicsthermodynamicsisisis 
the of 

of AI 	 or 
controllingcontrollingcontrolling sequencethethe sequencesequence events.ofof events.events.TheTheThesequencesequencesequencewillwillwill 
continuecontinuecontinueuntiluntiluntil freethethe freefreeenergyenergyenergy ofof systemthethe systemsystemreachesreachesreaches aathe of the a 
minimum,minimum,minimum,whichwhichwhichmaymaymaytaketaketakeminutesminutesminutes millenia.oror millenia.millenia.or 

ConclusionsConclusionsConclusions 

SolubleSolubleSolubleAI resultsAlAl resultsresultsfromfromfroma sequenceaa sequencesequenceof eventsofof eventseventsthatthatthat 
the of theinvolvesinvolvesinvolves stepwisethethe stepwisestepwiselosslossloss freeofof freefreeenergy,energy,energy,wherewherewhere thethe 

smallestsmallestsmallestlosslosslossoccursoccursoccursfirstfirstfirstandandandmaymaymay kineticbebe kinetickinetic oror thermo­thermo­be or thermo-
dynamicdynamicdynamic nature.inin nature.nature.OurOurOurunderstandingunderstandingunderstanding ofof chemistryAlAl chemistrychemistryin 	 of AI 



soilsinin soilssoils hashashas perhapsperhapsperhaps beenbeenbeen limitedlimitedlimited bybyby ourourour lacklacklack ofofof appreci­appreci­
ationationation thatthatthat theretherethere waswaswas nonono single,single,single, specificspecificspecific formformform ofofof solidsolidsolid AlAlA1 

A1 

in appreci-

thatthatthat controlscontrolscontrols solublesolublesoluble evenAlAl eveneven withinwithinwithin thethethe samesamesame soilsoilsoil type.type.type. 
AluminiumAluminiumAluminium theinin thethe soilsoilsoil solutionsolutionsolution isis functionaa functionfunction ofofof bothbothboth 
thermodynamicsthermodynamicsthermodynamics andandand kinetics.kinetics.kinetics. TheTheThe ultimateultimateultimate sourcesourcesource maymaymay 

in is a 

bebebe minerals,AI-containingAI-containing minerals,minerals, butbutbut thethethe pathwaypathwaypathway ofofof thethethe AlAlAl-containing A1 
beforebeforebefore reachesitit reachesreaches thethethe solutionsolutionsolution maymaymay involveinvolveinvolve retentionretentionretention 
andandand releasereleaserelease bybyby severalseveralseveral otherotherother solid-phasesolid-phasesolid-phase sinks.sinks.sinks. 

it 

TheTheThe importanceimportanceimportance ofofof differentdifferentdifferent solidsolidsolid formsformsforms ofofof AlAl ininA1 in 
controllingcontrollingcontrolling thethethe amountamountamount solutioninin solutionsolution willwillwill varyvaryvary withwithwith thethethe 
timescaletimescaletimescale ofofof interest.interest.interest. ForForFor example,example,example, exchangeableexchangeableexchangeable AlAlAI 

in overoverover 

in 

maymaymay bebebe importantimportantimportant theinin thethe shortshortshort termtermterm (days)(days)(days) but,but,but, 
longerlongerlonger periodsperiodsperiods (months),(months),(months), abilityitsits abilityability maintaintoto maintainmaintain solublesolublesolubleits to 

willAlAl willwill dependdependdepend ononon thethethe amountamountamount of,of,of, andandand speedspeedspeed withwithwith whichwhichwhichA1 
otherotherother sourcessourcessources (e.g.(e.g.(e.g. interlayerinterlayerinterlayer organicallyoror organicallyorganically boundboundbound AI)AI)or A1) 
cancancan replenishreplenishreplenish exchangeableexchangeableexchangeable forms.forms.forms. turn,InIn turn,turn, thethethe abil­abil­In abil-
ityityity ofofof interlayerinterlayerinterlayer andandand organicorganicorganic formsformsforms ofofof AlAl restoretoto restorerestoreA1 to 
exchangeableexchangeableexchangeable AlAl theinin thethe longerlongerlonger termtermterm (years)(years)(years) willwillwill dependdependdepend 
ononon thethethe kineticskineticskinetics ofofof mineralmineralmineral dissolution.dissolution.dissolution. 

A1 in 

AtAtAt thisthisthis stage,stage,stage, itit difficultisis difficultdifficult establishtoto establishestablish whichwhichwhich factorfactorfactorit is to 
theisis thethe mostmostmost limitinglimitinglimiting predictinginin predictingpredicting solublesolublesoluble accurately:AlAl accurately:accurately:is in A1 

ourourour abilityabilityability measuretoto measuremeasure formsformsforms ofofof andAlAl andand pHpHpH ininin soilssoilssoils oror 
to process-
to A1 or 

ourourour abilityabilityability identifytoto identifyidentify andandand modelmodelmodel thethethe majormajormajor process­process­
controllingeses controllingcontrolling solublesolublesoluble AI.AI. ItIt important,isis important,important, therefore,therefore,therefore, 

thatthatthat longlonglong termtermterm fieldfieldfield monitoringmonitoringmonitoring ofofof acidicacidicacidic propertiespropertiesproperties 
es A1. It is 

shouldshouldshould continuecontinuecontinue butbutbut onlyonlyonly theifif thethe extractionextractionextraction andandand analyti­analyti­if analyti-
calcalcal techniquestechniquestechniques areareare chosenchosenchosen carefullycarefullycarefully reflecttoto reflectreflect thethethe currentcurrentcurrentto 
standingstandingstanding ofofof ourourour knowledge.knowledge.knowledge. ItIt noisis nono lesslessless importantimportantimportant thatthatthatIt is 
modelsmodelsmodels shouldshouldshould evolveevolveevolve furtherfurtherfurther include,toto include,include, particular,inin particular,particular,to in 
thethethe differentdifferentdifferent formsformsforms ofofof organicallyorganicallyorganically boundboundbound andAlAl andand kinet­kinet­A1 kinet-

considerationicic considerationconsideration ofofof release.AlAl release.release. TheTheThe choicechoicechoice ofofof modelmodelmodelic A1 
dependsdependsdepends ononon thethethe timescaletimescaletimescale ofofof interestinterestinterest relatedasas relatedrelated thetoto thethe 
extentextentextent ofofof detaildetaildetail required.required.required. AsAsAs thethethe timescaletimescaletimescale ofofof interestinterestinterest 
decreases,decreases,decreases, thethethe moremoremore likelihoodlikelihoodlikelihood thatthatthat processesprocessesprocesses needneedneed tototo 

in 

as to 

bebebe modelledmodelledmodelled greaterinin greatergreater detaildetaildetail andandand bybyby mechanisticmechanisticmechanistic ratherratherrather 
thanthanthan curvecurvecurve fittingfittingfitting approaches.approaches.approaches. 
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