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AbstractAbstract 

TheThe effecteffect ofof sesquioxidicsesquioxidic gravelsgravels (>2(>2 mmmm sizesize fraction)fraction) onon phosphorusphosphorus sorptionsorption byby twotwo 
gravellygravelly lateriticlateritic soilssoils waswas investigatedinvestigated byby phosphorusphosphorus sorptionsorption experiments,experiments, X-rayX-ray diffraction,diffraction, 
autoradiographyautoradiography andand electronelectron microscopy.microscopy. 

InIn oneone soilsoil thethe abundanceabundance andand sizesize ofof gravelsgravels decreaseddecreased downslope.downslope. AsAs thethe gravelgravel contentcontent 
ofof bothboth soilssoils increasedincreased (13-61%),(13-61%), thethe proportionproportion ofof largelarge (>8(>8 mm) gravelsgravels increasedincreased (0-70%).(0-70%). 
PhosphorusPhosphorus sorptionsorption increasedincreased inin thethe order:order: (>2(>2 mmmm (<2 mrn 

rnrn) 
fraction)fraction) << (whole(whole soils)soils) << «2 mm 

fraction).fraction). PhosphorusPhosphorus sorptionsorption onon lateriticlateritic gravelsgravels (>2(>2 mm)mm) decreaseddecreased withwith increasingincreasing gravelgravel 
sizesize andand increasedincreased withwith increasingincreasing time.time. PhosphorusPhosphorus sorptionsorption byby wholewhole soilssoils decreaseddecreased withwith 
increasingincreasing gravelgravel content.content. PhosphorusPhosphorus sorptionsorption byby thethe >2>2 mmmm fractionfraction waswas principallyprincipally byby 
thethe externalexternal surfacessurfaces ofof thethe gravels.gravels. TheThe estimationestimation ofof phosphorusphosphorus applicationapplication ratesrates forfor 
lateriticlateritic soilssoils dependeddepended onon thethe amountamount ofof phosphorusphosphorus requiredrequired byby thethe plantplant andand thethe gravelgravel 
contentcontent ofof thethe soil.soil. TheThe formerformer isis thethe importantimportant factorfactor atat lowlow soilsoil gravelgravel contentscontents whereaswhereas 
thethe latterlatter becomesbecomes moremore importantimportant asas thethe gravelgravel contentcontent increases.increases. TheThe implicationsimplications forfor 
fertilizerfertilizer managementmanagement onon thethe soilsoil withwith consistentconsistent relationshipsrelationships betweenbetween landscapelandscape position,position, 
gravelgravel contentcontent andand subsequentsubsequent PP sorptionsorption propertiesproperties ofof wholewhole soilssoils areare discussed.discussed. 

Keywords:Keywords: phosphorus,phosphorus, sorption,sorption, gravel,gravel, laterite.laterite. 

Introduction 

TheThe extensiveextensive useuse ofof lateriticlateritic soilssoils forfor cropcrop andand pasturepasture productionproduction inin southsouth 
WesternWestern AustraliaAustralia hashas requiredrequired muchmuch researchresearch intointo improvingimproving theirtheir poorpoor nutritionalnutritional 
status.status. ParticularParticular emphasisemphasis hashas beenbeen paidpaid toto thethe reactionsreactions ofof phosphorusphosphorus (P)(P) 
withwith thethe soilsoil soso thatthat thethe availabilityavailability ofof appliedapplied PP forfor plantplant growthgrowth maymay bebe 
predictedpredicted moremore accuratelyaccurately (Khasawneh(Khasawneh etet al.al. 1980).1980). LateriticLateritic soilssoils containcontain variousvarious 
amountsamounts ofof sesquioxidicsesquioxidic gravelsgravels (>2(>2 mmmm fractionfraction ofof thethe soil)soil) whichwhich differdiffer inin theirtheir 
size,size, mineralogicalmineralogical compositioncomposition andand distributiondistribution throughoutthroughout thethe landscapelandscape andand 
soilsoil profile.profile. PhosphorusPhosphorus maymay bebe associatedassociated withwith ironiron inin ferruginousferruginous concretionsconcretions 
(Taylor(Taylor andand SchwertmannSchwertmann 1974),1974), however,however, thethe relativerelative contributioncontribution ofof ironiron oxideoxide 
containingcontaining gravelsgravels toto thethe sorptionsorption ofof PP byby soilssoils isis notnot known.known. ThisThis processprocess couldcould 
bebe significantsignificant inin soilssoils withwith abundantabundant gravelgravel inin thethe topsoil.topsoil. MostMost proceduresprocedures forfor 
determiningdetermining thethe capacitycapacity ofof aa soilsoil toto sorbsorb PP involveinvolve measuringmeasuring sorptionsorption byby thethe 
<2<2 mmmm fractionfraction (fine(fine earth)earth) ofof thethe soil.soil. Similarly,Similarly, mostmost soilsoil teststests forfor availableavailable 
plantplant nutrientsnutrients useuse thethe <2<2 mmmm fractionfraction ofof soils,soils, andand glasshouseglasshouse experimentsexperiments 
determiningdetermining nutrientnutrient requirementsrequirements ofof plantsplants commonlycommonly useuse thethe <4<4 mmmm fraction.fraction. 



TheThe useuse ofof gravelgravel freefree soilsoil forfor analysisanalysis isis appropriateappropriate whenwhen thethe >2>2 mmmm fractionfraction 
isis composedcomposed ofof relativelyrelatively inertinert primaryprimary mineralsminerals (e.g.(e.g. quartz; feldspar)feldspar) oror whenwhen 
thethe >2>2 mmmm fractionfraction isis aa smallsmall percentagepercentage ofof thethe wholewhole soil.soil. LateriticLateritic gravels,gravels, 
however,however, containcontain chemicallychemically reactivereactive mineralsminerals (e.g.(e.g. ironiron andand aluminiumaluminium oxides)oxides) 
thatthat couldcould contributecontribute toto soilsoil chemicalchemical reactionsreactions andand influenceinfluence thethe availabilityavailability toto 
plantsplants ofof somesome nutrients.nutrients. Consequently,Consequently, useuse ofof thethe <2<2 mmmm fractionfraction forfor analysisanalysis 
couldcould bebe misleadingmisleading whenwhen reactivereactive gravelsgravels (>2(>2 mm)mm) thatthat sorbsorb PP areare aa majormajor 
constituentconstituent ofof thethe soil.soil. ThisThis studystudy waswas undertakenundertaken toto investigateinvestigate thethe effecteffect ofof thethe 
amount,amount, sizesize distribution,distribution, landscapelandscape position,position, surfacesurface morphologymorphology andand mineralogymineralogy 
ofof gravelsgravels onon thethe sorptionsorption ofof PP byby lateriticlateritic soils.soils. 

quartz, 

MaterialsMaterials andand MethodsMethods 

SoilsSoils 

TheThe soilssoils werewere sampledsampled fromfrom sitessites atat BakersBakers Hill,Hill, WesternWestern Australia.Australia. DetailedDetailed profileprofile 
descriptionsdescriptions ofof typicaltypical lateriteslaterites atat thethe localitylocality togethertogether withwith mineralogicalmineralogical andand chemicalchemical 
characteristicscharacteristics areare givengiven byby GilkesGilkes etet al.al. (1973).(1973). TheThe regionregion isis mostlymostly mantledmantled byby completecomplete 
lateritelaterite profilesprofiles (e.g.(e.g. thethe YalanbeeYalanbee soil)soil) andand soilssoils developeddeveloped onon colluvialcolluvial materialsmaterials derivedderived 
fromfrom erosionerosion ofof lateriticlateritic soils.soils. SoilsSoils onon valleyvalley sidessides (e.g.(e.g. thethe MalebellingMalebelling soil)soil) havehave developeddeveloped 
fromfrom mixturesmixtures ofof graniticgranitic andand lateriticlateritic colluvium,colluvium, includingincluding lateriticlateritic gravelsgravels (Mulcahy(Mulcahy 1960).1960). 
GravelsGravels inin thethe YalanbeeYalanbee soilssoils areare predominantlypredominantly ofof lateriticlateritic origin,origin, thosethose inin thethe MalebellingMalebelling 
soilsoil includeinclude lateriticlateritic colluviumcolluvium butbut alsoalso includeinclude gravelsgravels thatthat havehave formedformed i nin situ.situ. BothBoth soilssoils 
areare commoncommon inin agriculturalagricultural regionsregions ofof WesternWestern Australia.Australia. 

SamplesSamples fromfrom eacheach ofof thethe 0-150-15 andand 15-3015-30 cmcm layerslayers ofof thethe YalanbeeYalanbee soilsoil werewere collectedcollected atat 
fourfour sitessites downdown aa uniformuniform slopeslope ofof aboutabout 4'40 atat approximatelyapproximately 100100 mm intervalsintervals (Table(Table 1;1; samplesample 

lower-midslope;A,A, upslope;upslope; samplesample B,B, upper-midslope;upper-midslope; samplesample C,C, lower-niidslope; samplesample D,D, downslope).downslope). 
SamplesSamples fromfrom eacheach ofof thethe 0-150-15 andand 15-3015-30 cmcm layerslayers ofof thethe MalebellingMalebelling soilsoil werewere collectedcollected atat 
ninenine sitessites fromfrom twotwo transectstransects (four(four samplessamples inin oneone transecttransect andand fivefive inin thethe other)other) withwith uniformuniform 
slopesslopes ofof 4'.40 

• 

AbundanceAbundance andand SizeSize ofof GravelsGravels 

TheThe particleparticle sizesize distributiondistribution forfor eacheach samplesample waswas determineddetermined byby sievingsieving aa subsamplesubsample inin 
nestsnests ofof 8,5·6,4, 2·8 andand 22 mID meshmesh stainlessstainless steelsteel sievessieves usingusing aa mechanicalmechanical shaker.shaker. ThisThis8, 5.6, 4, 2.8 mm 

(2.0-2.8, 2 .84.0 ,  4-0-5.6, 5.6-8.0 >8.0 mm)producedproduced fivefive gravelgravel fractionsfractions (2·0-2·8, 2·8-4·0, 4·0-5·6, 5·6-8·0 andand >8·0 mID) andand aa finefine 
(<2 DataData collectedcollected fromfrom samplessamples inin whichwhich thethe soilsoil gravelgravel contentcontent variedvariedearthearth «2 mm)mm) fraction.fraction. 

byby lessless thanthan 1%1% werewere averaged.averaged. 
TheThe gravelsgravels werewere cleanedcleaned ofof adheringadhering matrixmatrix materialsmaterials byby ultrasonicultrasonic treatmenttreatment inin deionizeddeionized 

waterwater forfor 1010 minmin andand thenthen drieddried atat 60°C.60°C. 

MineralogyMineralogy ofof SoilSoil MaterialsMaterials 

mmSubsamplesSubsamples ofof thethe <2<2 mID andand >2>2 mmmm fractionsfractions werewere finelyfinely groundground inin aa TemaTema millmill andand 
thethe majormajor mineralsminerals werewere determineddetermined byby X-rayX-ray diffractiondiffraction (Gilkes(Gilkes etet al.al. 1973).1973). 

SorptionSorption ofof PP byby SoilSoil MaterialsMaterials 

(0-15FourFour surfacesurface samplessamples (D-15 cm)cm) withwith similarsimilar mineralogicalmineralogical compositioncomposition butbut withwith differingdiffering 
amountsamounts andand sizesize distributionsdistributions ofof gravelgravel (Yalanbee(Yalanbee A-D,A-D, TableTable 1)1) andand oneone surfacesurface samplesample 
(0-15(D-15 cm)cm) thatthat waswas mineralogicallymineralogically differentdifferent butbut withwith aa similarsimilar amountamount andand sizesize distributiondistribution 
ofof gravelgravel toto oneone ofof thethe YalanbeeYalanbee samplessamples (Malabelling(Malabelling E,E, TableTable 1)1) werewere chosenchosen forfor PP sorptionsorption 
studies.studies. 

mmTheThe phosphorusphosphorus sorbedsorbed byby thethe <2<2 mID fractionfraction (fine(fine earth),earth), >2>2 mmmm fractionfraction (gravel)(gravel) andand 
(i.e.thethe wholewhole soilsoil (Le. thethe finefine earthearth andand gravelgravel componentscomponents reconstitutedreconstituted toto thethe soilssoils originaloriginal 

composition)composition) waswas determineddetermined forfor thethe samplessamples listedlisted inin TableTable 11 byby incubatingincubating eacheach samplesample 
P/Lquiescentlyquiescently withwith 0,0, 10,10, 40,40, 160160 andand 400400 mgmg P jL atat ambientambient temperaturetemperature andand aa solid:solid: solutionsolution 



-- 

TableTable l.1. CharacteristicsCharacteristics relatedrelated toto phosphorusphosphorus sorptionsorption 

P/g)TimeTime SoilSoil SampleSample %% gravelgravel Quartz/oxideQuartz/oxide ratioratio PP sorptionsorption (mg(mg Pig) atat aa solutionsolution concentrationconcentration 
of50mg P/LP/L 

soilA >8 mmB >2>2 mmmm <2 mm <2mm mni WholeWhole soilsoil 
(h)(h) IDID	 of 50 mg 

SoilA >8mmB <2mm <2 mm >2>2 mlIi 
MeasuredMeasured EstimatedCEstimatedC 

YalanbeeYalanbee AA 7070 0·310.31 17.5 0·04 0·010.01 0·03 0.02 
YalanbeeYalanbee BB 4141 0.29 >25 0·08 0·03 0·04 

6161 (79)(79)	 17·5 0.04 0-03 0·02 
0·29 >25 0.08 <0.01 	 0.045555 (71)(71)	 <0·01 0.03 

1	 YalanbeeYalanbee C 4646 (64)(64) 1212 0·86 24·1 0·06 0·01 0·04 0·04 
YalanbeeYalanbee 1313 (24)(24) 00 1·83 >25>25 0·08 

0.86 24.1 0.06 
D 1.83 0.08 0·04 0·06 0·06 

MalebellingMalebelling 4141 2.23 9·99.9 0·05 <0·01 0·03E 3636 2·23 0.05 0·02 

YalanbeeYalanbee A 0-16 0·070·16 0·02 0·10 
YalanbeeYalanbee B 0·240.24 0·03 0·14 0·12 

24 YalanbeeYalanbee C AsAs aboveabove 0-22 0·06 0·16 0·150·22 
YalanbeeYalanbee 0.22 0·10 0·22 0·21D 0·22 
MalebellingMalebelling E 0.13 0·090·13 0·03 0·09 

YalanbeeYalanbee 0.39 0·03 0·17 0·17A 0·39 
YalanbeeYalanbee 0.38 0·07 0·20 0·21B 0·38
 

168 YalanbeeYalanbee C 0.45 0·19 0·33 0·33
AsAs aboveabove 0·45 
YalanbeeYalanbee D 0-53 0·33 0·51 0·510·53 
MalebellingMalebelling E 0.28 0·220·28 0·14 0·22 

YalanbeeYalanbee A 0·550.55 0·04 0·22 0·24 
YalanbeeYalanbee 0.51 0·10 0·27 0·28B	 0·51 

504	 YalanbeeYalanbee C AsAs aboveabove 0·630-63 0·30 0·43 0·48
 
YalanbeeYalanbee D 0·680.68 0·53 0·65 0·66
 
MalebellingMalebelling E 0·370.37 0·26 0·32 0·33
 

YalanbeeYalanbee A 0·790-79 0·06 0·33 0·34
 
YalanbeeYalanbee B	 0.99 0·13 0·510·99 0·56
 

840 YalanbeeYalanbee C AsAs aboveabove 0·910.91 0·33 0·72 0·66
 
YalanbeeYalanbee D 1-08 0·49 1·00
1·08 1·10 
MalebellingMalebelling E 0.59 0·28 0·43 0·460·59 

AA PercentagePercentage ofof gravelsgravels inin thethe surfacesurface soilsoil (0-15(0-15 cm).cm). ValuesValues inin parenthesesparentheses showshow thethe percentagepercentage ofof gravelgravel inin thethe subsurfacesubsurface soilsoil (15-30(15-30 cm).cm).
 
B PercentagePercentage ofof gravelgravel fractionfraction thatthat isis >8>8 mm.mm. .
 
C fractions
CalculatedCalculated byby addingadding thethe contributioncontribution ofof thethe >2>2 mmmm andand <2<2 mmmm fractious toto sorptionsorption inin thethe measuredmeasured proportionsproportions perper gramgram ofof wholewhole soil.soil. 
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Fig.Fig. 1.1. GravelGravel sizesize distributiondistribution (cumulative(cumulative %)%)atat differentdifferent soilsoil gravelgravel contentscontents forfor thethe (a)(a) 
YalanbeeYalanbee (0-15(0-15 cm)cm) andand (b)( b )  MalebellingMalebelling (0-15(0-15 cmcm andand 15-3015-30 crp.cm identifiedidentified onon eacheach barbar withwith 

* * andand **** respectivelyrespectively indicatingindicating samplessamples fromfrom eacheach depthdepth atat  thethe samesame site)site) soilssoils for gravelsgravelsfor 
2·0-2·8 (I), 2·8-4·0 (II), 4·0-5·6 (III), 5·6-8·0 (IV),(IV), andand >8·0 mmmm2.0-2.8 (I), 2 .84 .0  (11), 4.0-5.6 (111), 5.6-8.0 >8.0 (V).(V). LettersLetters identifyidentify 

in 1).samplessamples usedused in sorptionsorption experimentsexperiments (Table(Table 1). 

0 



ratioratio ofof 11::5.5. PhosphorusPhosphorus remainingremaining inin solutionsolution afterafter 11 h,h, 1,1, 7,7, 2121 andand 3535 daysdays waswas determineddetermined 
colorimetricallycolorimetrically (Hanson(Hanson 1950).1950). PhosphorusPhosphorus sorptionsorption isothermsisotherms werewere determineddetermined usingusing thethe 
Freundlich equationequation andand thethe amountamount ofof PP sorbedsorbed atat aa solutionsolution PP concentrationconcentration ofof 5050 mgmg P IL 
waswas derived.derived. AnalysisAnalysis ofof variancevariance waswas usedused toto determinedetermine thethe significancesignificance ofof differencesdifferences betweenbetween 
thethe amountamount ofof PP sorbedsorbed byby differentdifferent fractions,fractions, soilssoils andand times.times. LeastLeast significantsignificant differencesdifferences 
werewere determineddetermined forfor eacheach comparisoncomparison made.made. 

Fkeundlich P/L 

Phosphorus PenetrationPenetration intointo GravelsGravelsPhosphorzls 

YalanbeeYalanbee andand MalebellingMalebelling gravelsgravels ofof relativelyrelatively uniformuniform sizesize werewere selectedselected toto assessassess thethe 
extentextent ofof PP penetrationpenetration inin gravels.gravels. AA uniformuniform sizesize waswas requiredrequired toto ensureensure thatthat thethe qualitativequalitative 
assessmentassessment ofof thethe distributiondistribution ofof thethe sorbedsorbed PP waswas basedbased uponupon thethe uniformityuniformity ofof darkeningdarkening 
ofof thethe filmfilm andand thethe thicknessthickness ofof thethe gravelgravel sample.sample. ThisThis mademade itit possiblepossible toto distinguishdistinguish moremore 
clearlyclearly betweenbetween darkeningdarkening ofof thethe filmfilm duedue toto sorbedsorbed PP atat aa particularparticular sitesite andand darkeningdarkening whichwhich 
waswas anan artifactartifact ofof scatteredscattered radiationradiation andand radiationradiation penetratingpenetrating thethe sample.sample. 

SamplesSamples ofof 2·0-2·8 andand 5·6-8·0 mID YalanbeeYalanbee gravelsgravels andand 5·6-8·0 mmmm MalebellingMalebelling gravelsgravels2.0-2.8 5 6-8.0 mm 5.6-8.0 
werewere incubatedincubated withwith 5050 andand 10001000 j.tg ofof 31 P / g gravelgravel withwith 1·5 andand 11 j.tCi ofof 32p/ g gravelgravel forforpg 3 1 ~ / g  1.5 pCi 3 2 ~ / g  

h and I 60°C2424 hand 1 week.week. AfterAfter thisthis period,period, thethe gravelsgravels werewere washedwashed inin deionizeddeionized water,water, drieddried atat 60°0 
andand impregnatedimpregnated underunder vacuumvacuum withwith AralditeAraldite resin.resin. TheThe impregnatedimpregnated samplessamples werewere sectionedsectioned 
andand polishedpolished andand autoradiographsautoradiographs werewere producedproduced byby drydry contactcontact betweenbetween thethe polishedpolished sectionsection 
andand OsrayOsray RR-l X-rayX-ray filmfilm forfor 33 h.h.RR-1 

SurfaceSurface MorphologyMorphology ofof GravelsGravels 

TheThe fabricfabric ofof YalanbeeYalanbee andand MalebellingMalebelling gravelsgravels waswas assessedassessed qualitativelyqualitatively byby scanningscanning 
electronelectron microscopymicroscopy ofof randomrandom sectionssections ofof externalexternal andand fracturedfractured internalinternal surfaces.surfaces. 

ResultsResults 

AbundanceAbundance andand SizeSize ofof GravelsGravels 

GravelsGravels occuredoccured inin eacheach ofof thethe YalanbeeYalanbee sitessites atat thethe twotwo samplingsampling depths.depths. 
NotNot allall ofof thethe sampledsampled sitessites ofof thethe MalebellingMalebelling soilsoil containedcontained gravel.gravel. OfOf thethe ninenine 
surfacesurface (0-15(0-15 cm)cm) samplessamples ofof thethe MalebellingMalebelling soil,soil, sixsix containedcontained gravel,gravel, andand ofof thethe 
ninenine subsurfacesubsurface (15-30(15-30 cm)cm) samplessamples twotwo containedcontained gravel.gravel. TwoTwo ofof thethe MalebellingMalebelling 
surfacesurface (0-15(0-15 cm)cm) samplessamples containedcontained thethe samesame amountamount ofof gravelgravel andand veryvery similarsimilar 
sizesize distributionsdistributions andand thesethese datadata werewere averagedaveraged toto representrepresent oneone sample.sample. 

AsAs thethe gravelgravel contentcontent ofof thethe YalanbeeYalanbee andand MalebellingMalebelling soilssoils increased,increased, thethe 
proportionproportion ofof thethe gravelsgravels inin thethe largerlarger sizesize fractionfraction (>8(>8 mm)mm) increasedincreased andand thethe 
proportionproportion ofof gravelsgravels inin thethe smallersmaller sizesize fractionfraction (2·0-2·8 mm)mm) decreaseddecreased (Figs(Figs 1a 
andand 1lb).b). RelationshipsRelationships betweenbetween soilsoil gravelgravel contentcontent (x)(x) andand thethe percentagepercentage ofof 
gravelgravel >8>8 mmmm (y)(y) werewere 

(2.0-2.8 1a 

y = 10·3 + 0·95x (R = 0·92, P < 0·05) 

andand 
log(llog(l+y)+ y) == -0·53 + 0·038x (R=0.99,-0 .53fO.038~ (R=0·99, P<0·05)P<O.05)  

forfor thethe MalebellingMalebelling andand YalanbeeYalanbee soilssoils respectively.respectively. RelationshipsRelationships betweenbetween soilsoil 
gravelgravel contentcontent (x)(x) andand thethe percentagepercentage ofof gravelgravel 2·0-2·82.0-2 8 mmmm (y)(y) werewere 

y = 70·4 -1·24x (R = 0·73, P < 0·1) 

andand 
== 49.1 - 0 . 7 9 ~  (R(R 0·99, PP << 0·05)0.05)yy 49· 1 - O· 79x == 0.99, 



forfor thethe MalebellingMalebelling andand YalanbeeYalanbee soilssoils respectively.respectively. 
InIn thethe YalanbeeYalanbee soil,soil, bothboth thethe sizesize andand abundanceabundance ofof gravelsgravels werewere relatedrelated 

toto landscapelandscape position.position. TheThe gravelgravel contentcontent andand thethe proportionproportion ofof gravelsgravels inin thethe 
largerlarger sizesize fractionsfractions ofof thethe YalanbeeYalanbee soilsoil werewere highesthighest upslopeupslope (sample(sample A;A; 61%61% 
gravelgravel content,content, 70%70% greatergreater thanthan 88 mm)mm) andand gradedgraded toto aa lowlow contentcontent ofof gravelgravel 
(sample(sample D;D; 13%)13%) withwith aa lowlow proportionproportion ofof gravelgravel (sample(sample D;D; 0%)0%) inin thethe largerlarger 
sizesize fractionsfractions (Table(Table 1).1). TheThe gravelgravel contentcontent ofof thethe subsurfacesubsurface layerslayers waswas greatergreater 
thanthan thethe gravelgravel contentcontent ofof thethe surfacesurface layerslayers byby 11-18%11-18% (Table(Table 1)1) andand thethe 
relationshipsrelationships ofof sizesize andand abundanceabundance ofof gravelsgravels werewere similarlysimilarly relatedrelated toto landscapelandscape 
positionposition (data(data notnot shown).shown). 

InIn thethe MalebellingMalebelling soilsoil therethere waswas nono relationshiprelationship toto landscapelandscape position.position. 

MineralogyMineralogy ofof SoilSoil MaterialsMaterials 

QuartzQuartz andand kaolinitekaolinite werewere thethe majormajor componentscomponents ofof thethe >2>2 mmmm andand <2<2 mmmm 
fractionsfractions ofof thethe soils.soils. TheThe quartz/oxidequartz/oxide ratioratio indicatedindicated thatthat thethe >2>2 mmmm fractionfraction 
containedcontained largerlarger amountsamounts ofof ironiron andand aluminiumaluminium mineralsminerals thanthan thethe <2<2 mmmm fractionfraction 
(Table(Table 1).1). GibbsiteGibbsite andand boehmite werewere thethe majormajor hydroushydrous oxidesoxides presentpresent inin thethe 
YalanbeeYalanbee soil,soil, whereaswhereas theythey werewere almostalmost absentabsent inin thethe MalebellingMalebelling soil.soil. InIn thethe 
MalebellingMalebelling gravels,gravels, goethitegoethite waswas thethe majormajor ironiron mineralmineral withwith smallsmall amountsamounts ofof 
haematitehaematite alsoalso beingbeing present.present. 

boehrnite 

SorptionSorption ofof PP byby SoilSoil MaterialsMaterials 

TheThe PP sorptionsorption capacitiescapacities ofof thethe differentdifferent fractionsfractions ofthe YalanbeeYalanbee andand MalebellingMalebellingof the 
(<2 soil >soilssoils werewere mostlymostly inin thethe order:order: «2 mmmm fraction)fraction) >> wholewhole soil> (>2(>2 mmmm fraction)fraction) 

0.05 (1.s.d. 0.03). TheThe PP sorptionsorption capacitycapacityandand thisthis effecteffect waswas significantsignificant atat PP << 0·05 (l.s.d.0·03). 
ofof thethe <2<2 mmmm soilsoil fractionsfractions followedfollowed thethe order:order: YalanbeeYalanbee >> MalebellingMalebelling (Table(Table 1)1) 

waswas significantsignificant atat 0.05 (1.s.d. 0.15). thetheandand thisthis effecteffect PP << 0·05 (l.s.d. 0 ·15). TheThe orderorder waswas 
samesame forfor wholewhole soilssoils regardlessregardless ofof whetherwhether thethe PP sorbedsorbed waswas measuredmeasured oror 
estimatedestimated (by(by addingadding thethe contributioncontribution ofof thethe >2>2 mmmm andand <2<2 mmmm fractionsfractions 
inin thethe measuredmeasured proportionsproportions perper gramgram ofof wholewhole soils),soils), withwith valuesvalues obtainedobtained 
byby thethe twotwo proceduresprocedures beingbeing notnot significantlysignificantly differentdifferent (Table(Table 1).1). PhosphorusPhosphorus 

0.05) toto samplesamplesorptionsorption increasedincreased significantlysignificantly (P(P << 0·05) fromfrom samplesample AA (upslope)(upslope) 
DD (downslope)(downslope) forfor thethe <2<2 mmmm fractionfraction (l.s.d. 0·08), >2>2 mmmm fractionfraction (l.s.d. 0·13)(1.s.d. 0.08), (1.s.d. 0 13) 

(1.s. 0.17).andand wholewhole YalanbeeYalanbee soilssoils (l.s. d.d. 0 ·17). 
AtAt aa constantconstant levellevel ofof PP remainingremaining inin solution,solution, thethe amountamount ofof PP sorbedsorbed byby 

thethe YalanbeeYalanbee wholewhole soilsoil decreaseddecreased asas thethe proportionproportion ofof gravelgravel inin thethe wholewhole soilsoil 
increasedincreased (Fig.(Fig. 2a).2a). AsAs thethe gravelgravel contentcontent ofof mineralogicallymineralogically similarsimilar soilssoils (e.g.(e.g. 
YalanbeeYalanbee soils)soils) increased,increased, thethe differencedifference inin sorptionsorption betweenbetween thethe <2<2 mmmm fractionfraction 
andand thethe wholewhole soilsoil becamebecame greatergreater (Fig.(Fig. 2a).2a). AtAt relativelyrelatively lowlow soilsoil gravelgravel contentscontents 
(13%),(13%), PP sorptionsorption byby thethe wholewhole soilsoil andand thethe correspondingcorresponding <2<2 mmmm fractionfraction waswas 
similar.similar. 

TheThe PP sorptionsorption capacitycapacity ofof thethe >2>2 mmmm fractionsfractions ofof thethe soilssoils dependeddepended onon 
theirtheir sizesize distributiondistribution andand mineralogicalmineralogical composition.composition. AtAt aa constantconstant levellevel ofof PP 
remainingremaining inin solution,solution, thethe amountamount ofof PP sorbedsorbed byby thethe >2>2 mmmm fractionfraction ofof thethe 
YalanbeeYalanbee soilsoil increasedincreased asas thethe proportionproportion ofof largerlarger gravelsgravels inin th;e >2>2 mmmm fractionfraction 
decreaseddecreased (Fig.(Fig. 2 b ) .2b). P sorption 

tbe 
TheThe Psorption capacitycapacity ofof thethe YalanbeeYalanbee >2>2 mmmm fractionfraction 

increasedincreased asas thethe proportionproportion ofof >8>8 mmmm gravelsgravels inin thethe >2>2 mmmm fractionfraction decreaseddecreased 



(Fig.(Fig. 2 b )2b) fromfrom upslopeupslope (sample(sample A)A) toto downslopedownslope (sample(sample D).D). TheThe differencedifference inin PP 
sorptionsorption capacitycapacity ofof mineralogicallymineralogically differentdifferent gravelsgravels ofof aa similarsimilar sizesize distributiondistribution 
(samples(samples CC andand E)E) waswas smallsmall butbut significantsignificant (P(P << 0·05, l.s.d.0·03).0 -05, 1.s.d. 0 aO3). 
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Fig.Fig. 2.2. PP sorbedsorbed (mg/g)(mg/g) afterafter 55 weeksweeks asas aa functionfunction ofof equilibriumequilibrium PP concentrationconcentration forfor (a)(a) 
A), C, O),YalanbeeYalanbee wholewhole soilsoil containingcontaining gravelgravel contentscontents ofof 13%13% (sample(sample D,D, ....), 46%46% (sample(sample 0, 0), 

55%55% (sample(sample B,B, .)a )  andand 61%61% (sample(sample A,A, D),0 ) ,  andand YalanbeeYalanbee <2<2 mmmm fractionfraction (.); ( b )(b) YalanbeeYalanbee(H); 
gravelsgravels containingcontaining >8>8 =m m  gravelgravel contentscontents ofof 0%0% (sample(sample D,D, A), C, O),....), 12%12% (sample(sample 0, 0), 41%41% 

a )  0).(sample(sample B,B, .) andand 70%70% (sample(sample A,A, D). 

PhosphorusPhosphorus sorptionsorption increasedincreased withwith timetime (P(P < 0·05, l.s.d. 0·04) forfor thethe <2<2 mmmm 
fraction,fraction, >2>2 mmmm fractionfraction andand wholewhole soilssoils forfor bothboth YalanbeeYalanbee andand MalebellingMalebelling soilssoils 
(Table(Table 1).1). SimilarSimilar trendstrends withwith gravelgravel sizesize oror soilsoil gravelgravel contentcontent toto thosethose alreadyalready 
statedstated werewere observedobserved atat eacheach timetime forfor thethe YalanbeeYalanbee soil.soil. TheThe greatestgreatest differencedifference 
inin PP sorptionsorption withwith increasingincreasing timetime waswas forfor thethe <2<2 mmmm fractionfraction ofof YalanbeeYalanbee andand 
MalebellingMalebelling soils.soils. TheThe leastleast differencedifference inin PP sorptionsorption withwith increasingincreasing timetime waswas forfor 
thethe >2>2 mmmm fractionfraction ofof thethe YalanbeeYalanbee andand MalebellingMalebelling soilssoils andand thethe extentextent ofof thethe 

< 0.05, 1.s.d. 0.04) 



Fig. 3.3. (right(right handhand side;side; sectionedsectioned samplessamples leftleft handhand side)side) forfor thethe YalanbeeYalanbee. Autoradiographs 
(a, b)b) andand MalebellingMalebelling (c,(c, d)d) gravelsgravels afterafter 2424 hh (a,(a, c)c) andand 1 weekweek (b,(b, d)d) sorptionsorption period.period.1 



differencedifference waswas greatestgreatest whenwhen thethe percentagepercentage ofof gravelsgravels >8>8 mmmm inin thethe YalanbeeYalanbee soilsoil 
waswas lowlow (sample(sample D,D, 0%).0%). TheThe differencedifference inin PP sorptionsorption withwith increasingincreasing timetime forfor 
thethe wholewhole YalanbeeYalanbee soilssoils waswas greatestgreatest forfor soilssoils withwith lowlow gravelgravel contentscontents (sample(sample 
D,D, 13%)13%) andand leastleast forfor wholewhole YalanbeeYalanbee soilssoils withwith highhigh gravelgravel contentscontents (sample(sample A,A, 
61%).61%). AtAt eacheach time,time, wholewhole YalanbeeYalanbee soilssoils withwith lowlow gravelgravel contentscontents (sample(sample D,D, 
13%)13%) sorbedsorbed similarsimilar amountsamounts ofof PP toto thethe correspondingcorresponding <2<2 mmmm fractionfraction (Table(Table 1 ) .1). 

PhosphorusPhosphorus PenetrationPenetration intointo GravelsGravels 

QualitativeQualitative assessmentassessment ofof thethe autoradiographsautoradiographs showedshowed thatthat PP hadhad notnot penetratedpenetrated 
beyondbeyond thethe surfacesurface ofof anyany ofof thethe gravelsgravels afterafter oneone weekweek (Fig.(Fig. 3)3) exceptexcept whenwhen therethere 
waswas aa crackcrack inin thethe gravelgravel (Fig.(Fig. 3b) .3b). InIn thisthis casecase thethe PP appearedappeared toto bebe sorbedsorbed inin 
thethe regionregion immediatelyimmediately adjacentadjacent toto thethe crack.crack. ThereThere werewere nono differencesdifferences inin thethe 
extentextent ofof PP penetrationpenetration afterafter oneone weekweek forfor thethe sizessizes ofof gravelgravel assessedassessed (data(data forfor 
2.0-2 - 8  oror thethe amountamount ofof PP applied.applied.2·0-2·8 mmmm YalanbeeYalanbee gravelsgravels notnot shown)shown) 

Fig.Fig. 4.4. ScanningScanning electronelectron micrographsmicrographs ofof thethe exteriorexterior (a,(a, b)b) andand interiorinterior (c,(c, d)d) surfacessurfaces ofof 
YalanbeeYalanbee (a,(a, c)c) andand MalebellingMalebelling (b ,(b, d)d) gravels.gravels. 



SurfaceSurface MorphologyMorphology ofof GravelsGravels 

ComparisonComparison ofof scanningscanning electronelectron micrographsmicrographs ofof thethe exteriorexterior ofof thethe twotwo gravelgravel 
typestypes indicatesindicates thatthat thethe YalanbeeYalanbee gravelsgravels havehave aa muchmuch smoother,smoother, moremore denselydensely 
packedpacked surfacesurface (Fig.(Fig. 4a)4a) thanthan thethe MalebellingMalebelling gravelsgravels (Fig.(Fig. 4b).4b). TheThe MalebellingMalebelling 
(Fig.(Fig. 4b)4b) gravelsgravels havehave aa muchmuch coarsercoarser surfacesurface texturetexture andand greatergreater variabilityvariability ofof 
fabricfabric withinwithin thethe surface.surface. TheThe interiorinterior fracturefracture surfacessurfaces ofof thethe gravelsgravels exhibitexhibit 
texturestextures similarsimilar toto thethe exteriorexterior surfacessurfaces (Fig.(Fig. 4c,4c, d).d). 

DiscussionDiscussion 

TheThe amountamount ofof gravelgravel andand itsits size,size, surfacesurface characteristicscharacteristics andand mineralogymineralogy maymay 
influenceinfluence thethe contributioncontribution ofof gravelsgravels (>2(>2 mm)mm) toto PP sorptionsorption byby lateriticlateritic soils.soils. 

TheThe amountamount ofof gravelgravel inin oneone soilsoil (Yalanbee)(Yalanbee) waswas relatedrelated toto itsits positionposition inin 
thethe landscape,landscape, withwith greatergreater quantitiesquantities ofof gravelgravel ofof whichwhich mostmost waswas ofof largerlarger sizesize 
(>8(>8 mm)mm) beingbeing foundfound upslope,upslope, andand smallersmaller quantitiesquantities ofof gravelgravel ofof whichwhich mostmost waswas 

(2-0-4-0ofof smallersmaller sizesize (2·0-4·0 mm)mm) beingbeing foundfound downslope.downslope. ThisThis featurefeature ofof gradationgradation 
Fink1inin sizesize andand abundanceabundance downslopedownslope hashas beenbeen recognizedrecognized previouslypreviously byby Finkl (1971)(1971) 

andand MulcahyMulcahy (1960)(1960) andand suggestssuggests thatthat thethe lateriticlateritic materialmaterial isis secondary.secondary. GilkesGilkes 
etet al.al. (1973)(1973) alsoalso describeddescribed gravelsgravels inin thesethese soilssoils asas havinghaving simplesimple concentricconcentric 
layers,layers, suggestingsuggesting colluvialcolluvial processesprocesses areare inin action.action. GravelGravel sizesize andand abundanceabundance 
inin thethe MalebellingMalebelling soilsoil showedshowed nono relationshiprelationship toto landscapelandscape position,position, suggestingsuggesting 
thatthat thesethese gravelsgravels maymay havehave formedformed inin situ.situ. InIn bothboth soils,soils, thethe amountamount ofof largerlarger 
gravelsgravels (>8(>8 mm)mm) increasedincreased asas thethe soilsoil gravelgravel contentcontent increasedincreased andand thethe amountamount 

(2.0-4.0ofof smallersmaller gravelsgravels (2·0-4·0 mm)mm) increasedincreased asas thethe soilsoil gravelgravel contentcontent decreased.decreased. 
PhosphorusPhosphorus sorptionsorption waswas dependentdependent onon thethe surfacesurface areaarea ofof grainsgrains availableavailable forfor 

sorptionsorption sincesince sorptionsorption waswas greatestgreatest forfor thethe <2<2 mmmm fractionfraction andand leastleast forfor thethe 
>2>2 mmmm fraction.fraction. TheThe sizesize ofof thethe gravelsgravels appearedappeared toto influenceinfluence thethe continuationcontinuation 
ofof PP sorptionsorption moremore thanthan thethe amountamount ofof reactivereactive mineralsminerals present.present. ItIt appearsappears thatthat 
thethe largerlarger surfacesurface areaarea ofof thethe <2<2 mmmm fractionfraction waswas thethe controllingcontrolling factorfactor ofof thethe PP 
reactions.reactions. TheThe smallersmaller sizesize ofof particlesparticles exposedexposed inin thethe externalexternal surfacesurface ofof YalanbeeYalanbee 
gravelsgravels couldcould bebe responsibleresponsible forfor theirtheir highhigh sorptionsorption capacitycapacity inin comparisoncomparison withwith 
thethe MalebellingMalebelling gravels.gravels. However,However, differencesdifferences inin surfacesurface characteristicscharacteristics ofof thethe 
gravelsgravels werewere insufficientinsufficient toto allowallow differencesdifferences inin penetrationpenetration ofof PP intointo thethe gravels.gravels. 
ItIt isis likelylikely thatthat thethe veryvery slowslow movementmovement ofof PP throughthrough porespores waswas thethe overridingoverriding 
factorfactor inin controllingcontrolling itsits penetrationpenetration intointo thethe interiorinterior ofof thethe gravel.gravel. 

TheThe significancesignificance ofof thesethese findingsfindings arisearise throughthrough theirtheir implicationsimplications forfor fertilizerfertilizer 
applicationapplication toto YalanbeeYalanbee soilsoil forfor optimumoptimum pasturepasture andand cropcrop production,production, butbut notnot 
forfor thethe MalebellingMalebelling soil.soil. AA simplesimple approachapproach maymay bebe appliedapplied toto sampling,sampling, soilsoil 
testingtesting andand fertilizationfertilization ofof thethe YalanbeeYalanbee soilsoil becausebecause ofof thethe relationshiprelationship betweenbetween 
landscapelandscape position,position, gravelgravel contentcontent andand subsequentsubsequent PP sorptionsorption propertiesproperties ofof wholewhole 
soils.soils. ItIt maymay bebe necessary,necessary, inin orderorder toto avoidavoid thethe increasingincreasing detrimentaldetrimental effectseffects 
ofof nutrientnutrient runoffrunoff on.on. waterwater quality,quality, toto adoptadopt aa moremore rigorousrigorous approachapproach (not(not 
necessarilynecessarily asas rigorousrigorous asas thethe samplingsampling protocolprotocol usedused inin thisthis study)study) toto PP fertilizerfertilizer 
managementmanagement inin thesethese soilsoil types.types. ForFor example,example, fertilizationfertilization ofof thethe upperupper andand 
lowerlower sectionssections ofof slopesslopes atat differentdifferent ratesrates maymay bebe feasiblefeasible andand acceptableacceptable fromfrom 
anan economiceconomic andand environmentalenvironmental viewpoint.viewpoint. InIn thethe MalebellingMalebelling soil,soil, thethe gravelgravel 
contentcontent variedvaried inconsistentlyinconsistently withwith landscapelandscape position,position, andand hencehence itit wouldwould notnot 
bebe simplesimple toto soilsoil testtest andand fertilizefertilize paddockspaddocks accordingaccording toto landscapelandscape positionposition (or(or 
gravelgravel content).content). 



glasshouseglasshouse experiment,experiment, cloverclover andand wheatwheat requiredrequired 400400 andand 170170 f..Lg P /gInIn aa pg P/g 
c 2soilsoil respectivelyrespectively forfor optimumoptimum growthgrowth onon thethe <2 mmmm fractionfraction ofof YalanbeeYalanbee soilsoil 

(Robson(Robson andand GilkesGilkes 1981).1981). PhosphorusPhosphorus concentrationsconcentrations inin solutionsolution associatedassociated withwith 
thethe aboveabove application. ratesrates maymay bebe calculatedcalculated fromfrom thethe sorptionsorption isothermisotherm ofof thethe 
<2<2 mmmm fractionfraction ofof YalanbeeYalanbee soil.soil. TheThe sorptionsorption isothermisotherm ofof thethe wholewhole soilsoil maymay 
thenthen bebe usedused toto estimateestimate thethe applicationapplication raterate requiredrequired toto maintainmaintain thethe samesame PP 
solutionsolution concentrationsconcentrations inin wholewhole soilssoils (the(the calculationscalculations werewere basedbased onon thethe fivefive 
weekweek sorptionsorption isotherms).isotherms). ThisThis estimationestimation assumesassumes thatthat thethe soilsoil isis stablestable andand 

application 

sorptionsorption isis notnot affectedaffected byby thethe soil: solution ratioratio (Barrow(Barrow andand ShawShaw 1979).1979). ItIt 
alsoalso assumesassumes thatthat PP solutionsolution concentrationsconcentrations calculatedcalculated inin thisthis mannermanner maymay bebe 

soi1:solution 

usedused asas anan indicatorindicator ofof plantplant response.response. 
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Fig.Fig. 5.5. (@)EstimatedEstimated reductionreduction inin PP requiredrequired forfor maximummaximum growthgrowth ofof cloverclover (e) andand wheatwheat 
(0)
(0) onon YalanbeeYalanbee soilsoil atat differentdifferent soilsoil gravelgravel contents.contents. 

TheThe estimatedestimated percentagepercentage decreasedecrease inin applicationapplication ratesrates ofof PP requiredrequired forfor 
optimumoptimum growthgrowth decreaseddecreased asas thethe gravelgravel contentcontent ofof thethe soilsoil increasedincreased (Fig.(Fig. 5).5). 
TheThe decreasedecrease inin PP requiredrequired differeddiffered forfor thethe twotwo plantplant speciesspecies becausebecause thethe extentextent 
ofof sorptionsorption (and(and thereforetherefore PP availability)availability) isis affectedaffected byby twotwo factors:factors: thethe differencedifference 
inin sorptionsorption betweenbetween thethe <2<2 mmmm fractionfraction andand wholewhole soilsoil increasesincreases withwith increasingincreasing 
gravelgravel contentcontent andand itit alsoalso increasesincreases withwith thethe amountamount ofof PP appliedapplied (see(see Fig.Fig. 2).2). 
Consequently,Consequently, forfor plantsplants withwith higherhigher PP requirementsrequirements (clover),(clover), thethe differencedifference inin 
sorptionsorption betweenbetween thethe <2<2 mmmm fractionfraction andand wholewhole soilssoils isis greatergreater becausebecause bothboth 

P ratesfactorsfactors areare contributingcontributing toto thethe overalloverall difference.difference. ThereforeTherefore thethe decreasedecrease inin Prates 
forfor cloverclover growthgrowth onon wholewhole soilssoils occursoccurs atat quitequite aa lowlow gravelgravel contentcontent andand increasesincreases 
exponentially.exponentially. OnOn thethe otherother hand,hand, thethe lowerlower PP requirementsrequirements ofof wheatwheat meanmean thatthat 
thethe gravelgravel contentcontent isis thethe onlyonly factorfactor contributingcontributing toto thethe differencedifference inin sorptionsorption 
betweenbetween thethe wholewhole soilsoil andand thethe <2<2 mmmm fraction.fraction. Therefore,Therefore, thethe 'threshold''threshold' gravelgravel 
contentcontent ofof thethe soilsoil occursoccurs atat aa higherhigher valuevalue followedfollowed byby aa steepsteep decreasedecrease inin PP 
requiredrequired withwith furtherfurther increasesincreases inin soilsoil gravelgravel content.content. TheThe exponentialexponential responsesresponses 
shownshown inin Fig.Fig. 55 areare probablyprobably becausebecause thethe surfacesurface areaarea availableavailable forfor sorptionsorption 
isis decreaseddecreased notnot onlyonly byby thethe increasingincreasing amountamount ofof gravelgravel butbut alsoalso becausebecause thethe 
proportionproportion ofof largelarge gravelsgravels increasesincreases withwith thethe totaltotal gravelgravel content.content. 



InIn reality,reality, however,however, PP applicationapplication ratesrates areare estimatedestimated fromfrom measuresmeasures ofof 
extractableextractable PP (Colwell(Colwell 1963)1963) andand notnot throughthrough sorptionsorption measures.measures. InIn aa fieldfield soil,soil, inin 
whichwhich thethe measuremeasure ofof extractableextractable PP obtainedobtained fromfrom analysisanalysis ofof thethe <2<2 mmmm fractionfraction 
indicatesindicates thatthat nono biologicalbiological responseresponse toto PP willwill occur,occur, anan under-estimationunder-estimation ofof thethe PP 
requirementrequirement maymay resultresult forfor aa soilsoil withwith aa highhigh gravelgravel contentcontent becausebecause thethe quantityquantity 
ofof extractableextractable PP isis smallsmall inin comparisoncomparison toto aa soilsoil withwith aa lowlow gravelgravel content.content. InIn 
otherother words,words, thethe soilsoil testtest maymay meetmeet thethe shortshort termterm intensityintensity requirementsrequirements ofof 
thethe plantplant butbut maymay notnot bebe ableable toto maintainmaintain thisthis intensityintensity becausebecause ofof aa lacklack ofof 
quantity.quantity. 

InIn conclusion,conclusion, thethe resultsresults suggestsuggest that,that, whenwhen estimatingestimating PP applicationapplication ratesrates 
forfor lateriticlateritic soilssoils byby usingusing sorptionsorption measures,measures, over-applicationover-application maymay resultresult ifif thethe 
>>22 mmmm gravelgravel fractionfraction isis ignored.ignored. TheThe degreedegree ofof over-applicationover-application willwill dependdepend onon 
thethe particularparticular plantplant requirementrequirement forfor P,P, especiallyespecially atat lowlow gravelgravel contents.contents. AtAt highhigh 
gravelgravel contents,contents, differencesdifferences inin plantplant requirementrequirement areare lessless importantimportant thanthan thethe levellevel 
ofof gravelgravel content.content. 
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